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Abstract

This thesis contributes to the understanding of optical excitations in metallic
nanostructures. In experiments on selected model structures, the dynamics of
these excitations and their electromagnetic spatial modes are investigated with
femtosecond temporal and nanometer spatial resolution, respectively.

Angle- and time-resolved transmission experiments on metallic thin film grat-
ings demonstrate the dominant role resonant surface plasmon polaritons (SPPs)
play in the optical properties of such structures. The lifetimes of these excitations
are determined, and it is shown that coherent couplings among SPP-resonances
result in drastic lifetime modifications. Near the visible part of the spectrum,
subradiant SPP lifetimes of up to 200 femtoseconds are observed, which is con-
siderably longer than previously expected for these structures.

The spatial SPP mode profiles are imaged using a custom-built near-field op-
tical microscope. The experiments reveal a direct correlation between the spatial
mode structure and the dynamics of different SPP resonances. Coupling-induced
SPP band gaps are identified as splittings into symmetric and antisymmetric sur-
face modes.

These findings allow for an interpretation of the near-field optical image con-
trast in terms of the contributions of different vectorial components of the electro-
magnetic near-field. A selective imaging of different electric and magnetic field
components is demonstrated for various types of near-field probes.

Furthermore, the excitation of SPPs in periodic structures is employed in a
novel type of near-field tip. The resonant excitation of SPPs in a nanofabricated
grating on the shaft of a sharp metallic tip results in their concentration at the tip
apex.

The final part of the thesis highlights the importance of optical field enhance-
ments for the local generation of nonlinear optical signals at the apex of sharp
metallic tips. Specifically, the observation of intense multiphoton electron emis-
sion after femtosecond excitation is a major result. This process is thoroughly
characterized, and a novel scanning microscopy application based on this effect is
presented. In this technique, an image contrast with nanometer resolution arises
from spatially varying electron emission rates.

Keywords:
Surface Plasmon Polariton, Femtosecond, Near-Field Optics, Electron Pulses



Kurzfassung

Diese Arbeit leistet einen Beitrag zum Verständnis optischer Anregungen in klein-
sten metallischen Strukturen, sogenannten Nanostrukturen. Am Beispiel ausge-
wählter Nanostrukturen werden experimentell die Dynamik dieser Anregungen
mit Femtosekunden-Zeitauflösung und ihre elektromagnetischen Moden auf der
Nanometer-Längenskala untersucht.

Anhand winkel- und zeitaufgelöster Transmissionsexperimente an metal-
lischen Dünnfilmgittern wird gezeigt, dass resonante Oberflächenplasmon-
Polaritonen (OPPen) wesentlich die optischen Eigenschaften dieser Strukturen
beeinflussen. Die Lebensdauer solcher Anregungen wird ermittelt und da-
mit nachgewiesen, dass Kopplungen zwischen OPP-Resonanzen drastische
Lebensdauer-Modifikationen zur Folge haben. Als eine Konsequenz der
Kopplungen werden nahe dem sichtbaren Spektralbereich subradiante OPP-
Lebensdauern von bis zu 200 Femtosekunden beobachtet, welches weitaus länger
ist, als bisher für diese Strukturen vermutet wurde.

Das räumliche Gegenstück der zeitlichen Aspekte bilden die elektromagne-
tischen Feldverteilungen nahe der metallischen Oberfläche. Diese werden in ei-
nem eigens konstruierten, spektral auflösenden optischen Nahfeldmikroskop di-
rekt abgebildet. Derartige Experimente erlauben erstmals eine Zuordnung der
räumlichen Moden zur zeitlichen Dynamik verschiedener OPP-Resonanzen. Spe-
ziell werden kopplungsinduzierte Bandlücken als Aufspaltungen in symmetrische
und antisymmetrische Oberflächenmoden identifiziert. Dies stellt die unmittelba-
re Beobachtung einer optischen Realisierung fundamentaler Aussagen der Bloch-
Theorie periodischer Medien dar.

Die so gewonnenen Erkenntnisse ermöglichen darüberhinaus eine Interpreta-
tion des nahfeldmikroskopischen Bildkontrasts bezüglich der Beiträge verschie-
dener vektorieller Komponenten des optischen Nahfeldes. Insbesondere wird die
selektive Abbildung unterschiedlicher elektrischer und magnetischer Feldkompo-
nenten in Abhängigkeit von dem gewählten Sondentyp demonstriert.

Die Erzeugung und Propagation von Oberflächenplasmon-Polaritonen in pe-
riodischen Systemen wird zudem in einer hier entwickelten Nanostruktur ausge-
nutzt. Dazu werden in einem Gitter auf dem Schaft einer Metallspitze resonant
OPPen angeregt, die an den Apex der Spitze propagieren und dort eine räumlich
stark konzentrierte Lichtquelle bilden.

Ein weiterer Teil der Arbeit nutzt elektrische Feldüberhöhungen an scharfen
Metallspitzen für die lokalisierte Erzeugung nichtlinearer optischer Signale. Die
Beobachtung intensiver Multiphoton-Elektronenemission nach Femtosekunden-
anregung stellt ein zentrales Ergebnis dar. Dieser Prozess wird umfangreich cha-
rakterisiert und findet seine erste Anwendung in einer neuartigen Rastersonden-
technik, in der die örtlich variierende Elektronenemission der Bildgebung dient.

Schlagwörter:
Oberflächenplasmon, Femtosekunde, Nahfeldoptik, Elektronenimpulse
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1 Introduction

The optical properties of metals are extraordinary in many respects. Their most
apparent feature is certainly a high reflectivity, which, for some metals, spans from
the far infrared to the ultraviolet spectral ranges. This reflectivity can be traced to
the large density of mobile conduction electrons that react to incoming light fields
and prevent them from penetrating the metal. Such exclusion effects take place
very close to the surface, in a narrow region known as the “skin depth”, a thin
layer of approximately 10 nanometers in thickness.1

Induced by external radiation, charge and current oscillations within the skin
depth in-turn create optical fields near the surface that act back on the charges.
This can result in combined resonant modes of the electron motion with a surface-
bound electromagnetic field. The relevant timescales of such resonances are usu-
ally exceedingly short, namely in the range of femtoseconds.2

Depending on the particular geometry, these excitations may have markedly
different characteristics. For example, surface plasmon polaritons (SPPs) [1] are
delocalized waves traveling along a metal surface and can possess spatial coher-
ence lengths of several hundred micrometers for near-infrared light and a metal
like silver. On the other hand, sharp edges or other highly curved geometries
(nanometer scale metal clusters etc.) lead to localized surface plasmons, highly
spatially concentrated resonances in which the electromagnetic fields may far ex-
ceed those illuminating the structure.

Thanks to a wide range of unique properties from localized field enhancements
to surface-bound optical transport, the study of surface plasmons has developed
from fundamental research into an important quest targeting technological appli-
cations in opto-electronics, biology and medicine. To name only a few, surface
plasmons are used to enhance Raman scattering [2], molecular fluorescence [3]
and the output efficiency of solid state light emitters [4]. Commercial surface
plasmon resonance ellipsometers [5] are capable of tracing minute amounts of a
substance and are used, e.g., to detect protein monolayers [6] or to monitor anti-
body reactions.

An exciting theme in “plasmonics” that is expected to make the leap to tech-
nological relevance in the near future is the control of light propagation and local-

1 1 nm (nanometer)= 10−9 m=1 millionth of a millimeter
2 1 fs (femtosecond)= 10−15 s=1 millionth of a billionth of a second

1



2 1. INTRODUCTION

ization on the nanoscale [7–10]. A prominent early example was the achievement
of very high optical transmissivity through periodic arrays of very small subwave-
length apertures in thin metal sheets [11]. These periodically-patterned film struc-
tures are ideal model systems that merge the concepts known from photonic crys-
tals [12] with the exceptional material properties of metals to form “plasmonic
crystals”.

The surface plasmon polaritons excited in these structures are strongly cou-
pled to the optical far-field, which limits their lifetime to few tens of femtosec-
onds [13–15]. This will restrict their use in certain optical elements, if no path-
ways are found to control this lifetime. To this end, understanding the spatial
distributions of the light fields near the surfaces of such metallic photonic crystals
is of paramount importance.

This thesis is a study of metallic nanostructures under femtosecond optical
excitation. In the main part of the work, the dynamics of delocalized SPP ex-
citations in plasmonic crystals and the underlying microscopic field distributions
are investigated by spatially and temporally resolved optical spectroscopy. The
results establish a connection between surface plasmon lifetimes and their real-
space mode structure.

Measurements performed with a newly constructed near-field optical micro-
scope provide a microscopic view into the plasmonic crystal’s unit cell. Com-
parison with numerical simulations allows for an identification of different elec-
tromagnetic field components contributing to the image formation. Specifically,
it is shown that both electric and magnetic field components can be selectively
imaged.

The above aspects of the present work deal with the control and measurement
of light propagation in the regime of linear optics. The strongest field localiza-
tion in metal nanostructures is, however, achieved at the high intensities, where
nonlinear material properties come into play.

A second part of the work highlights the benefits of optical field enhancements
for the selective spatially-confined generation of nonlinear signals. Specifically,
field enhancement leads to the emission of ultrashort electron pulses from sharp
metal nanotips, which function as novel bright nanometer-scale sources of single
electrons with femtosecond timing. This observation carries significant potential
for future time-resolved electron experiments.

Outline

This thesis is organized as follows:
Chapter 2 introduces some relevant concepts and experimental techniques, in-

cluding the setup of the near-field optical microscope constructed for this work
and a brief theoretical description of the near-field imaging mechanism.



3

Chapter 3 outlines the essential properties of surface plasmon polaritons, their
excitation in periodic nanostructures and a method for solving the related scatter-
ing problem of Maxwell’s equations.

Chapter 4 is devoted to the investigation of the far-field properties of effec-
tively one-dimensional plasmonic crystals. Phase-resolved and angle-dependent
experiments reveal the dynamics of light transmission through these structures.
The coherent coupling between different SPP bands is shown to result in the for-
mation of band gaps and drastic modifications of radiative SPP lifetimes, most
strikingly yielding a very long-lived “subradiant” surface plasmon resonance. In
a near-field spectroscopic experiment, the mode structures underlying different
SPP resonances are imaged for the first time. The existence of surface plasmon
modes of different symmetry is shown for bands on opposite sides of the plas-
monic band gap, providing a direct experimental confirmation of this fundamental
concept in the Bloch theory of periodic media. Furthermore, an immediate con-
nection between the microscopic mode structure and the radiative SPP lifetime is
experimentally established.

Chapter 5 focuses in more detail on the near-field imaging and spectroscopy of
the plasmonic structures. A comparison with numerical simulations demonstrates
that different electric and magnetic vector components of the optical near-field
can be imaged with different probe types and imaging conditions. Changes in the
near-field spectra very close to the sample surface are analyzed with respect to
the influence of tip-sample couplings. The final section of chapter 5 introduces
the concept and implementation of a new form of local light source, in which
grating excitation is employed to launch SPPs towards the apex of sharp metallic
tips. This work integrates both delocalized and localized aspects of the optics in
metallic nanostructures in one optical element.

Chapter 6, in contrast, deals with the consequences of highly-localized field
enhancements at such nanometer-sized tips. The emission of spatially-confined
femtosecond electron pulses is shown to result from the enhancement of optical
nonlinearities at the tip apex. Various aspects of this emission are characterized,
and finally, it is utilized to implement a novel form of scanning-probe microscope.
This tip-enhanced electron emission microscope (TEEM) monitors the electron
generation while an illuminated metal tip is scanned in close proximity to the
sample.

Chapter 7 concludes the thesis and gives a brief outlook on future prospects in
the different fields of study.
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2 Methods and Concepts

The following chapter summarizes experimental and theoretical methods used in
this thesis, providing the reader with conceptual background for the original work
in the following chapters. The first section briefly presents the light sources used
in the experiments, and introduces the spectroscopic techniques and analysis. The
second section focuses on the relevant aspects of near-field optical microscopy.

2.1 Light Sources, Characterization and Spec-
troscopy

2.1.1 Femtosecond Ti:Sapphire Oscillators
The experiments were performed with two commercial 80 MHz repetition rate
broadband laser systems, “Scientific” and “Rainbow”, both manufactured by
Femtolasers Incin Vienna. The lasers are chirped mirror [16–18], Kerr-lens
mode-locked titanium sapphire (Ti:Sapphire) oscillators [19–22] delivering op-
tical pulses at a center wavelength of 800 nm and with pulse durations of 10 fs
(Scientific) and 7 fs (Rainbow), respectively. These short pulses contain appre-
ciable spectral intensity in a broad wavelength range. Typical spectra of the two
lasers are shown in Figs. 2.1(a) and (c). The large spectral width of these lasers, in
combination with their high brightness, makes them exceptionally useful for the
spectroscopic experiments with high angular resolution presented in Sec. (4.1).

2.1.2 Pulse Characterization
The lasers mentioned above emit light pulses that are only few optical cycles in
duration.1 Their time-dependent electric field E(t) can be characterized with the
frequently employed interferometric autocorrelation (IAC) technique [23]. Two
identical copies of the optical pulses are collinearly interfered with a variable
delay τ in a nonlinear medium, typically a BBO-crystal, oriented for phase-
matched second harmonic generation [24]. The intensity of a general nonlin-
ear interferometric autocorrelation with an n-th order nonlinearity is given by

1At a wavelength of 800 nm: 1 optical cycle ∼ 2.7 fs= 2.7 ·10−15 s.

5
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Figure 2.1: (a): Optical spectrum (black) and relative spectral phase (gray) of the 10-fs
Ti:Sapphire laser oscillator. (b): Interferometric autocorrelation (IAC) measured for this
laser. (c)-(d): The corresponding data for the 7-fs laser oscillator.

I(τ) =
∫

dt|E(t)+E(t− τ)|2n. In the case of second harmonic generation, n = 2,
and the ratio between the signal at zero delay and that at large delays should be
8. The IAC curves shown in Figs. 2.1(b) and (d) obtained in this way for the two
femtosecond lasers described above fulfill this expectation acceptably well. The
full-width-at-half-maximum (FWHM) of the IAC shown in Fig. 2.1(d) amounts to
10.0 fs, which yields a pulse duration of 6.5 fs assuming a hyperbolic secant pulse
shape [25]. The data in Fig. 2.1(b) yield a longer pulse duration of approximately
11 fs.

Due to the lack of a one-to-one correspondence between a particular IAC trace
and the underlying optical pulse, more sophisticated characterization techniques
are required for a complete reconstruction of the optical field. The two main tech-
niques currently available are “spectral phase interferometry for direct electric-
field reconstruction” (SPIDER) and “frequency-resolved optical gating” (FROG).
A detailed discussion of these techniques is beyond the scope of this thesis. Es-
sentially, the necessary additional information is obtained by spectrally resolving
the second harmonic signal generated via the nonlinear interaction of two (FROG)
or three (SPIDER) laser pulses. These methods allow for a determination of the



2.1. LIGHT SOURCES, CHARACTERIZATION AND SPECTROSCOPY 7

Figure 2.2: Spectral interferometry. The broadband laser pulses are split and sent through
the two arms of a Mach-Zehnder interferometer. The spectral interferogram (bottom left)
between the reference pulse (top) and the pulse transmitted through the investigated sam-
ple (bottom right) shows oscillations which can be adjusted by a delay τ .

(relative) spectral phase φ(ω) = arg(Ẽ(ω)) of a light pulse, where Ẽ(ω) is the
Fourier transform (frequency representation) of E(t). The phase curves are plotted
in Figs. 2.1(a) and (c) as gray lines. From this measurement, the full time depen-
dent electric field of a laser is obtained from the inverse Fourier transform. The
only remaining information these methods cannot deliver is the absolute phase of
the electric field, i.e., the temporal shift between the fast carrier frequency and the
more slowly varying pulse envelope. This “carrier-envelope phase offset” [26, 27]
is not directly relevant for the discussions in this thesis, so that it is not further
considered.

For more in-depth coverage of the above methods, the reader is referred to
Ref. [28] (FROG) or Ref. [29] (SPIDER). A comparison of different characteriza-
tion techniques applied to the present 7-fs laser is published in Ref. [25].

2.1.3 Spectral Interferometry
The transmission of an optical pulse Ein(t) through a passive, linear medium can
be generally expressed in terms of the response function of the optical element,
a(t), so that the transmitted amplitude is expressed as [30]

Eout(t) =
∫

dt ′ a(t, t ′)Ein(t ′). (2.1)
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Figure 2.3: Intermediate steps in the phase retrieval algorithm. As an example, a
Lorentzian transmission resonance at a frequency ω0 is shown. (a): Spectrum of the
incoming and the transmitted fields. (b): Normalized transmission spectrum. (c) Spec-
tral interferogram. (d) Normalized spectral interferogram. (e) Magnitude of the Fourier
transform of the normalized spectral interferogram. (f) Retrieved (black) and exact (gray)
spectral phase of the Lorentzian resonance.

Causality leads to the constraint that a(t, t ′) = 0 for t ′ > t. If the system is also
time-invariant, the explicit dependence on two time-variables can be replaced by
the simplified dependence on time differences a(t− t ′). In this case, Eq. (2.1) be-
comes a convolution in time, and it can be written as a product in frequency space
of the incoming complex spectral amplitude2 Ein(ω) with the complex transmis-
sivity a(ω),

Eout(ω) = a(ω)Ein(ω). (2.2)

In chapter 4, we will discuss the transmissivity of resonant structures. While the
magnitude |a(ω)|2 = |Eout(ω)|2/|Ein(ω)|2 can be easily determined by normal-

2Whenever the context permits, amplitudes in frequency space are denoted with the same letter
as their temporal counterpart and without the tilde commonly used for the Fourier transform, i.e.,
E(ω) usually stands for Ẽ(ω).
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ization of the transmitted spectrum, an interferometric technique is required for
the retrieval of the phase information arg(a(ω)).

In spectral interferometry [31], a broadband optical pulse is sent through two
arms of a dispersion-balanced Mach-Zehnder interferometer [see Fig. 2.2]. The
light transmitted through the investigated medium is brought to interference with
an undisturbed reference field from the same source. The superposition of both
fields is spectrally resolved, and the intensity of the so-called spectral interfero-
gram is given as

S(ω) = |exp(−iωτ)+a(ω)|2|Ein(ω)|2. (2.3)

The rapid interference oscillations in the interferogram are due to the first term
of this product, and the fringe spacing can be adjusted by the choice of the delay
τ in the reference arm. A phase reconstruction for a(ω), illustrated by some
intermediate steps shown in Fig. 2.3, proceeds as follows: i) The interferogram
(c) is divided by the incoming spectrum |Ein(ω)|2 (gray curve in (a)), leaving a
term, that, after expansion, reads (see (d))

S(ω)
|Ein(ω)|2

= 1+ |a(ω)|2 +2ℜ(a(ω)exp(−iωτ)). (2.4)

ii) A Fourier transform of this expression results in a component centered around
zero, and two components that are shifted in the time domain by a positive and a
negative value of the delay τ . The magnitude of this Fourier transform is shown
in (e) and denoted with “response”, because the temporal curve in the boxed re-
gion directly corresponds to the temporal response of the investigated structure to
a pulsed excitation. In the case of this example, the Lorentzian lineshape corre-
sponds to an exponentially decaying field envelope. iii) Selecting only the positive
time component with a time-window filter [31] and back-transforming it into the
frequency domain yields the complex a(ω)exp(−iωτ). Of this expression, the
argument can be immediately evaluated numerically, compensating for the lin-
early increasing phase contribution ωτ . The result for our example is shown in
Fig. 2.3(f) (black line). For comparison, the well-known π-phase change of a
Lorentzian resonance is plotted as the thick gray line. Small deviations of the re-
trieved phase information from the ideal phase curve are only visible at the edges
of the frequency domain, resulting from a limited bandwidth in the numerical
calculations.

The procedure relies on the clear separation of the components in step iii),
which can be achieved by choosing a delay that is large enough to make the os-
cillations in the interferogram more closely spaced than any significant variations
in the transmitted intensity. In addition, in order to make the obtained phase in-
formation unambiguous, it needs to be checked whether the transmitted or the
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reference light arrives at the detector first, i.e., whether the delay τ is negative
or positive. Of course, a major prerequisite for the method is a good visibility
of the fringes in the interferogram. Mechanical fluctuations often degrade the
fringe visibility, because even small fluctuations in the relative path length shift
the fringe pattern. On a timescale of seconds, fringes may be completely averaged
out. One solution to this problem is an active stabilization of the interferometer
with a frequency-stable cw-laser reference, e.g., a He-Ne-laser. In our case, we
have solved the problem by using a fast line-scan charge-coupled-device camera
after the monochromator. The camera is capable of integration times on the order
of 1 ms, so that all mechanical vibrations up to 1 kHz do not influence the fringe
visibility.

2.1.4 Short-Time Fourier Transform
After the determination of the complex transmissivity a(ω), the transmitted time
transient Eout(t) is obtained by back-transforming Eout(ω). An instructive visual-
ization of a given time transient, containing both spectral and temporal informa-
tion, can be obtained by a short-time Fourier transform. With a Gaussian-shaped
window, for example, it takes the form:

W ( f , t) =
∣∣∣∣∫ dt ′ exp

(
−(t ′− t)2

2D2 + i f t ′
)

E(t ′)
∣∣∣∣2 (2.5)

with D as the (1/
√

e)-width of the window and f = ω/2π . This two-variable
function illustrates the temporal distribution of frequency components in the tran-
sient waveform. The temporal and spectral resolution of such a representation is
given by the size of the selected window and the time-bandwidth-product of the
windowing function, and should be chosen according to the characteristic spectral
and temporal features of the pulse.

2.2 Aspects of Near-field Optical Microscopy

2.2.1 Optical Near-Fields
Near sources of electromagnetic radiation, oscillatory electric and magnetic near-
fields are present that vary on length scales comparable to the size of those sources.
Since electromagnetic sources may be much smaller than the wavelength they
emit (e.g., single atoms, molecules, quantum dots, or small material clusters),
characteristic length scales of the near-field can range from Ångstroms to typical
values of few tens of nanometers.
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We consider electromagnetic vector fields E(r, t) and H(r, t). The simplest
example of a radiation source is the idealized point dipole. The electric field of
an oscillating electric point dipole with frequency ω = ck and dipole moment
p = p0e−iωt placed at the origin r = 0 can be written as the well-known sum of
propagating and non-propagating contributions [30]:

Ep(r, t) =
1

4πε0

[
k2(n×p)×n

eikr

r
+(3n(n ·p)−p)

(
1
r3 −

ik
r2

)
eikr
]
,

Hp(r, t) =
ck2

4π
(n×p)

[
eikr

r
− eikr

ikr2

]
. (2.6)

Here, n = r/r is the unit length vector along r, and the first and second terms
in each of the square brackets correspond to the propagating and non-propagating
components of the fields, respectively. While the first (transverse) component pre-
vails in the radiation zone (distances r � λ ) with its r−1 dependence, the second
dominates the field at distances r < λ , i.e., in the near-field. Very close to the
dipole, the electric field dominates over the magnetic field due to the term propor-
tional to r−3. In this regime, the fields vary rapidly on the scale of the wavelength,
i.e., possess derivatives for which

∣∣∣∂E j
∂ r

∣∣∣/E j > ω

c .
This last condition is not only satisfied near localized (point-like) sources, but

also for delocalized surface waves of the form

E(r, t) ∝ exp(i(kxx−ωt)−κzz), (2.7)

with a real spatial exponential decay constant κz, so that in vacuum (n = 1),
ω2/c2 = k2

x −κ2
z and kx > ω/c. Such “evanescent”, surface-bound fields appear,

for example, in total internal reflection [32] and are part of all surface polariton
excitations, such as the surface plasmon polaritons discussed in this thesis.

2.2.2 Limits to Far-Field Optical Microscopy
It is well known that the wave properties of light limit the spatial resolution
of conventional optical microscopes. We will cover some essential reasons for
this here, in order to highlight the difference between far-field and near-field mi-
croscopy. More detailed discussions are found in standard optics textbooks, such
as Refs. [32–34].

In conventional optical microscopes, the light emitted (scattered, transmitted
etc.) from a sample is collected by a lens or microscope objective and re-focused
to produce an image. Since these microscopes are based on the collection of
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electromagnetic fields in the radiation zone r � λ , neither the non-radiative part
of a dipole field, nor a pure surface wave can be detected.

Generally, this kind of imaging can be described in terms of an optical transfer
function f connecting the fields in the object plane with those in the image plane
similar to the form of a linear response function discussed earlier, namely

fω,im(x/a) =
∫

dξ
′ gω(x,ξ ′) fω,ob j(ξ ′), (2.8)

where x and ξ are spatial variables defined in the image and object planes, re-
spectively, and a is an arbitrary magnification of the imaging system.3 Neglecting
certain off-axis aberrations [33], this integral can again be written as a product in
Fourier space, this time with the wavevector component kx as variable:

fω,im(akx) = gω(kx) fω,ob j(kx). (2.9)

The limitations on the transfer function gω(kx) are responsible for the finite res-
olution in all conventional optical microscopes. Specifically, the finite numeri-
cal aperture (acceptance angle) results in a cutoff at some value of kx, so that
gω(kx) = 0 for kx > kx,cut . Such a cut-off directly results in a resolution limit
via the properties of the spatial Fourier transform, i.e., a restriction of the spatial
frequencies to a width ∆kx limits the spatial resolution to roughly ∆x ∼ 2π/∆kx.
Modern methods offer numerous approaches to optimize the available resolution
for a given numerical aperture (e.g., in confocal microscopy [36]), or to extend
the numerical aperture to the absolute limit of a solid angle of 4π [37].

No matter which approach is taken, all conventional optical microscopes make
use of only propagating waves to form an image. The wave equation for a field
f (r, t) in a medium of refractive index n,

n2

c2
∂ 2

∂ t2 f (r, t) = ∇
2 f (r, t), (2.10)

leads with a wave ansatz f (r, t) ∝ exp(i(k · r−ωt)) to the dispersion of light,

n2

c2 ω
2 = k2

x + k2
y + k2

z = n2k2 with k =
2π

λ
. (2.11)

Since waves propagating in transparent media have real wavevector components,
ki ≤ nω/c, i ε {x,y,z} for all waves propagating from the object to the image
plane. Consequently, gω(ki) = 0 for ki > nω/c, limiting the spatial resolution to
the order of λ = 2π/k. The field components with ki > nω/c are non-propagating,
evanescent fields, which can only be observed in the near-field of a source.

3For simplicity, the description is restricted to one scalar field. A detailed discussion of the
point spread function for realistic and arbitrary vector fields can be found, e.g., in Ref. [35].
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2.2.3 Development of Near-Field Microscopy

In 1928, Edward H. Synge made a proposal to overcome the limitations of conven-
tional optical microscopes [38]. His idea was based on the illumination of a sam-
ple with a light spot much smaller than the wavelength, which could be scanned
across the sample surface to obtain an image with a spatial resolution given by the
spot size. Due to technical limitations, the concept could not be realized before
1984, when the fabrication of small apertures in metal films [39, 40] and tech-
niques associated with the scanning tunneling microscope [41] made such local
illumination and imaging possible. Shortly after the first near-field experiments
had been performed under local illumination through an aperture, a reciprocal
imaging technique was demonstrated, where the near-field light at an externally
illuminated sample was collected through a metallic aperture [42].4

Another few years later, a third major development known as “apertureless”
near-field microscopy was achieved by using sharp metallic tips as local scatter-
ing centers for near-fields [43–45]. A recent review on these methods can be
found in Ref. [46]. Today, the relative importance of apertureless techniques has
outgrown that of the traditional aperture methods, for reasons of higher spatial res-
olution or larger local field enhancements [see, e.g., Sec. (6.3)]. However, major
improvements in aperture fabrication still and frequently lead to exceptional new
results, such as the real-space observation of exciton wave functions [47]. Current
key interests lie in specifically tailored near-field probes like individual nanoparti-
cles [48, 49], molecules [50], or nano-fabricated optical antennae [51]. The study
of probe-sample couplings with such probes is gaining significant attention.

2.2.4 Modes of Imaging and Probe Types

For the present work, collection and scattering type near-field microscopy of
an externally illuminated structure are particularly important.5 Fig. 2.4 shows
schematics of the configurations employed in the near-field experiments reported
here. In one class of experiments [(a) and (b)], the substrate side of a given sam-
ple is illuminated by weakly focused (opening angle about 1◦) far-field radiation
from one of the laser sources [Sec. (2.1)]. The electromagnetic field distributions
on the opposite side of the metal nanostructures, e.g., resonant surface plasmon
polaritons [Ch. 3], are detected in two alternative ways: (a) In the standard col-

4It should be mentioned that a strict separation between collection and illumination modes is
not possible due to probe-sample interactions. For instance, in a collection experiment, scattering
at the probe leads to local illumination of the sample.

5During the course of the experimental work for this thesis, two separate investigations [52–
54] have made use of local illumination through an aperture, but lie outside the scope of metal
nanostructures and are therefore not covered here.
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Figure 2.4: The different imaging methods used. The resonant electromagnetic modes
of an externally illuminated metallic nanostructure are imaged and spectrally resolved
either by collection through an aperture of a metallized fiber tip (a) or by apertureless
scattering of the near-field (b). In a newly developed form of imaging performed under
vacuum conditions (c), the probe-sample system is illuminated from the side, and the
local generation of electrons is recorded. This imaging is termed TEEM for tip-enhanced
electron emission microscope.

lection mode by coupling them through an aperture of a metal coated fiber tip; (b)
in an apertureless mode by scattering the fields at a sharp probe. Different types
of scattering probes, such as electrochemically etched metal tips or metal-coated
fiber tips are used. In these cases, the collected or scattered light is dispersed in a
grating monochromator and detected with a charge coupled device (CCD) camera.
In order to detect weak signals in the aperture collection mode, a liquid nitrogen
cooled CCD or an avalanche photodiode (APD) are employed. In all experiments,
the tip position is fixed, and the sample is scanned.

In another type of experiment (c), both probe and sample are illuminated from
the side. The local generation of electrons near the probe end leads to an alterna-
tive and novel kind of near-field imaging, the details of which are found in Ch. 6.

The various experimental configurations make use of different types of near-
field probes. Highly resolved transmission electron microscope images of such
tips are shown in Fig. 2.5. In the aperture collection experiments, commer-
cial Aluminum-coated fiber tips were used (Veeco 1730-00, single-mode for
λ > 633 nm, aperture diameter 50-80 nm). These aperture tips yield very re-
producible results, and the overall tip geometry is often small enough to make
them useful also in apertureless scattering experiments. Other apertureless scatter-
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Figure 2.5: (a): Aluminum coated fiber probe with an aperture diameter of about
100 nm [cf. Ref. [55]]. (b): Electrochemically etched gold tip with a radius of curva-
ture of few tens of nanometers.

ing experiments were performed with gold or tungsten tips, prepared by in-house
electrochemical etching.

2.2.5 Implementation of the Near-Field Microscope

An ultra-stable near-field scanning optical microscope (NSOM) was constructed
that produces images in the various configurations. A block diagram of this instru-
ment is found in Appendix B. Photographs of the central part of the microscope
are displayed in Fig. 2.6. The sample is mounted on a piezo scanner (“PicoCube”
manufactured by PhysikInstrumente GmbH) with a three-dimensional travel range
of 5×5×5 µm and a capacitive position detection with a precision of better than
0.5 nm. A control signal to the scanner can be either directly amplified to set
the voltage applied to the piezo ceramics, or, under active stabilization using ca-
pacitive position sensors, to set an absolute position in space. In the latter mode,
otherwise unavoidable piezo drifts and hysteresis effects can be eliminated.

The distance between the tip and the sample is regulated by a shear-force feed-
back system [56] employing a tuning fork sensor [57, 58], which has been used
in a number of high-resolution atomic force microscopes [59, 60]. The tips are
glued on one tine of a quartz tuning fork, extending past the end of the fork by
roughly 100 µm. The tuning fork is mechanically excited at its resonant frequency
(∼ 30 kHz) by applying a small AC voltage to a tube piezo, on which it is mounted
(denoted as “dither-piezo”). The current induced between the two electrical tuning
fork contacts by the mechanical oscillation is picked up and amplified by a tran-
simpedance amplifier (gain up to 1 GV/A) placed close to the setup. A lock-in
amplifier demodulates and further amplifies the signal, yielding an output voltage
proportional to the momentary oscillation amplitude of the tuning-fork-tip system,
with a demodulation bandwidth of usually 1 kHz. A current of about 4 nA cor-
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Figure 2.6: Photographs of the central part of the NSOM. Note that the tip orientation is
horizontal, i.e., rotated by 90◦ with respect to the usual depiction.

responds to a mechanical oscillation amplitude of 1 nm.6 The experiments were
performed with oscillation amplitudes of this size to achieve high spatial resolu-
tion in the image while maintaining an amplitude detection noise ratio of less than
5 ·10−3. If the tip is brought into nanometer proximity with the sample, mechan-
ical shear-forces, which are still not fully understood microscopically [59, 61],
lead to a shift of the resonance frequency and to increased damping of the oscil-
lation. These changes result in a decrease of the oscillation amplitude for fixed
dither-piezo excitation, allowing for a precise determination of the point of con-
tact. Furthermore, via a PID-controlled7 feedback of the amplitude signal into
the positioning piezo, a stable tip-sample distance on the order of few nanometers
can be maintained. This setup is capable of the measuring picoNewton interaction
forces between the tip and the sample [58], so that in principle, even interactions
as small as van der Waals forces are measurable [59]. It is important to note that
the applied forces are smaller than those required to mechanically modify or de-
form the tips, which is essential for long-term and reproducible imaging. In order
to minimize mechanical disturbances to the setup, the NSOM was placed on a pas-
sive vibration insulation table on top of the optical table, and a sound insulation
housing was constructed.

In the so-called constant-distance imaging technique, a constant oscillation
amplitude of the tuning fork below that of the out-of-contact amplitude is main-

6R. Pomraenke, private communication; based on an interferometric optical measurement of
the tuning fork motion.

7A “Proportional-Integral-Differential”-controller is an element of a control loop that feeds the
difference between the setpoint and the sensor signal, the “error signal”, back to a control variable,
and it does so with a controllable frequency-dependent gain. See Ref. [62] for details.
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tained via the feedback loop by moving the sample towards or away from the tip.
The sample is then scanned in the x-y plane perpendicular to the tip axis, and the
sample motion in the z-direction directly reflects the surface topography. Most
published NSOM measurements are obtained in constant-distance mode, because
it provides the simplest way to record an image while limiting the interaction
forces on the probe. Early in the development of near-field microscopy, it was
recognized that the relative z-motion of the sample and the probe in this form of
imaging may lead to “cross-talk” of the surface morphology onto an optical sig-
nal [63, 64], resulting in so-called topographic artifacts.8 One way to identify such
artifacts involves noting the variations in the optical signal and comparing them to
the surface roughness [64]. If the optical signal varies significantly over distances
that are comparable to the relative tip-sample motion, special care is needed in the
interpretation of constant-distance imaging.

2.2.6 Theoretical Description of the Imaging Mechanism
Many theoretical approaches have been developed that describe contrast and im-
age formation in near-field microscopy. Comprehensive overviews of early studies
are found in Refs. [65, 66]; other reviews are given, for example, in Refs. [67–
69]. The main difficulty of a theoretical description is the inherent complexity of
this three-dimensional electrodynamics problem, comprising the tip and sample
geometries and possibly multiple scattering between the two. Although general
expressions are often found in the literature, analytical solutions of a particular
problem are an exception, and numerical simulations are usually required to obtain
a quantitative interpretation of images. A number of simplifications can, however,
permit tractable analytical solutions that yield surprisingly good results in many
circumstances.

We consider a scattering-type situation as the generic example. The geomet-
rical arrangement and the respective incident and scattered fields are indicated in
Fig. 2.4(b). The aperture collection setup can be treated in a similar way, with
modifications discussed in Sec. (2.2.7). We begin by formulating the problem in
terms of the vectorial Lippmann-Schwinger equation for the electric field, which
is derived in Appendix C. Separating out a harmonic time dependence e−iωt , the
expression for the sum of the incident and scattered fields is

E(r) = E0(r)+ k2
∫

dr′ [ε(r′)− εre f (r′)]Ĝ(r,r′)E(r′). (2.12)

Here, E(r) is the total electric field composed of the incident field E0(r), which
will usually be the optical near-fields in the absence of a probe, and the scattering

8See the following section for a description of NSOM image contrast.
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contributions in the integral, which contains E(r) itself. εre f (r) and ε(r) are the
dielectric functions of the geometry in the absence and presence of the probe, re-
spectively. In the present context, it is sufficient to consider only linear, local and
locally isotropic dielectric media. The Lippmann-Schwinger equation for the total
field contains all multiple interactions between the probe and the sample. As in
quantum mechanical scattering problems, it can in principle be solved iteratively
by a Born series. In order to obtain an instructive expression for the electric field
scattered to a detector placed in the far-field zone, an electric point-dipole approx-
imation for the probe and the first Born-approximation for the scattered amplitude
will be used.

The Green’s tensor Ĝ(r,r′) is of course the key to the solution of this prob-
lem. It describes the field at r for a point source at the position r′. In general,
Ĝ(r,r′) contains the dipole contribution Ĝ0(r,r′) of the form of Eq. (2.6) emerg-
ing from r′, plus the fields scattered from the sample surface, Ĝs(r,r′), which can
be incorporated by image dipole fields [70].

We are considering only situations in which the probe itself is embedded in
air or vacuum, so that εre f (r) = 1 over the integration region where it is different
from ε(r), and the terms multiplying the Green’s tensor become the polarization
P. The presence of the probe can be treated in the simplest form by modeling
it as a point dipole located at the probe position rpr [70–73]. In this case, the
integration in Eq. (2.12) reduces to

E(r) = E0(r)+
k2

ε0
Ĝ(r,rpr)p, (2.13)

where p is the induced dipole moment. It can be estimated via the polarizability
of a small dielectric particle, for which p = α̂0E. The polarizability tensor of a
sphere of radius R and of a material with dielectric function ε(ω), surrounded by
vacuum, is given by

α̂0(ω) = α0(ω) Î .= 4πε0R3 ε(ω)−1
ε(ω)+2

Î, (2.14)

where Î is the unit tensor, i.e., the identity matrix. A general form for ellipsoidal
particles much smaller than the light wavelength is found, e.g., in Ref. [74]. For
very small probe-sample distances d, the presence of the surface can strongly
modify the effective polarizability of the sphere parallel and perpendicular to the
surface [75–77], which is sometimes called surface dressing [73, 78].9 In the
limit of a dielectric sample with small εre f (r), the image dipole contribution be-
comes small, and the Green’s tensor differs only slightly from a single dipolar

9Recently, this has been used in the development of a new type of optical microscopy [48].
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form. In the other limit of a perfectly conducting surface opposing the tip, equal
contributions of the dipole and its image have to be included in Ĝ. A general
treatment for arbitrary surfaces is more complicated, involving Sommerfeld-type
integrals [70, 79, 80]. Here, approximate expressions are derived, which contain
the essential features of the surface dressing for dipoles parallel and perpendicular
to the sample.

We consider a flat interface, which will be the highly reflective gold surface
in the experiments. Part of the fields from the dipole are reflected from the sur-
face and act back on the dipole, thus modifying its effective polarizability. The
reflected fields can be described in terms of image dipoles with strengths ±p∆

for dipoles perpendicular (+) and parallel (−) to the surface, respectively, where
∆(ω) = n(ω)−1

n(ω)+1 is the reflectivity of the metal surface and n(ω) is the metal’s re-

fractive index.10 The probe’s dipole moment, which gives the field radiated away
from the probe, is the total field, i.e., the incident plus reflected field, multiplied
by the particle’s polarizability. This is now rewritten as the product of the incident
field with a new effective (surface-dressed) polarizability:

p = α̂0E = α̂drE0 and E = E0 +E±∆p, (2.15)

where E±∆p refers to the image dipole field Eq. (2.6) evaluated at the probe po-
sition, i.e., at a distance 2d. At the flat surface considered here, the polarizability
tensor remains diagonal, but splits into components parallel and perpendicular to
the sample surface,

α̂dr(ω) =

α‖(ω) 0 0
0 α‖(ω) 0
0 0 α⊥(ω)

 (2.16)

The components are calculated by solving for α̂dr in Eq. (2.15), keeping in mind
that image dipole field E±∆p is proportional to the total field, as well. Often,
only the dominant contribution, i.e., the (quasi-static) dipole near-field of E±∆p is
included, yielding [71, 75]

α‖(ω) =
8α0(ω)d3

8d3−α0(ω)∆(ω)/4πε0
, α⊥(ω) =

4α0(ω)d3

4d3−α0(ω)∆(ω)/4πε0
.

(2.17)

The expressions including the retardation from the propagating components are
not found so easily. In particular, the excitation of surface plasmon polaritons and

10It should be noted that the expression for the reflectivity given in many references, e.g.
Refs. [71, 73, 77, 78], actually gives unphysical results for metals, namely an image dipole larger
than the original dipole.
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Figure 2.7: Increase of the effective
polarizabilities perpendicular (black)
and parallel (gray) to the surface for a
perfectly conducting spheres of radii
50 nm (solid) and 20 nm (dotted) near
a perfectly conducting surface.

the associated damping of the dipole complicate matters [70]. Since the reflectiv-
ity of gold is very large in the near-infrared wavelengths considered here (∼ 98%
at 800 nm), the qualitative features are expected to be similar to those of a perfect
conductor. Defining a phase factor φ = 2kd, one obtains for a perfect conductor

α‖(ω) =
α0(ω)

1−α0(ω) k3

4πε0

(
− 1

φ
+ 1

φ 3 − i
φ 2

)
eiφ

,

α⊥(ω) =
α0(ω)

1−α0(ω) 2k3

4πε0

(
1

φ 3 − i
φ 2

)
eiφ

. (2.18)

Assuming a Lorentzian dipole resonance, similar expressions were derived in
Ref. [69]. Note that by keeping only terms O(φ−3), expressions (2.17) are re-
gained for ∆ = 1. The effective perpendicular (black) and parallel (gray) polar-
izabilities of Eq. (2.18) are plotted in Fig. 2.7 for perfectly conducting11 small
spheres with radii of 50 nm (solid) and 20 nm (dotted). They display a sharp in-
crease very close to the surface, especially for the out-of-plane polarizability. For
larger distances, propagation effects lead to a weak oscillatory behavior. The point
z = 0 nm was defined as the position, where the perimeter of the sphere touches
the surface, as in Ref. [77].

With the above definitions, the total field at the detector is related to the local
field at the probe via a matrix multiplication. The detector is placed at a position
in the far-field, where the incident field is zero. Assuming that those multiply scat-
tered fields that differ from the surface dressing have a much smaller contribution
to the signal than the incident field E0(rdet), the total field can be replaced by this
incident field (first Born approximation), yielding

E(rdet) ∝ Ĝ(rdet ,rpr)α̂dr(ω)E0(rpr). (2.19)

11See the next subsection for the meaning of “perfectly conducting”.
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Figure 2.8: The optical near-field close to a sample surface (green) may generally have
a complicated local polarization, inducing a dipole moment in the near-field probe with
components parallel and perpendicular to the surface. Detecting the fields from different
orientations and selecting different polarizations may allow for a reconstruction of the
local near-field polarization.

Hence, within the above approximations, a relatively simple correspondence ex-
ists between the local near-field and the field at the detector. Scanning of the tip
relative to the sample allows for a mapping of the near-field with a resolution no
longer limited by the wavelength, but rather by the finite spatial extension of a real
probe entering in the convolution of Eq. (2.12).

It is important to note that besides the near-field intensity, the local polariza-
tion of the optical near-field is also transferred to the far field via the Green’s
tensor. Figure 2.8 schematically depicts a vectorial near-field (green) containing
electric field components parallel and perpendicular to the surface, which induce
an electric dipole moment in the probe that can be decomposed into a sum of px
and pz. These emit dipolar radiation with a polarization and angular distribution
according to their orientation. For example, the fields stemming from pz will be
primarily radiated along the x-y-plane, polarized parallel to z. Therefore, by the
choice of various detection angles and analyzing different polarizations, a recon-
struction of the vectorial near-field polarization may be possible. Theoretically,
such polarization effects in scattering NSOM are considered, e.g., in Refs. [80–
82]. Experimental consequences and further discussion will be given in Ch. 5.

2.2.7 Magnetic Dipole Moments

The electric dipole approximation is a very common simplification of near-field
scattering problems, although a brief consideration shows that even for rather
small particles it is necessary to include other multipoles for a correct descrip-
tion of the image contrast. The electric dipole approximation for a particle is valid
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as long as fields inside the particle are homogeneous, which implies that the par-
ticle is much smaller than the wavelengths of the electromagnetic fields both in
the surrounding medium and also in the probe material itself. For metallic probes,
this corresponds to particles smaller than the penetration depth ranging from a
few nanometers up to few tens of nanometers. Aluminum, in particular, is of-
ten chosen as a coating material of aperture-type near-field probes for its small
penetration depth. These probes are specifically designed to block the near-field
light from penetrating the entire probe, so that for such tips, the electric dipole
approximation cannot be expected to yield a valid description. Instead, Mie the-
ory [83, 84] could be applied to the scattering problem to evaluate the different
multipolar components of a specific probe geometry. Unfortunately, the extended
tip geometry and the close-by sample surface make this a rather complicated task.

A first correction to the single electric point dipole is obtained by considering
the probe, e.g., the aluminum coated fiber probe, as a highly conducting parti-
cle. In this case, the boundary conditions for the electromagnetic fields lead to
additional magnetic dipole radiation, which becomes of almost equal importance
for the particle’s scattering cross-section [30]. For a perfectly conducting small12

sphere of radius R, one can ascribe to the particle an effective magnetic dipole
moment induced by Hinc, in addition to the electric dipole moment induced by the
electric field Einc. The dipole moments are expressed as [30]

p = 4πε0R3Einc , m =−2πR3Hinc . (2.20)

To quantify the relative importance of these dipoles for the scattering, we look
at the scattered fields of an incoming plane wave with an electric field amplitude
Einc. The amplitude of the corresponding magnetic field is Hinc = Einc

√
ε0/µ0.

Now, the amplitudes of the electric fields in the far-zone of the induced magnetic
and electric dipoles in Eq. (2.20) scale as Es,el. ∝ p and Es,magn. ∝ m√ε0µ0 [30],
so that the scattered amplitudes differ by only a factor of two, Es,el. = 2Es,magn..
Therefore, the magnetic field sensitivity of a highly conducting probe should not
be completely ignored.

Associating a magnetic dipole moment proportional to the external magnetic
field to a particle made from a non-magnetic material may at first seem odd.
The magnetic moment ∝

∫
dr(r× J) is, however, only a consequence of the cir-

cular currents induced in the sphere, which are proportional to the curl of the
electric field. Since Maxwell’s equations are coupled, the boundary conditions
for the electric field near interfaces between non-magnetic dielectrics may be re-
expressed as boundary conditions for the magnetic fields. In the case of a good

12“Perfectly conducting” implies that the electric field vanishes everywhere inside the particle.
“Small” refers in this case only to much smaller than the wavelength of the incoming light, as the
decay length in the particle is assumed to be zero.
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conductor, the magnetic field is expelled from the material along with the electric
field due to the shielding of the conduction electrons. This expulsion has an effect
on the magnetic field as long as the frequency of the time-varying electromagnetic
field is smaller than the metal’s plasma frequency and larger than the inverse time
constant of the magnetic field diffusion, which is very slow.

The induced magnetic dipole moment is not only important in the case of scat-
tering from a highly conducting particle, but also for the transmission through a
very small aperture, as Bethe has recognized in 1944 [85]. He considered the
transmission through an aperture in a perfectly conducting sheet and found that
the radiation in the far-zone can be decomposed as stemming from the superpo-
sition of an electric dipole oriented perpendicular and a magnetic dipole parallel
to the sheet, both proportional to the respective electric and magnetic fields at
the aperture. While his calculations of the near-field close to the aperture were
later corrected by Bouwkamp [86], the decomposition was confirmed (except for
a change in sign) [30]:

p =−4
3

πε0R3Einc,⊥ , m =
8
3

πR3Hinc,‖ , (2.21)

for a small aperture with radius R. This aperture can be viewed as a first approx-
imation to the description of an NSOM aperture probe [Fig 2.5(a)]. The actual
magnitude of the fields radiated away from these dipoles depends on the orienta-
tion of the incident field. For a p-polarized plane wave impinging close to tan-
gentially on the aperture, the electric field amplitude generated in the far-field of
the magnetic dipole is actually a factor of 2 larger than that generated from the
electric dipole, as is found by comparison with Eq. (2.20). Thus, the maximum
intensity at a given distance from the magnetic dipole is expected to be a factor of
4 larger than that of the electric dipole, a fact that is not prominently discussed in
the literature. A theoretical study for an actual conical aperture tip has confirmed
that also in that geometry, both electric and magnetic field components should
contribute to the near-field signal [87].

In analogy to the electric dipole moments discussed in the previous subsection,
the reflection from the sample causes a surface dressing of the magnetic dipoles.
Here, the roles of the electric and magnetic fields are interchanged in the boundary
conditions, i.e., for a perfect conductor, the normal component of the magnetic
field vanishes at the surface. This results in the interchange of the labels ⊥ and
‖ in Eq. (2.18), which otherwise translate into the respective expressions for the
magnetic polarizabilities.
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2.2.8 Open Questions
The considerations in Sec. (2.2.7) indicate that the magnetic field should be an
essential component in near-field microscopy with highly conducting probes. Ex-
perimental evidence for magnetic field imaging is, however, relatively slim. Only
rarely has the possibility to image magnetic field components been suggested on
the basis of measurements [88, 89]. For example, Ref. [88] reports an imaging
of the magnetic field near metal nanoparticles, but states that unique probe condi-
tions, specifically a well-defined metal film thickness on a dielectric tip, needed to
be satisfied to observe such effects. On the other hand, it has been mentioned be-
fore [Sec. (2.2.1)] that the electric field is quantitatively dominant in the very near-
field of an electric dipole, so that the near-fields of localized plasmon excitations,
for example, may often not contain strong enough magnetic field components to
be recognized in experiments.

It will be discussed in the next chapter that surface plasmon polaritons on the
surface of a metal contain different field components, namely electric fields per-
pendicular to the surface and both electric and magnetic fields parallel to the sur-
face. The question naturally arises which of these fields can be imaged in NSOM
experiments with different probe types. This will be of particular importance for
the imaging of the resonant modes of photonic nanostructures, as the different
field components can have completely different spatial distributions.

Further open questions concern the influence of tip-sample couplings on the
results of NSOM experiments. For simplicity, expressions in a first Born approxi-
mation including surface dressing were given, yet multiple scattering between the
probe dipole and the sample can have effects on a sample’s near-field modes be-
yond this approximation. Due to the near-field enhancement of the effective probe
dipoles from the surface dressing, this will be of particular importance for small
tip-sample distances.

These questions will be addressed in chapter 5 on the basis of results from
NSOM experiments. The analysis of spectrally resolved data will be of key im-
portance to the identification of imaged field components, near-field resonances
and tip-sample couplings.



3 Surface Plasmon Polaritons in
Metallic Photonic Crystals

In 1957, Ritchie derived the energy loss of electrons incident on thin metallic
films due to collective excitations of the electron plasma [90]. Early experimental
evidence of these surface plasma oscillations or “surface plasmons” [91] was pre-
sented in 1960 [92]. Since that time, considerable efforts have been devoted to the
investigation of the various aspects of surface plasmons, for example their exci-
tation on gratings [93]. Thorough experimental and theoretical reviews covering
works up to the mid-1980s on the interaction of light with surface plasmons are
found in Refs. [1, 94]. The electromagnetic fields associated with surface plas-
mons play a crucial role in the enhancement of a wealth of physical phenomena
near surfaces, such as second-harmonic generation [95, 96], Brillouin-scattering
[97], multi-photon electron emission [98] and, most prominently, the surface-
enhanced Raman scattering effect (SERS) [2] discovered thirty years ago [99–
102].

In recent years, the properties of surface plasmons, e.g., a strong surface lo-
calization, combined with large field enhancements, have increasingly motivated
theoretical and experimental studies of surface plasmon excitations in metallic
nanostructures [9]. Interesting model systems are periodic thin film gratings [11],
the metallic counterparts of dielectric photonic crystals, that allow for a study of
the resonant excitation of surface plasmons and their coupling to far-field radia-
tion.

This chapter begins with an introduction to the basic concept and the proper-
ties of surface plasmon polaritons (SPPs). The following sections cover the exci-
tation of SPPs in metallic photonic crystals and their role in the angle of incidence
dependent light transmission. Finally, a theoretical method used to calculate the
optical properties of the investigated structures is briefly described.

3.1 Essential Properties

Surface plasmon polaritons (SPPs) are surface-bound waves at an interface be-
tween two media, typically a metal and a dielectric. SPPs constitute a combined
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Figure 3.1: Schematic representation of the electromagnetic fields of a surface plasmon
polariton. Surface charge oscillations are associated with an electromagnetic field decay-
ing exponentially from the surface into both media.

mode between the collective oscillation of conduction electrons (plasmon) at the
surface of the metal and the electromagnetic mode near the interface [see Fig.
3.1]. The existence of SPPs follows directly from Maxwell’s equations [1, 30]
under the condition that the real part of the metal’s dielectric function εm(ω) is
negative and larger in magnitude than that of the dielectric, i.e., −ℜ(εm) > ℜ(εd).
Most aspects of surface plasmons can be described in terms of Maxwell’s equa-
tions with a complex frequency-dependent dielectric function of the metal. In the
following, some basic properties are summarized.

3.1.1 Fields, Energy Densities
The fields of an SPP propagating along the x-direction can be fully described by
the magnetic field component in the y-direction parallel to the surface and the
electric field components in the x- and the z-directions parallel and perpendicular
to the surface (defined as z = 0 nm), respectively. The electromagnetic mode is
therefore of the transverse-magnetic (TM) type, with a spatial dependence in the
two media of the form

H j = ŷHy, j f j(x,z) , E j = (x̂Ex, j + ẑEz, j) f j(x,z) ,

f j(x,z) = exp(ikxx−κz, j|z|) , (3.1)

where x̂ is the unit vector along the x-direction, and the index j stands for the
dielectric ( j = d) or the metal ( j = m).

The relative field strengths are easily computed from Maxwell’s equations and
the boundary conditions for the electric and magnetic fields (continuity of Ex and
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Hy, and εmEz,m = εdEz,d). For our purposes, the fields of a metal-air (or vacuum)
SPP are of primary interest, so that we set εd = 1 for the moment. Expressed in
terms of the relative dielectric function of the metal, εm, one obtains the following
relations for the complex field amplitudes in vacuum:

Ez,vac =−
√

εmEx,vac , Hy,vac =−
√

εm +1
√

ε0

µ0
Ex,vac. (3.2)

The relatively large negative real part of the dielectric function of gold (ε =−24+
1.6i at 800 nm [103]) permits only weak electric fields along the x-direction. The
ratio between Ez and Hy is very close to that of a plane wave (propagating along
x), i.e., the impedance of free space Z0 =

√
µ0/ε0.

In general, surface plasmon polaritons are of a mixed plasmonic and photonic
nature. The SPPs studied in this thesis are predominantly of photonic character,
i.e., for the present experimental conditions, most of their electromagnetic energy
is contained in the fields outside of the metal. This is quantified by considering
the electromagnetic energy in both media. The time-averaged energy density in a
non-magnetic, electrically dispersive medium is given by [104]:

u =
1
4

(
d(ωε(ω))

dω
ε0|E|2 + µ0|H|2

)
. (3.3)

In order to reach an analytic expression for the energy density of an SPP in the
metal, a Drude type dielectric function is used [105](see below), taking into ac-
count only the dominant real part. In this case, the dispersive term multiplying the
electric component reduces to (2− εm). After expressing the energy densities in
the dielectric and the metal in terms of the magnetic field and integrating over the
metal and dielectric half-spaces, the ratio between the electromagnetic energies in
the metal and the dielectric results as:

Wd

Wm
=

ε2
m

(1− εm)εd
≈ −εm

εd
. (3.4)

For a light frequency corresponding to a wavelength of 800 nm, about 96% of the
electromagnetic energy of an air-metal SPP is contained outside the metal, which
is in part responsible for the long SPP propagation lengths, even on absorptive
metals.

3.1.2 Decay Constants, Dispersion Relation, Damping
The electromagnetic fields associated with an SPP exponentially decay away from
the interface into both the dielectric and the metal [Eq. (3.1)]. The respective
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decay constants are

κm =
ω

c

(
−ε2

m
εm + εd

)1/2

, κd =
ω

c

(
−ε2

d
εm + εd

)1/2

, (3.5)

so that the fields decay by a factor |εm/εd| more rapidly in the metal than in the
dielectric. For the air-gold SPP and a light wavelength of 800 nm, the decay
constants correspond to decay lengths for the field intensities 1/(2κ j) of 306 nm
and 13 nm in air and gold, respectively.

Surface plasmon polaritons travel along the interface with phase velocities
close to the vacuum speed of light. The SPP dispersion for the in-plane wave
vector component kx,SPP is given by [1]:

kx,SPP =
ω

c

(
εmεd

εm + εd

)1/2

. (3.6)

This dispersion relation has far-reaching consequences for the physics of SPPs.
The propagation of SPPs on metal films is damped by optical absorption in the
metal. The decay length is obtained from the imaginary part of the complex
propagation constant in Eq. (3.6). The distance L, after which the intensity of
a propagation SPP is reduced due to absorption by a factor of 1/e, is

L =
1

2ℑ[kx,SPP(ω)]
, (3.7)

which amounts to L ≈ 43 µm at 800 nm.
In a situation, where a spatially homogeneous SPP excitation is provided, the

absorption decay may be preferably described in terms of temporal damping. The
damping time (or lifetime), after which the SPP intensity has decreased by a factor
of 1/e, is expressed as

T =
1

2ℑ[ω(ℜ[kx,SPP])]
, (3.8)

where in practice, one can first obtain kx,SPP for a particular real frequency by the
use of Eq. (3.6) and then re-enter this value to find the imaginary part of ω .1 At a
wavelength 800 nm, a lifetime T ≈ 145 fs follows.

For practical and instructive purposes, we consider a free electron gas with a
complex Drude response [105]

εm(ω) = 1−
ω2

pl

ω(ω + iγ)
, (3.9)

1An alternative expression is found in Ref. [1].
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Figure 3.2: Surface plasmon dispersion curve for a Drude metal with γ = 0.02 ωpl (and
at a vacuum interface). Frequency versus imaginary (a) and real (b) parts of the in-plane
wave vector component kx. The branch below ωpl/

√
2 corresponds to surface-bound

plasmon polaritons (SPP).

where ωpl is the plasma frequency and γ is the dephasing rate. Many of the optical
properties of metals are already captured within this simple model. The dispersion
relation ω(kx) is plotted in Fig. 3.2, separately for the real and imaginary parts of
kx and with the axes normalized to the plasma frequency. One observes a typi-
cal polariton splitting dispersion [106] that is induced by a coupling between the
electromagnetic field dispersion (given by the light line) and a wave-vector inde-
pendent mode, given by the bulk plasma oscillation at ωpl . This coupling leads to
an avoided crossing and to a splitting into a lower and an upper polariton branch,
separated by a gap between ωpl and ωpl/

√
2, in which only very lossy modes

exist [shaded area in Fig. 3.2(a)]. The upper polariton branch represents radia-
tive and unbound plasmon polariton modes (following the notation of Ref. [107]),
while the lower branch up to the plasmon polariton gap corresponds to the surface-
bound plasmon polaritons with which this thesis is concerned. The gray curves
show the asymptotic behavior of the plasmon polariton dispersion for small and
high frequencies. At low frequencies, the dispersion approaches the “light line”
ω = ckx, whereas at high frequencies, the asymptote is given by ω =

√
2ckx.

In this thesis, most of the experimental work is dealing with SPPs in metallic
nanostructures made from gold. The dielectric function of gold deviates signifi-
cantly from a Drude behavior2, so that hereafter, experimentally determined val-

2The interband absorption edge (about 2 eV at room temperature [108]), which is due to tran-
sitions between the filled d-band and empty conduction band states, leads to the yellowish appear-
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Figure 3.3: Surface plasmon po-
lariton dispersion for gold, cal-
culated from experimentally deter-
mined values for the dielectric func-
tion (open circles Ref. [109], full cir-
cles Ref. [103]). The inset demon-
strates that the SPP dispersion is very
close to the light line in the pho-
ton energy range of the broadband
Ti:Sapphire lasers.

ues of the dielectric function of gold are used, published in Johnson and Christie’s
seminal paper [109] and in the “Handbook of Optical Constants of Solids”, edited
by E. D. Palik [103].

Figure 3.3 shows the SPP dispersion for the dielectric function of gold, mag-
nifying the photon energy range relevant to this thesis, namely the range between
1.3 eV (∼950 nm) and 1.9 eV (∼650 nm) spanned by the broadband Ti:Sapphire
lasers described in Ch. 2. As in the previous case of the Drude dispersion, the
in-plane surface plasmon polariton momentum kx,SPP of Eq.(3.6) is always larger
than that of a plane wave of light impinging on a metal surface at any angle θ ,
given by kx,light = ω

c sin(θ). In light of this fact, it is often stated that the SPP
dispersion relation ω(kx,SPP) “lies outside the light cone”. In other words, on a
smooth metal surface, simultaneous momentum and frequency (or energy) con-
servation forbids SPP excitation by incoming far-field radiation.

3.2 SPP Excitation on Metal Films
The momentum mismatch between far-field radiation and SPPs can be overcome
in a number of alternative ways. One option is the excitation of SPPs by evanes-
cent fields, for which kx,ev. may be larger than ω

c . A prominent and widely
used implementation of evanescent SPP excitation is the Kretschmann-Raether,
Kretschmann [110, 111] or Otto geometry [112], in which the evanescent fields
created by total internal reflection at a dielectric prism excite SPPs on a thin metal
film evaporated onto the prism. Another natural possibility utilizes scattering by

ance of gold and results in drastic deviations from a simple Drude behavior in the visible part of
the spectrum [105]. At near-infrared and longer wavelengths, a Drude model serves as a better
approximation.



3.2. SPP EXCITATION ON METAL FILMS 31

Figure 3.4: Excitation of surface plasmon polaritons by grating coupling. (a): Scattering
at a periodic surface corrugation can supply additional momentum G. (b): At different an-
gles of incidence, scattering to different parts of the SPP dispersion is possible. (c): SPP
zone scheme displaying different SPP “bands” as a function of the incoming light mo-
mentum kx,l . The shaded areas lie outside the light cone and are therefore not directly
accessible by far-field radiation. At the intersection of different bands, couplings result in
the appearance of band gaps [117, 118], as indicated by the two gray curves near the zone
center.

surface defects [70] or roughness, which are present in all real metallic films.
This breaking of the translational invariance relieves the momentum conservation
constraints, and the far-field excitation of surface plasmon polaritons is induced
by scattering. The efficiency and angular dependence of this coupling strongly
depend on the specific surface conditions and were studied early on [113–116].

Gratings with well-defined periodicity comprise a particular and artificially
producible type of “roughness” [93]. In the case of a grating on an otherwise
smooth surface [Fig. 3.4(a)], the spatial invariance is broken, except for transla-
tions of integer multiples of the lattice period a0. Accordingly, momentum conser-
vation in k-space is required only modulo the grating vector G = 2π/a0. Hence,
far-field excitation of SPPs on a grating can be achieved if [119]

kx,l
.=

ω

c
sin(θ) = kx,SPP(ω)±n ·G. (3.10)

In this way, the momentum mismatch between the far-field radiation and the SPP
dispersion relation is overcome, and different SPP frequencies can be excited for
different angles of incidence [Fig. 3.4(b)]. These excitations appear as resonances,
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e.g., in the reflection spectra of gratings [1]. Solutions to Eq. (3.10) are possible
at every angle for various values of n. Gratings often have lattice constants on
the order of the wavelength of the excitation light. The solutions to Eq. (3.10)
can be viewed as the SPP dispersion being folded into the first Brillouin zone
of the structured surface, in complete analogy to other periodically modulated
media. The result of this procedure is a SPP band structure shown in Fig. 3.4(c),
where curves corresponding to different integer values of n are indicated. Near
the intersection points of the different bands in the zone center and at the zone
boundaries, couplings between the different modes will lead to a splitting of these
bands (gray lines in the zone center as an example) [117, 118]. This aspect will
be covered in Sec. (4.3).

For thin-film metallic gratings on dielectric substrates, SPPs on both sides of
the grating can be excited. These SPPs possess different dispersions and conse-
quently appear at different wavelengths in angle-dependent reflection or transmis-
sion spectra. The different SPP bands are labeled according to their diffracted
order and the excited interface, namely AM[±n] and SM[±n] for air-metal and
substrate-metal SPPs of order ±n [cf. Eq. (3.10)], respectively. For metal films
thinner than the decay lengths in the metal, strong coupling through the metal film
may occur, leading to a different SPP dispersion [1, 94]. In this work, however,
only films thicker than the penetration depth are studied, so that only couplings
due to protrusions in the films need to be considered.

3.3 Light Transmission through Plasmonic Crystals
The advantages of grating excitation have been utilized early on in the study
of surface plasmon polaritons [1]. In recent years, the subject has garnered
immense interest due the remarkable properties associated with SPPs in mod-
ern nano-fabricated thin metallic film transmission gratings. Ebbesen and co-
workers [11, 119] discovered an extraordinarily large optical transmission effi-
ciency through a square periodic arrangement of holes in a thin metallic film [see
Fig. 3.5]. The holes were much smaller than the wavelengths of the transmitted
light; yet, at certain wavelengths, the transmission could even exceed unity when
normalized to the geometrical fraction on the surface occupied by the holes. This
was orders of magnitude larger than expected from classical diffraction theory for
an individual subwavelength hole in a metal film [85, 86], which drops rapidly
for wavelengths above the hole cutoff. These observations were explained with
the resonant excitation and subsequent transit of surface plasmon polaritons on
and through the structure [11, 119–121], respectively. Although there has been
great debate and controversy about this assignment [122–125], it is now widely
accepted and supported by a wide variety of experimental observations, including
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Figure 3.5: (a): Scanning electron microscope image of a square nanohole array similar
to those used in the experiments of Ebbesen et al. (b): Transmission spectrum for normal
incidence for an array with lattice period 900 nm, hole diameter 150 nm and silver film
thickness 200 nm (from Ref. [11]).

near-field optical microscopy [13, 126, 127]. The latest review on properties of
light transmission through individual holes and arrays is found in Ref. [128].

The realization that SPPs may be employed to localize and geometrically
squeeze light into extremely small volumes has sparked great efforts to understand
in detail the underlying effects, and to eventually control light propagation and
localization on a subwavelength scale [9]. In this context, the periodically mod-
ulated or perforated thin metal films mentioned above, sometimes called “plas-
monic crystals” in analogy to photonic crystals, play an important role as well-
defined model systems.

This work will focus particularly on the dynamical aspects of light transmis-
sion through such structures and how they are influenced by the coherent cou-
plings among different SPP modes. Further, the optical near-fields associated with
SPP resonances will be of interest, as the SPP modes of a given structure directly
translate into its far-field properties. In this pursuit, the metallic photonic crys-
tals will be the primary subject of investigation; however, the characteristic field
distributions at SPP resonances will also reveal information about both the rele-
vant methods of near-field imaging (particularly polarization-selective imaging)
and effects related to tip-sample couplings.
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Figure 3.6: The investigated periodically patterned thin-film gratings. (a): Scanning
electron micrograph of a one-dimensional slit array in a gold film. (b): Cross-section
as measured with the shear-force topography detection. (c): Definitions of the structural
parameters lattice period a0, slit width b and film thickness h.

3.4 Investigated Structures
In this thesis, experimental results and theoretical models are presented for one-
dimensional plasmonic crystals consisting of optically thick (∼ 100 nm) gold
films evaporated on sapphire substrates. The films are perforated with periodic
arrays of slits with widths around 50 nm and lattice periods between 600 nm
and 900 nm. The samples are fabricated by gold evaporation followed by elec-
tron beam lithography and Argon ion lift-off in the group of Prof. D.-S. Kim
at Seoul National University. Structures with a highly precise periodicity were
obtained. Their outstanding surface quality produces exceedingly long SPP prop-
agation lengths. A top-view scanning electron micrograph of one of the structures
is shown in Fig. 3.6(a). The cross-section, measured with the shear-force atomic
force microscope described in Sec. (2.2.5), is plotted in Fig. 3.6(b), and the defi-
nitions of the geometrical variables used hereafter are shown in Fig. 3.6(c).

3.5 Solution of the Scattering Problem
It was mentioned earlier that most aspects of surface plasmon polaritons
can be described in terms of Maxwell’s equations with local and frequency-
dependent dielectric functions of the respective materials. This work focuses
on one-dimensional metallic photonic crystals, for which numerical solutions of
Maxwell’s equations can be obtained with available methods. We are interested
in solving the scattering problem displayed in Fig. 3.7. An incoming plane wave
is scattered by the structures into transmitted and reflected diffraction orders. The
propagating diffraction orders are detectable in the far-field, while the SPP exci-
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Figure 3.7: Schematic depiction of the scattering problem. A p-polarized wave with am-
plitude A0 is incident on the periodic structure, generally at inclined incidence with a wave
vector kin. We are interested in the transmitted and reflected amplitudes of the diffraction
orders Tn and Rn, n ε {0,±1,±2, ..}, which can be either propagating or evanescent.

tations correspond to evanescent surface waves.
The proper choice of method is essential for a quantitative agreement between

theoretical computations and the experimental results, such as transmission spec-
tra or near-field optical images. Although we deal with a rather clear and simple
geometry, i.e., a periodic arrangement of rectangular metallic slabs on a dielectric
substrate, many methods suffer from difficulties in solving the scattering problem
for these structures. For example, in finite-difference time domain (FDTD) cal-
culations [129], a satisfactory implementation of varying angles of incidence is
rather involved. Other methods designed for scattering at periodic dielectric struc-
tures, such as many transfer matrix formalisms, often exhibit very slow or even a
lack of convergence when confronted with metallic structures.

We found a scattering matrix method introduced by Lochbihler and Depine
for gratings made from highly conductive materials to deliver good results and
fast convergence. The numerical method was implemented in the programming
environment of MATLAB.3 Several comprehensive articles describe the approach
in detail [130–135], and a complete reproduction of all expressions would go be-
yond the scope of this thesis. For that reason, only the principle steps are sketched,
and the reader is referred to the cited literature for a more explicit treatment.

The Lochbihler method is based on an approximation employing the so-called
surface impedance boundary conditions (SIBC) for the electromagnetic fields at

3Version 6.5 (R 13), manufactured by TheMathworks, Inc.
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the surface of good, but finite conductors. These relate the tangential components
of the electric and magnetic fields at a metal surface [30],

E‖ = Zn̂×H‖, (3.11)

where Z is the surface impedance of the metal, which can be approximated
as [136, 137]

Z =
√

µ0

ε0ε(ω)
=

Z0

n(ω)
, (3.12)

with the free-space impedance Z0. The SIBCs are an excellent approximation, as
long as the radii of curvature at the metallic surfaces, where they are applied, are
not smaller than the penetration depth of the fields.

In the present variant, the SIBC method solves for the magnetic field in the
y-direction (perpendicular to the figure plane in Fig. 3.7). Using the SIBCs, the
magnetic field inside the nanoslit waveguide is expanded in a sum of waveguide
eigenmodes (modal expansion) with lateral spatial profiles [133]

um(x) ∝
η

βm
sin(βmx)+ cos(βmx). (3.13)

Here, η = −iω

c Z, and βm is related to the mode propagation constant along the
z-direction, µm, via

µ
2
m +β

2
m =

ω2

c2 . (3.14)

The eigenvalues βm are the solutions to the complex transcendental equation

tan(βmb) =
2ηβm

β 2
m−η2 (3.15)

for a waveguide of width b. The waveguide modes can be viewed as surface plas-
mon modes traveling along the vertical walls of the structure with their peak am-
plitudes located at the boundaries. For any film thickness, at least the zeroth mode
(sketched in Fig. 3.7) propagates, and its propagation constant µ has a large real
part. For the very thin slits considered here, the higher order modes are strongly
damped in the waveguide and accordingly do not contribute to a coupling of both
interfaces. For very narrow slits, an approximate expression for the lowest order
β0 is found by replacing the tangent with its argument, resulting in

βm =
√

2η/b+η2. (3.16)

Above and below the metal structure, the field is decomposed as a Rayleigh
expansion into sinusoidal diffraction orders (sketched above the structure as col-
ored waves in Fig. 3.7) with propagation constants

χn =

√
ω2

c2 −α2
n , αn =

ω

c
sin(θ)+n ·G, (3.17)



3.5. SOLUTION OF THE SCATTERING PROBLEM 37

where θ and G are again the angle of incidence and the lattice vector, respectively.
In this expansion, the field above the structure is, for example, expressed as

Hy =
∞

∑
n=−∞

Tn exp [i(αnx+ χnz)]. (3.18)

Here, z = 0 nm is again defined as the height of the upper structure surface. De-
pending on the order n, these waves are either propagating waves (ω

c > |αn|) or
evanescent surface waves (ω

c < |αn|), such as the fields of an SPP. The coefficients
in the two expansions (Rayleigh and modal expansion) are used to set up a matrix
equation from the respective boundary conditions at z = 0 nm and z = −h (h is
the thickness of the metal film). At the lateral positions of the slits, the boundary
conditions are the continuity of the magnetic field and its vertical derivative, i.e.,
the derivative along the z-direction, which is proportional to Ex. At the boundary
between the metal and the free spaces, the SIBCs are used again.

The resulting matrix equation is solved numerically, yielding the amplitudes
of the transmitted and reflected diffraction orders. The magnetic field Hy is ob-
tained by propagating these amplitudes to any given point above the structure
with Eq. (3.18), and the electric vector field E is found from the respective spatial
derivatives of Hy.

This method yields transmission and reflection spectra, as well as the elec-
tromagnetic fields near the surfaces of the structure. Whenever it is necessary
or instructive, the experimental data will be compared with the results of this
method. The focus will, however, stay on the experimental side. First, one has to
keep in mind that the numerical method makes use of an approximation, whose
entire range of validity still has to be investigated for the present structures. Sec-
ond, the calculations are performed for an idealized rectangular structure, which
in reality cannot be manufactured. Rounded edges of the cross-sections, very
small imperfections in the grating periodicity, or a finite surface roughness are
not easily incorporated in a numerical calculation, but impossible to avoid for a
realistic structure. The physical consequences of these deviations from an ideal
structure necessitate experimental investigation. The method could be extended to
structures of arbitrary cross-section with additional effort [132], but finite surface
roughness or disordered structures are quite hard to model. In essence, we are
interested in the properties and limitations of real structures, searching for basic
and general principles.

In combination with the far-field experiments, these full numerical computa-
tions will serve as complementary information to more simple or intuitive phe-
nomenological models. With respect to the near-field optical experiments, the
simulations yield the spatial distribution of all components of the vectorial electro-
magnetic near-field. This will promote a direct identification of different near-field
imaging contrasts, and will clarify which field components are actually imaged.
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4 Femtosecond Surface Plasmon
Dynamics and Far-Field
Transmission

In this chapter, the results of far-field light transmission experiments through one-
dimensional plasmonic crystals are presented and discussed on the basis of the-
oretical modelings. Different SPP excitations in angle-dependent transmission
spectra are identified. The dynamics of SPP excitations are revealed by em-
ploying interferometric autocorrelation and phase-resolved spectral interferom-
etry, which allows for the evaluation of femtosecond electric field transients trans-
mitted through these structures. A complete mapping of the complex SPP band
structure is demonstrated. Coherent couplings between SPPs lead to a splitting of
SPP bands, associated with drastic variations in the SPP lifetime. A first near-field
spectroscopic experiment yields the SPP Bloch modes of the crystal.

The chapter is structured as follows: The first three sections focus on results
of various far-field transmission experiments, covering angle-dependent transmis-
sion (4.1), transmission dynamics (4.2) and coupling phenomena (4.3), such as
band gap formation. In these sections, besides the presentation of experimen-
tal data, simple, phenomenological models are employed to discuss the essential
physics behind the observed effects.

A further description resolving particular aspects not contained in these simple
models is found in the remaining sections of the chapter. Section (4.4) introduces
a radiative coupling model, offering more insight into the resonant nature of the
SPP-assisted transmission and related effects, such as Fabry-Pérot resonances.
Since this model is still of a phenomenological type, the results of the full solution
of the scattering problem and the discussion of remaining questions are presented
in Sec. (4.5).

This structure of increasing completeness in the theoretical description has
been chosen to illustrate which components of the theoretical modeling are es-
sential to explain certain observations, aiming at a deeper and more useful under-
standing than a mere and immediate comparison of the experimental results with
a full scattering solution.

39
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4.1 Angle-Dependent Transmission

A first characterization of the structures is performed by far-field, angle of in-
cidence dependent light transmission [Fig. 4.1(a)]. The samples are illuminated
with weakly focused 10-fs light pulses from a broadband Ti:Sapphire laser oscilla-
tor centered at a wavelength of 800 nm [see Sec. (2.1)], linearly polarized perpen-
dicular to the slits, i.e., p-polarized.1 For a grating with a period of a0 = 650 nm,
transmission spectra are displayed in Fig. 4.1(b) at angles of incidence from nor-
mal (θ = 0◦) to θ = 60◦ in steps of 2◦. The spectra are normalized to the incident
laser spectrum. Different transmission peaks that shift with varying angles of in-
cidence are discernible. Three exemplary transmission spectra are magnified in
Figs. 4.1(c)-(e). The absolute transmission is up to roughly 10 per cent, which is
comparable to results from other studies [138]. One observes the asymmetric or
dispersive lineshapes that are also typical for two-dimensional thin film transmis-
sion gratings [11, 119, 130, 139]. This aspect will be covered in more detail in
Sec. (4.2.2). It should be noted that the transmission spectra differ only marginally
for illumination from the air or the substrate side, which is well-known in the case
of nanohole gratings [11]. Certain differences in reflection spectra have been re-
ported in Ref. [140].

Surface plasmon polaritons can be excited on either side of the metallic film,
i.e., on the air-metal or the substrate metal interface [119]. In order to identify
the different types of SPP excitations leading to the features in the transmission
spectra, we compare the wavelength and angle dependence of the transmission
peaks with the solutions of the grating coupling equation [Eq. (3.10)]. In Fig. 4.2,
the transmission spectra for the above grating are displayed on a linear color scale,
together with solutions to the SPP grating coupling equation, for air-metal (AM)
or sapphire metal (SM) SPP excitations. The respective integer diffraction orders
n are indicated in the brackets. It appears that the grating coupling equation for the
SM interface yields wavelengths near the peaks, where the transmission is actually
close to zero. A theoretical work has predicted this behavior, interpreting it as the
“negative role” SPPs play in the transmission through such nanoslit gratings [122].
It will be shown later that such a transmission dip is actually part of the same SPP
resonance as the peak itself.

The qualitative agreement between the expected SPP resonances and the ex-
perimentally found transmission peaks is similar to that found for nanohole ar-
rays [119], and shows that both AM and SM SPP resonances can be studied in
this sample.

1In an alternative nomenclature, this polarization is also called “transverse magnetic” or “TM”
polarization, because the magnetic field is perpendicular to the plane of incidence.
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Figure 4.1: Angle-dependent transmission spectra of a grating with a0 = 650 nm, d =
150 nm and b = 50 nm on a sapphire substrate. (a): Experimental setup. The incident
p-polarized laser light is narrowed with an aperture and weakly focused onto the sample
with a spherical mirror ( f = 30 cm). (b): Transmission spectra in steps of 2◦. (c)-(e):
Three examples of transmission for the indicated angles.
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Figure 4.2: (a): Angle- and wavelength dependent transmission through the a0 = 650 nm
grating and solutions to the grating coupling equation, Eq. (3.10), for sapphire-metal (SM)
and air-metal (AM) SPPs corresponding to different evanescent diffraction orders n =
±1,2.

4.2 Transmission Dynamics
The investigation of time-resolved transmission through metallic photonic crys-
tals is of fundamental interest, as these structures are considered key elements in
future photonic devices, aiming at unprecedented levels of microscopic light con-
trol [8, 9]. It is by now well-accepted that SPP excitations with lifetimes in the
range of few tens of femtoseconds govern the transmission properties. However,
the actual dynamics of these excitations have not been fully understood. Sev-
eral investigations cover different aspects of the dynamics of light transmission
through plasmonic crystals, including a number of theoretical works [129, 141].
Experimentally, a time delay in the transmission of 100-fs light pulses through
an array of nano-holes has been found to be on the order of 10 fs [13–15]. The
interpretation of this delay, attributed to either a finite transit time through the
apertures [14] or to the SPP lifetime [13] remains controversial, partly because
the pulse durations used previously were longer than the radiative SPP lifetimes
in such plasmonic crystals.

4.2.1 Interferometric Autocorrelation

Here, the first pulse transmission experiments through plasmonic crystals are re-
ported, which make use of optical pulse durations significantly shorter than the
lifetimes of the relevant SPP excitations. We begin by directly studying the
pulse shapes of the 10-fs light pulses as they are transmitted through the slit grat-
ing [Fig. 4.3(a)].
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Figure 4.3: (a): Schematic of the experimental setup. (b): Interferometric autocorrelation
(IAC) of the incident 10-fs light pulses. (c)-(d): IAC of the light transmitted through the
plasmonic crystal at θ = 28◦ (c) and 35◦ (d). The laser and spectrum (b) and linear
transmission spectra [(c),(d)] are shown in the insets.

Interferometric autocorrelations (IACs) [see Sec. (2.1.2)] are measured for the
incident laser pulses [Fig. 4.3(b)] and the pulses transmitted through the structure
at different angles of incidence [Figs. 4.3(c) and (d)]. The corresponding laser
spectrum and the normalized transmission spectra are shown in the insets. Two
angles of incidence with markedly different IACs for the transmitted pulses have
been selected. At an angle of θ = 28◦, the laser spectrum overlaps only weakly
with the sapphire-metal (SM) SPP resonances [cf. Figs. 4.2 and 4.1]. The trans-
mitted light consists of a strong initial peak of duration comparable to the incident
pulses, and a second long-lived but weak component from the transmission peaks
at the edges of the spectral range. When the overlap between SPP resonances and
laser spectrum is optimized by angle tuning [Fig. 4.3(d)], the resonant contribu-
tion is strongly enhanced, and the time profile of the transmitted light is dominated
by the pronounced polarization beating between the two SM SPP resonances per-
sisting for more than 50 fs.

4.2.2 Phase-Resolved Measurements
The interferometric autocorrelation measurements already give a first impression
of the dynamics of light transmission. A quantitative extraction of the relevant
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parameters is, however, not straightforward, because there is no simple one-to-
one correspondence between a given IAC trace and the underlying electric field
transient. One possibility to infer upon a field transient is to set up a specific
mathematical model, followed by a fitting of its parameters to the experimental
IAC trace and the measured transmission spectra [142].

In our work, we use a different approach and measure the electric field tran-
sients transmitted through the structure directly by the use of spectral interferom-
etry, as introduced in Sec. (2.1.3). Precise knowledge of the incident pulses leaves
the determination of the transmitted pulses to a linear interferometric measure-
ment, in which the spectral variation of the transmission-induced phase change is
obtained along with the transmitted amplitude. If we define Ein(ω) and Eout(ω)
as the incident and transmitted complex field amplitudes in the frequency domain,
the transmissivity t(ω) relating the two via Eq. (2.2) is determined as

Eout(ω) = t(ω)Ein(ω). (4.1)

The electric field transients are then calculated by a Fourier transform. In
Fig. 4.4(a), the incident laser pulses Ein(t) are plotted (left) with the laser spectrum
and the spectral phase (right).2 Figures 4.4(b)-(d) contain a set of representative
electric field time transients of the transmitted pulses Eout(t) for different angles
of incidence, together with the respective normalized transmission T = |t(ω)|2
and the spectral phase of the transmissivity, ϕ = arg(t(ω)). 3

In these three transients, characteristic features of the light transmission
through the plasmonic crystals can be identified. At an angle of incidence of
8◦ (b), the transmitted pulse consists of a strong initial burst, followed by a long-
lived, weaker tail. The normalized transmission spectrum shows a broad con-
tinuum and a resonance around 750 nm, which corresponds to an AM[-1] SPP
resonance that is evident in a 2π phase change of the complex transmissivity.4

The relative amplitudes of the burst and the tail can be altered by angle-tuning the
overlap of the laser spectrum with the continuum and the resonance [143]. In-
creasing the angle of incidence to a value of 49◦, where mostly a single SM SPP
resonance is observed (c), results in a time trace dominated by the long-lived com-
ponent. At angles, where several SM SPP resonances (±1 and ∓2) are covered
by the laser spectrum, such as θ = 33◦ shown in (d), a strong temporal beating of
the emission is found in the electric field transients.

2Note that the carrier-envelope phase offset in these measurements is not known [see
Sec. (2.1.2)].

3For easier comparison with the preceding and following graphs, the quantities are plotted as
a function of wavelength rather than frequency.

4Note that this differs from the π phase change of a single Lorentzian. This is due to the
interference with the continuum discussed below.
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Figure 4.4: Incident and transmitted pulses through a 650 nm slit array. (a): Electric
field transient (left graph), spectral intensity (blue) and spectral phase (red) of the incident
pulses. (b)-(d): Transmitted pulse structures (left column), normalized transmission T
(blue) and spectral phase ϕ (red) of the transmissivity for angles of incidence θ = 8◦(b)
(AM resonance), 49◦(c) and 33◦(d) (SM resonances).
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Figure 4.5: (a): Optical spectrum of the pulses transmitted through a 650 nm slit array
at an angle of θ = 8◦. (b): Pulse structure in the time domain. (c): Short-time Fourier
transform showing that the transmitted pulse consists of an initial burst and a delayed
long-lived SPP contribution.

The measurements show directly that the time structure of the transmitted light
pulses is given as a superposition between two components of different temporal
characteristics: (i) the impulsive burst due to nonresonant transmission through
the nano-slits Enr, which is similar in duration to the incident pulse, and (ii) the
damped emission from different SPP excitations at resonance frequencies ω j and
with damping constants Γ j, namely

Eout ∝ Enr +∑
j

E j exp(−iω jt−Γ jt). (4.2)

The dynamical aspect of this transmission can be further visualized by per-
forming a short-time Fourier transform [see Sec. (2.1.4)]. For the transmission
at 8◦, Fig. 4.5 shows besides the time transient (b) the (unnormalized) spectral
intensity of the transmitted pulses (a), and in color scale the windowed Fourier
transform (c) function W ( f , t) with a Gaussian time window of 20 fs width. This
image immediately reveals the delayed resonant AM SPP emission following the
nonresonant direct transmission.
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In the spectral domain, the interference between the resonant and the nonreso-
nant transmission channels gives rise to asymmetric so-called “Fano” lineshapes,
as predicted theoretically [144] and found on the basis of far-field transmission
spectra [145]. Originally derived by U. Fano [146], such lineshapes appear, when-
ever a continuum is coupled to a resonance, for instance in the autoionization pro-
cess in atomic physics [147]. This particular lineshape, although expressed in a
somewhat different form in the original work,5 can be written for the complex
transmission amplitude as

t(ω) = anr +∑
j

a jeiφ jΓrad, j

ω−ω j + i(Γrad, j + γ j)
. (4.3)

Here, anr is the spectrally flat or slowly varying nonresonant transmission ampli-
tude, and a j and φ j are the (real) oscillator strengths and phases, respectively. The
real frequencies ω j correspond to SPP resonances at either the AM or SM inter-
face [119]. The resonance width Γ j contains two terms: a nonradiative damping
γ j due to absorption in the metal, and the radiative damping Γrad, j of the SPP
modes, which is in most cases dominant [13]. In the numerator, only the radiative
damping constant appears, as only this contribution leads to emission. Figure 4.6
illustrates the composition of the Fano lineshape as a sum of a nonresonant and
a resonant contribution through the structure. The well-known π-phase change
across the Lorentzian resonance leads to constructive interference on one side of
the resonance and destructive interference on the other, resulting in the typical
dispersive shape and a shift of the peak transmission amplitude with respect to the
resonance wavelength [145]. Thus, the resonant excitation of surface plasmons
is responsible for a transmission enhancement [11] at certain wavelengths and a
reduction [122] at others, as indicated with the gray-shaded ares near the green
curve.

A simultaneous fit of the Fano lineshape function [Eq. (4.3)] to the trans-
mission and spectral phase of an individual SM SPP resonance is shown in
Figs. 4.6(c) and (d), demonstrating excellent agreement for the resonance energy
and linewidth as given in Fig. 4.6(c). This supports in particular that for a single
SPP resonance, the total linewidth h̄Γ = h̄(γ + Γrad) = 10.3 meV is significantly
larger than the expected intrinsic Ohmic losses on a planar gold/sapphire inter-
face of about h̄γ = 4 meV, evaluated from Eq. (3.8) for the wavelength around
800 nm and the dielectric function from Ref. [103]. Thus, the resonance is
predominantly radiatively broadened, and the SPP lifetime, i.e., the time, after
which the SPP mode intensity has decreased by a factor of 1/e, is found to be
T1 = 1/(2Γ) = 1/(2(γ + Γrad)), which is 32 fs - much shorter than the intrinsic

5The equivalence of the often used form of the Fano lineshape with the following expression
is shown in Appendix D.
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Figure 4.6: (a): Schematic representation of the resonant (red) and direct (blue) transmis-
sion components. (b): Illustration of a Fano-type resonance as the interference between
a continuum and a resonant contribution, resulting in constructive (+) and destructive (-)
interference of both components in the far-field. (c)-(d): Simultaneous fit of a Fano reso-
nance (green lines) to the squared magnitude (c) and the spectral phase (d) of the measured
complex transmissivity (open circles) at θ = 44◦.

absorptive damping time of about 80 fs. These small lifetimes are limited by a
Rayleigh-like scattering of surface plasmon polaritons at the nano-slit scattering
centers [13].

4.2.3 Complex Far-Field Transmission Map

Performing spectral interferometry as a function of the angle of incidence allows
for a detailed mapping of the complex SPP band structure. Figure 4.7 shows trans-
mission spectra (a) and the spectral phase (b) between 700 and 900 nm. Strong
phase variations occur at the resonance wavelengths connected to the AM and SM
excitations. Different phase behavior is found for the two kinds of resonances,
namely a 2π phase change for the air-metal-SPP and a phase dip for the substrate-
metal SPP. At all angles, the spectra and the phase curves are consistently mod-
eled by Eq. (4.3), taking the relevant SPP resonances into account. It should be
noted that a quantitative extraction of all parameters, in particular of the resonance
phases and the oscillator strengths, requires such phase-resolved measurements,
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Figure 4.7: Angle-resolved transmission T (ω,θ) (a) and phase ϕ(ω,θ) (b) for a nanoslit
array with a0 = 650 nm.

since from a transmission spectrum alone, these parameters cannot be uniquely
determined.6

In previous work on nano-hole arrays, e.g., in Ref. [145], only asymmetric pro-
files with a tail on the longer wavelength side have been observed. It is obvious
from the above figures that the AM resonances show this behavior, as well, while
the SM transmission peaks possess asymmetric tails towards the short-wavelength
side. This question is intimately related to the differences between nano-slit ar-
rays, which support a propagating waveguide mode for all wavelengths, and nano-
hole arrays, which do not. More details on this issue will be given in Sec. (4.4).

The phase-resolved transmission experiments indicate an interpretation of the
transmission as an interference between a nonresonant and a resonant transmis-
sion contribution of different temporal structures, allowing for a precise deter-
mination of the relevant resonance parameters, such as the complex oscillator
amplitudes, resonance frequencies and damping rates. Further investigation is
warranted to find out what determines these parameters, and how they can be sys-
tematically influenced. In the following section, the coherent coupling between
different SPP modes and its consequences for the emission are studied. On the
basis of near-field optical microscopy, a direct connection between far-field trans-
mission characteristics and the SPP field distributions is established.

6In Appendix D, it is shown that identical Fano lineshapes can be obtained for different oscil-
lator strengths and phases.
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4.3 Coherent Couplings

The present time-resolved experiments and previous studies [13, 14] have demon-
strated a strong SPP-coupling to far-field radiation, limiting SPP lifetimes to few
tens of femtoseconds. This poses a constraint on using these structures in novel
photonic elements, such as plasmonic resonators or nano-waveguides. The ques-
tion arises how to control radiative SPP damping in order to overcome these con-
straints.

In general, radiative decay phenomena can be strongly modified by coherent
couplings between the relevant optical excitations. For two resonant systems, e.g.,
two atoms separated by less than one wavelength, the radiative coupling leads to
the formation of collective states and cooperative effects in their radiative de-
cay, namely super- and subradiance [148]. Specifically, subradiance reflects the
suppression of radiative damping for the collective state with an antisymmetric
character of the wave function. These phenomena are currently of great inter-
est as they play a dominant role in the optical properties of a variety of dense,
microscopic systems, e.g., trapped ions [149], Bose-Einstein condensates [150],
molecular aggregates [151, 152], or coupled semiconductor quantum dots [153]
and wells [154].

In plasmonic crystals, both the coherent coupling between polaritonic exci-
tations and their coupling to the radiation field is induced by periodic variations
of the dielectric function [12]. Whereas the resulting band gap formation has re-
ceived much attention [117, 118], there are only few studies of coupling-induced
phenomena in the radiative damping of polariton modes [142, 155].

In the plasmonic crystals studied here, the quantitative understanding of the
lineshape function is the key to the analysis of coherent SPP couplings, such as
band gap formation and radiative decay phenomena. A fitting to the Fano line-
shape yields the SPP band structure ω j(θ) and the damping constants Γ(θ).7

In this section, band gap formation and the effects of coherent couplings on
the radiative lifetimes of SPP modes are investigated. We begin by studying the
linewidth variations at the SM[+1,-2] anti-crossing in far-field transmission mea-
surements. In order to gain a more detailed microscopic understanding of the
observed radiative decay phenomena, the zone center band gap of the AM[+1,-1]
modes is further studied. In addition to far-field transmission measurements, near-
field optical spectroscopy is employed to give a direct picture of the microscopic
mode structure near the SPP band gap.

7Note that a high angular resolution is necessary to correctly measure the linewidths, because
the strong angle-dependent line shifts lead to smearing and broadening of lines for reduced angle
resolution. Using a laser with high directionality simplifies those measurements significantly.
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Figure 4.8: Formation of a plasmonic band gap for substrate-metal SPPs, evaluated from
a fit to the Fano lineshape. (a): Resonance wavelengths of the two branches. Two values
are missing for the lower branch near θ = 38◦ due to a disappearance of the peaks at these
angles. (b): Linewidths and corresponding lifetimes of both branches (logarithmic scale).
The upper borders of the light gray and gray shaded areas correspond to the expected
intrinsic (absorptive) SPP damping for the dielectric function tabulated in Refs. [103]
and [109], respectively.

4.3.1 Substrate-Metal Zone Boundary Band Gap

The 650 nm array has been chosen for optimum overlap of the SM[+1,-2] reso-
nances with the laser spectrum. The resulting resonance wavelengths of the ap-
proaching bands near the Brillouin zone boundary around 38◦ are plotted as circles
in Fig. 4.8(a). One observes a clear anti-crossing of the SPP bands of about 35 nm,
corresponding to a band gap energy EG of 72 meV.

Along with the splitting of the resonance frequencies, drastic intensity and
linewidth variations are found. The linewidths of the upper and lower branches
are plotted in Fig. 4.8(b) as the open and black circles, respectively. On the right,
the ordinate is labeled with the corresponding SPP lifetimes. It was mentioned
before that the dominant line broadening mechanism for these SPP resonances
is radiative damping [13], caused by the coupling of SPP modes to the far-field
continuum consisting of one or more diffraction orders. The linewidth variations
therefore immediately reflect the modifications of radiative damping associated
with the coupling to the far-field, which can be altered by the coupling among
different SPP modes.

Far from the anticrossing, the four modes, denoted by A,B,C and D in
Fig. 4.8(a), possess damping constants ordered as ΓA < ΓB < ΓC < ΓD. Quali-
tatively, this sequence can be understood in terms of the different types and num-
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bers of damping channels, i.e., diffraction orders, these modes can couple to.8 A
quantitative comparison with theoretical calculations is found in Sec. (4.5).

Beyond these initial differences in radiative decay far from the anti-crossing,
the damping rates are further modified by the coupling between the SPP modes
near the anti-crossing. In particular, the lower energy branch displays a narrow-
ing near the anti-crossing with a minimum linewidth of Γ ≈5.5 meV (full-width
at half-maximum (FWHM) is 2Γ). This corresponds to a lifetime of about 60 fs,
which is much closer to the intrinsic damping time than the lifetimes of the SPP
resonances far from the anti-crossing, which have lifetimes down to a couple of
femtoseconds, such as the upper SM branch (open circles in Fig. 4.8). The upper
borders of the areas shaded in light gray and gray indicate the intrinsic SPP life-
times expected for the dielectric function (λ = 800 nm) from Refs. [103](56 fs)
and [109](80 fs), respectively.

Moreover, the peak intensity decreases upon approaching the anti-crossing
angle, and eventually, the line disappears at θ = 38◦. This line-narrowing is direct
evidence for a coupling-induced suppression of radiative damping, i.e., for an
example of subradiance [148]. Near the anti-crossing, the type of SPP damping
changes from predominantly radiative (Γrad > γ) to absorption-limited (γ > Γrad).

In this SM zone boundary case, the effects of the coupling on the radiative
lifetimes are somewhat masked by the differences of the decay rates of the uncou-
pled modes, as discussed above. Especially the asymmetry of the band structure
at the zone boundary significantly complicates the interpretation. A full scattering
solution in Sec. (4.5) will be shown to yield such variations in the angle-dependent
linewidths.

Both subradiant SPP decay and band gap formation are expected to be inti-
mately connected with the formation of new coupled SPP eigenmodes of different
spatial symmetry [118, 148, 156, 157], which cannot be directly explored for the
substrate-metal SPP excitations. Thus, the next subsection examines a band gap
formed by air-metal SPPs in the zone center.

4.3.2 Air-Metal Zone Center Band Gap

For the purpose of studying the air-metal SPP band gap near the zone center, a
sample with a larger lattice period of a0 = 750 nm is chosen. We have recently
demonstrated that this larger lattice constant mainly brings about a red-shift of
all resonances by about 100 nm [143], thus providing better overlap of the laser
spectrum with the spectral range of the AM[+1,-1] anti-crossing. An overview
angle-dependent transmission spectrum for this sample, labeling the different SPP

8Furthermore, the shorter wavelength of the upper branch also contributes to enhanced radia-
tive damping compared with the lower branch [13].
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Figure 4.9: Angle-resolved transmission for a nanoslit array with a0 = 750 nm.
(a): Overview transmission image. (b): Magnified view of the region near the AM[+1,-1]
anti-crossing, corresponding to the white rectangle in (a). The dotted lines indicate the
anti-crossing. (c): Further fine close-up into the short-wavelength narrow line near normal
incidence [see rectangle in (b)]. (d): Transmission spectrum around 0.6 degrees, display-
ing a narrow and a broad asymmetric resonance, separated by a band gap of about 30 nm.
(e): Lifetime of the narrow resonance as a function of the angle of incidence, assessed
from fits to the Fano lineshape function.
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bands, is shown in Fig. 4.9(a). Two consecutive magnifications (indicated by
the white rectangles) of the regions of interest are displayed in Figs. 4.9(b) and
(c), resulting from two separate experiments. In Fig. 4.9(b), one observes the
range of the AM[+1,-1] anti-crossing (white dotted lines as a guide to the eye).
This image is dominated by the interference between contributions from the lower
SPP branch and the continuum transmission, so that the upper branch is more
difficult to discern. Figure 4.9(c) shows a scaled up image of the weak signal
from this upper branch [see white rectangle in (b)]. In these experiments, optimal
angle-resolution (better than 0.2◦) was achieved by closing the aperture on the
illuminating beam.

The SPP resonances are most easily identified in a transmission spectrum near
normal incidence (θ = 0.6◦), which is plotted in Fig. 4.9(d). It exhibits two Fano-
type transmission peaks, a spectrally broad and intense long wavelength resonance
around 800 nm and a much narrower and weaker short wavelength peak at 766 nm
(note the magnification factor of 10 for the transmission from the dashed line to
the left). The band gap energy of about 70 meV is similar to that found for the
SM zone boundary in the previous subsection.9 The angle-dependent far-field
spectra displayed in Fig. 4.9(c) reveal a strong change in linewidth of the narrow
resonance for small angles of incidence. This linewidth decrease, evaluated by fit-
ting Fano-lineshapes to the data, corresponds to a drastic increase in SPP lifetime
T1 to more than 200 fs when θ is reduced from 1.2 to 0.2 degrees, as shown in
Fig. 4.9(e). Such extremely long lifetimes, more than an order of magnitude larger
than previously reported [13], are again strong evidence of an efficient radiative
damping suppression for this coupled SPP mode.

The maximum observed lifetime greater than 200 fs for the subradiant AM
resonance is larger than in the case of the SM anti-crossing. This is a result of
the smaller intensity in the metal for an AM SPP compared with an SM SPP [cf.
Eq. (3.4)]. However, the lifetimes found for the AM resonance are even larger
than what is expected, if the tabulated dielectric functions are used in Eq. (3.8).
The intrinsic lifetimes at a light wavelength of 770 nm are 140 fs and 90 fs from
Refs. [109] and [103], respectively. Different factors may contribute to this small
but noticeable discrepancy, which will be discussed in Sec. (4.5.3).
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Figure 4.10: Near-field optical spectroscopic line scan of the AM band gap (a0 =
750 nm), providing direct evidence for SPP Bloch modes. (a): Experimental configu-
ration. An aluminum coated fiber tip is used to scatter the near-fields Near-field intensity
as a function of position and wavelength. (b) Spatially averaged near-field spectrum. (c):
Spatial dependence of the near-field intensity at 766 nm (narrow resonance). (d): Spatial
dependence of the near-field intensity at 800 nm (broad resonance). (Detection conditions:
unpolarized, ϕ = 90◦, β ≈ 50◦; see Sec. (5.2.2) for details and definitions.)

4.3.3 Super- and Subradiant Surface Plasmon Bloch Modes

Near-field optical spectroscopy immediately reveals the microscopic origin of the
damping suppression. Measurements were performed on the same structure in
the scattering configuration with an aluminum coated fiber tip, as sketched in
Fig. 4.10(a). Weakly focused broadband illumination near normal incidence is
again provided with the broadband Ti:Sapphire laser, and the scattered signal in
tip-sample contact is spectrally dispersed and detected with a CCD spectrometer

9The two cases differ in that the narrow AM resonance is on the shorter wavelength side of the
band gap, whereas the narrow resonance of the SM anticrossing is at the longer wavelength side.
Since this aspect is related to the asymmetries of the individual peaks, it will be discussed in a
later section [Sec. (4.4)].
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[see Sec. (2.2.5)].
Figure 4.10(b) shows the spatially averaged near-field spectrum, normalized

to the incident spectrum. The broad and the narrow resonances found in the far-
field transmission forming the air-metal SPP band gap are evident. Several dif-
ferences between this near-field spectrum and the far-field spectrum Fig. 4.9(d)
can be pointed out. First, the strong Fano-shaped asymmetry of the resonances
has largely disappeared. Second, the broad background on the long wavelength
side of the broad resonance is much weaker than the SPP resonance itself. And
finally, the relative magnitude between the two SPP resonances has changed dra-
matically, so that in the near-field, the intensity ratio between the strong and the
weak resonance are about 3:1, while in the far-field, this ratio is roughly 13:1.

Figure 4.10(c) contains the spatial near-field intensity distributions I(x) along
the surface at the wavelengths of the narrow (blue, top, termed dark mode from
now on) and the broad (red, bottom, termed bright mode) resonances. The spec-
trally and spatially resolved near-field scan is shown in Fig. 4.10(d). In the wave-
length range of the broad resonance, I(x) shows maxima at the slits and slightly
weaker maxima in the center between slits. In contrast, at the wavelength of
the narrow resonance, I(x) shows almost negligible intensity at the slits and two
strong maxima in-between the slits.

Let us first account for the differences between the near- and the far-field spec-
tra. They can all be understood by considering the resonant nature of these excita-
tions. The spectrally very broad direct transmission through the nano-slit waveg-
uide, the bright SPP resonance and the dark SPP resonance constitute a sequence
of excitations with increasing quality factor. As in other types of resonators, e.g.,
a Fabry-Pérot cavity, the ratio between then intensities inside and outside of the
cavity scales with the quality factor [33]. Here, the far-field transmission detects
the intensity outside, whereas the near-field experiment directly probes the inten-
sity inside the resonator. Thus, in the near-field, the amplitude of the dark SPP
mode is increased relative to that of the bright SPP mode. The spectrally very
broad nonresonant transmission does not correspond to a surface bound near-field
mode, so that its spectral amplitude at the surface is reduced relative to both SPP
resonances. Consequently, the near-field spectra display a reduced Fano asymme-
try compared with the far-field spectra.

The mode profiles in Fig. 4.10(c) directly represent the microscopic counter-
part of the band gap splitting in the far-field transmission spectra. The periodic
structuring of the surface induces a coupling of the SPP modes traveling to the
left and the right on the surface, resulting in new coupled normal modes. These
are the first order Bloch modes of this structure, in analogy to other periodically
perturbed systems, e.g., in solid state physics [106]. At normal incidence, the
lateral inversion symmetry of the surface has as a consequence SPP states of def-
inite parity, i.e., the field distributions of the coupled modes are symmetric and
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antisymmetric, yielding the intensity distributions shown in Fig. 4.10(c). From
those intensity maps, it is apparent that the dark mode is coupled weaker to the
far-field than the bright mode. The nanoslits serve as the scattering centers, pro-
moting the damping of the SPP modes into the far-field continuum. As the dark
mode has a very small amplitude at these scattering centers, its radiative damping
is effectively reduced and strictly zero at normal incidence.10

These arguments can be framed into a simple coupled-mode model, for now
only considering the two AM modes propagating to the left and to the right on the
surface, namely the evanescent eigenmodes of Maxwell’s equations for a per-
fectly smooth surface. They are denoted as | j〉 with j = l,r, have mode fre-
quencies ω j and a spatial dependence of the field amplitude along the surface
of |l,r〉 ∝ exp(∓ikx,SPPx). The relation between kx,SPP an ω j is the SPP disper-
sion [1][cf. Sec. (3.1.2)]. The spatially periodic change in the dielectric function
induced by the nanoslits locally alters the electromagnetic energy density and thus
gives rise to frequency shifts Vll and Vrr and, most importantly, to a coupling Vlr of
the two modes. This coupling results in the band gap splitting of the real parts of
the normal mode SPP frequencies [118]. A number of different expressions have
been used in the literature on perturbative treatments of metallic or dielectric pho-
tonic structures [158, 159]. At this point, the specific expression for the coupling is
not paramount, because quantitative results will be obtained in a non-perturbative
calculation in a later section, anyway [Sec. (4.5)]. Here, we are mostly interested
in a description qualitatively containing the physical phenomena. Thus, for ex-
ample, the strength of these interactions can be approximated to first order as the
spatial overlap integral of the modes, including a perturbation given by the change
in the dielectric function [159]

Vi j '−1
2
〈i|ε2

∆(ε(r)−1)| j〉, (4.4)

where ∆ε (r) denotes the local perturbation of the dielectric function,11 and the
states are normalized, so that 〈 j||ε|| j〉 = ω j.12 Moreover, the nanoslits couple
the evanescent SPP modes of the ideal interfaces to the continuum of propagating
far-field modes |m〉 [145], i.e., induce radiative damping

Γi j ' 2π ∑
m
〈i|ε2

∆(ε(r)−1)|m〉〈m|ε2
∆(ε(r)−1)| j〉. (4.5)

10Even for larger slits and finite mode overlap with the slits, the coupling to the zeroth diffraction
order would still be forbidden from symmetry reasons. In other words, the fields scattered from
both edges of the slits would destructively interfere in the zeroth order of the far-field.

11This perturbation is given by the replacement of εm by εd at the slit positions.
12Because of the field discontinuities at the slits, some care is warranted when using perturbation

expressions [159].
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It is essential that the presence of the slits not only leads to a damping of the
individual resonances (Γll,Γrr), which has been discussed before [145], but also
causes a radiative coupling (Γlr,Γrl) among the SPP modes via interference in the
far-field continuum. The above terms are cast into a coupled mode matrix with
eigenvalues describing the resonances of the coupled system and their radiative
decay: (

ωl − iγl 0
0 ωr− iγr

)
+
(

Vll − iΓll Vlr− iΓlr
Vrl − iΓrl Vrr− iΓrr

)
. (4.6)

Here, γ j is again the non-radiative damping constant due to absorption in the
metal. We are mainly interested in the coupling to the zeroth diffraction order.
From simple symmetry considerations, it is evident that at small angles, the di-
agonal terms for the coupling to the zeroth order are the same for both modes,
γ

.= γl = γr, V .= Vll = Vrr and Γ
.= Γll = Γrr. The geometrical dimensions of the

perturbation are much smaller than the SPP wavelength, so that only small am-
plitude changes of the uncoupled modes across the width of the slit are present.
Hence, the off-diagonal terms are very similar to the diagonal ones, Γ' Γlr = Γrl .

The detuning ∆(kx,SPP) = ωr(kx,SPP)− ωl(kx,SPP) between the two unper-
turbed resonances depends on the angle of incidence via kx,SPP = ω/csin(θ)±G.
It can be continuously varied by angle tuning and is zero at normal incidence.
With the above definitions, a further simplified matrix results:(

ωl − iγ 0
0 ωl − iγ +∆

)
+(V − iΓ)

(
1 1
1 1

)
. (4.7)

The new complex frequencies of the coupled modes are found by diagonalization,
resulting in

ω+,− = ω1− iγ +∆/2+V − iΓ±A/2, (4.8)

A =
√

∆2 +4(V − iΓ)2.

The corresponding coupled eigenmodes are |+,−〉 = ±c1|1〉+ c2|2〉, with coef-
ficients c1,2 =

√
(A∓∆)/2A. Using this model, optical transmission spectra can

be simulated by using Eq. (4.3). Further, the predictions for the real and imagi-
nary parts of the coupled mode frequencies can be compared to the experimental
data with Fano line fits. The fitting results for the resonance wavelengths and the
linewidths of the upper (open circles) and lower (solid circles) bands are plot-
ted in Figs. 4.11(a) and (b), respectively. Similarly to the SM zone boundary
[Sec. (4.3.1)], the coupling between these two resonances results in the opening
of an SPP band gap of frequency spacing 2V , when the SPP modes are angle-
tuned into resonance. The results of the model calculation are shown as the solid
lines for h̄V =−35 meV.
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Figure 4.11: Complex band gap formation following from the coupling matrix from
Eq. (4.6). (a): Splitting of the real parts of the mode frequencies in the experiment (cir-
cles) and the model (lines). (b): Splitting of the imaginary parts of the coupled mode
frequencies in the experiment (circles) and the model for h̄Γ = 7 meV (solid lines) and
30 meV (dotted red line). (c): Model calculation (left) and experiment (right) for the
angle-dependent transmission close to normal incidence.

In addition to this band gap formation, the coupling induces a redistribu-
tion of the radiative damping rates [Figs. 4.11(b)] into the modified linewidths
Γ+,−

.= γ + Γ∓ ℑ(A/2). The broad mode exhibits only small variations in
linewidth upon approaching the degeneracy point (solid circles), whereas the dark
mode |−〉 narrows significantly close to zero degrees, as mentioned before. Its
radiative coupling to the far-field continuum Γrad,−

.= Γ+ℑ(A/2) decreases con-
tinuously with decreasing detuning, and radiative damping is fully suppressed at
∆ = 0. Here, the linewidth of the resonance is no longer limited by radiative
damping but by the intrinsic losses γ . While the linewidth of the bright mode
and the asymptotic behavior of the dark mode at θ = 0◦ are well-described for
h̄Γ = 7 meV, a much larger value close to h̄Γ = 30 meV has to be assumed if
one wants to describe the dark mode linewidth variation for larger angles (dot-
ted red line). This is very likely due to the fact that additional diffraction and
therefore damping is possible for the upper (narrow) mode at finite angles. Al-
though a fully quantitative modeling is therefore not possible with only a single
and constant damping parameter, the qualitative behavior of the narrow mode in
the angle-dependent spectra is reproduced: In Fig. 4.11(c), the model calcula-
tion (left), using Eqs. (4.3) and (4.8), is juxtaposed with the experimental results
(right). One observes the narrowing of the asymmetric resonance with decreasing
θ until Γrad,− < γ , followed by a decrease of the dark mode intensity, vanishing
at the degeneracy point.

Coming back to the plasmonic crystal’s unit cell, this pronounced suppres-
sion of radiative damping is manifested in the spatial near-field mode profiles
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in Figs. 4.10(c) and (d). The mode overlap of the symmetric |+〉 mode (red
curve in (c)) with the nanoslit scattering centers is larger than that of the un-
coupled modes |l,r〉 ∝ exp(±iGx), thus increasing the radiation damping Γrad,+.
For the antisymmetric |−〉 mode (blue curve), however, both maxima of I(x) '
|exp(iGx)−exp(−iGx)|2 are now between the nanoslits. The field intensity at the
slits is strongly reduced and the radiative damping rate Γrad,− becomes vanish-
ingly small. Essentially, the coupling of the SPP modes via the nanoslits intro-
duces a well-defined relative phase between the radiation fields emitted from the
uncoupled modes. For the antisymmetric mode this interference is destructive and
radiation damping is suppressed.

This phenomenon is in close analogy to previously observed interference phe-
nomena in the radiative damping of other, e.g., atomic or molecular, multi-level
systems [149, 160]. In such systems, however, the finite radiative damping of the
uncoupled systems is often larger than their radiative coupling, and the suppres-
sion of radiative damping is much less pronounced [149]. In the system consid-
ered here, the intrinsic damping is sufficiently weak to reach the strong radiative
coupling limit (Γ > γ).

While the introduced phenomenological model captured the physical mech-
anisms underlying the coupling among SPP modes, the actual angle-dependent
linewidth variations of the SM and AM SPP band gaps were somewhat more
complicated than those predicted from the simple model, when only the zeroth
diffraction order was considered. This calls for a full, scattering-matrix-based so-
lution of Maxwell’s equations [130, 157]. In addition, a more detailed description
is necessary to address the coupling between SPP modes and the waveguide mode
in the nanoslit. These issues will be addressed in Secs. (4.4) and (4.5).

4.4 Radiative Coupling Model
The terms “super-” and “subradiance” were used for the observations in the pre-
vious section to stress the cooperative nature of the radiative decay induced by
the coupling. The elements exhibiting the cooperative decay were the delocalized
SPP modes |l〉 and |r〉 connected with the initially undisturbed, spatially extended
flat surface polarizability. In that sense, this two-mode system represents a mo-
mentum space analog of the cooperative decay of two “point” polarizabilities, for
example two atoms [149].

Alternatively, and to a certain extent equivalently, one may think of the very
same problem in terms of the complementary real space situation. In that rep-
resentation, the slits serve as elementary polarizable units, which are radiatively
coupled via the propagating surface plasmons.

This section will introduce this slightly different point of view, which will be
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Figure 4.12: A set of polarizable
particles illuminated with a plane
wave E0. The reradiated fields in-
terfere with each other and E0 at
the particles, which constitutes ra-
diative coupling.

useful in a number of ways. First, the surface plasmon resonances appear directly
in the calculation of scattering amplitudes and do not have to be introduced a pri-
ori. Second, the reason for the absolute transmissivity enhancement of a system
of slits or nanoholes with respect to its individual components becomes clear im-
mediately. Third, Fabry-Pérot effects are easily discussed. Finally, the presence
of a probe near the plasmonic crystal can be incorporated in the description in a
natural way, which will be useful in a following chapter.

The first subsection briefly introduces the theoretical framework, before our
specific periodic system is modeled, and computed angle-dependent far-field
transmission spectra are compared with the experimental ones.

4.4.1 Theoretical Framework
The calculations are restricted to a single scalar field, and it will become clear that
many of the observed effects already appear within this approximation.13 We con-
sider a set of N particles with index l and polarizabilities αl , which are illuminated
by a source having a field amplitude at the particles of E0(rl) [see Fig. 4.12]. The
fields reradiated from the particles are proportional to αl and act on each other,
so that the total field amplitude at rl is given as a sum of the incident plus all the
scattered fields [71, 162, 163]:

E(rl) = E0(rl)+
N

∑
m=1,m6=l

αmE(rm)G(rl,rm). (4.9)

Here, G(rl,rm) is the Green’s function relating the amplitude at rl to those from
the points rn. In the case of a scalar field as depicted in Fig. 4.12, G takes the
form of a spherical wave. Due to the interference of all reradiated fields with
each other and with the incident field E0, the effective polarizability of the set
of particles may be drastically influenced by cooperative radiation effects. This

13Furthermore, only the linear responses are considered. A recent study investigating nonlinear
radiative couplings is found in Ref. [161].



62 4. FEMTOSECOND SURFACE PLASMON DYNAMICS

Figure 4.13: The slit array modeled as a set of N polarizabilities located at the top and
bottom of the slits. The polarizabilities are coupled via SPPs on both sides of the interfaces
and via the slit waveguide.

modified reaction of the particle set to the incident field E0 is called radiative
coupling. In a related context, the radiative coupling of an electric dipole with its
image has been discussed in Sec. (2.2.6). Equation 4.9 is a set of coupled linear
equations for the actual fields E(rl), which can be rewritten as a matrix equation
relating the incident and total fields,

(Î− α̂Ĝ)E = E0 or (Î− α̂Ĝ)−1E0 = E (4.10)

Here, Î and α̂ are diagonal identity and polarizability tensors of size N×N, respec-
tively, Ĝ is the Green’s tensor evaluated for all combinations of particle positions,
and E0 and E are N×1 row vectors of the incident and total amplitudes with com-
ponents E0(rl) and E(rl), respectively.14 The inversion in Eq. (4.10) represents
the self-consistent field solution of the radiatively coupled system [73].

4.4.2 Model System
Now, we consider a specific simple system of polarizable particles mimicking the
periodically structured metal films studied here. In Fig. 4.13, the actual geometry
and the idealized dipole array are superimposed.15 Polarizabilities αl are placed
at the top and bottom of the slits, as they serve as the scattering centers coupling
far-field light to surface excitations. The excitation of SPPs from such surface
defects has been studied experimentally and theoretically [70, 164–166]. A mu-
tual coupling between the αl is possible via surface plasmon polariton excitations

14 α̂ and Ĝ should not be confused with the three-dimensional tensors they represented earlier
in Sec. (2.2.6).

15Both the fields and the structure are translationally invariant in the y-direction, so that this
extruded dimension is separated out and not further considered.
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and through the slit waveguide. For such localized surface protrusion in a metal
film, the Green’s function of SPP propagation is a Hankel function [163], being
a two-dimensional analog of a spherical wave. We are looking at a system which
is translationally invariant in the y-direction, so that the SPP propagator in this
effectively one-dimensional system is a simple plane wave. The phase factor in
the propagation of SPP waves between the point dipoles l and m is given by the
frequency-dependent wavenumbers of the respective substrate-metal (SM) or air-
metal (AM) SPPs. In general, the Green’s tensor should be composed of three
components corresponding to the coupling via SPPs on either side of the metal
film and through the waveguide [see Fig. 4.13],

Ĝ = ĜAM + ĜSM + ĜWG

Glm = f exp(ikAM(ω)a0|l−m|)Θ(l−N/2)Θ(m−N/2)(1−δl,m)
+gexp(ikSM(ω)a0|l−m|)Θ(N/2+1− l)Θ(N/2+1−m)(1−δl,m)
+qexp(iµ(ω)h)(δ N

2 +l,l +δl, N
2 +l). (4.11)

Here, δ is the Kronecker symbol, a0 and h are again the lattice period of the
array and the film thickness, respectively, and the Heaviside function Θ(x) is 1 if
x > 0 and zero otherwise. The waveguide propagation constant µ is calculated
from Eqs. (3.14) and (3.15). For a 50 nm wide gold waveguide at a wavelength
of 700 nm (900 nm), the effective refractive index of the waveguide mode, i.e.,
µc/ω , is 1.44+0.012i (1.41+0.010i). The waveguide mode is thus propagating
and only weakly damped, with a phase shift φ = µd ' 1.7 rad (1.3 rad) and a
damping of about 2% in intensity between both interfaces.

Depending on the specific geometry, the SPP excitation efficiencies at the po-
larizabilities may be different at the two interfaces, and the complex coefficients
f and g have been introduced to account for this, along with the cross-interface
coupling constant q. These parameters could generally also depend on frequency,
which is not taken into account in our circumstances, both because resonances of
individual slit edges are very broad with respect to our frequency window of inter-
est, and because the current set of constant parameters is sufficient to satisfactorily
describe the experimental data.

Finally, the polarizabilities αl need to be defined. They are determined by the
shape and size of the nano-slits. Considering that in Eq. (4.9) only products of the
Green’s tensor with the polarizability appear, the αl are set to 1 without loss of
generality.

4.4.3 Far-field Transmission
We first compare experimental angle-dependent far-field transmission spectra of
the 650 nm period slit array with the results of the dipole array. The illuminating
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Figure 4.14: Angle-dependent experimental transmission spectrum (a) and calculated
zeroth order transmission of a periodic system of point dipoles (b), radiatively coupled
via air-metal and sapphire metal SPP modes. (c)-(d): Experimental transmission spectra
at two different angles of incidence displaying air-metal (c) and sapphire-metal (d) SPP
resonances. The corresponding simulated spectra are shown in (e) and (f).
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field for an angle of incidence θ and unit amplitude, incident from the substrate
side, is given as E0(rl) = exp(isin(θ)a0lω/c) for l ≤N/2 and zero otherwise. As
no light is directly transmitted through the film, the transmitted fields are given as
the superposition of the fields radiated away from the dipoles alone. If the number
N of polarizabilities becomes large enough, the radiation can be characterized
with respect to different diffraction orders. We are interested in the zeroth order
transmitted wave, the amplitude of which is expressed in terms of the total fields
E(rl) at the upper interface

Etr ∝

N

∑
l=N/2+1

exp(−isin(θ)a0lω/c)E(rl) =
N

∑
l=N/2+1

E∗
0(rl−N/2)E(rl). (4.12)

The total fields were calculated by numerically solving Eq. (4.10) for a given
set of coupling parameters and a number of slits of 100-200, in accordance with
the actual structures in the experiments. In Fig. 4.14, the experimental angle-
dependent transmission spectrum of the 650 nm period slit array is shown (a),
together with the calculated transmitted intensity of the periodic array of point
dipoles (b), coupled in the way discussed above. Below, experimental spectra at
angles of incidence of θ = 4◦ (c) and 28◦ (e) and the respective results of the
calculation [(d) and (f)] are plotted. Using a dimensionless form of the Green’s
function, the parameters for this calculation were f =−0.09+0.14i, g =−0.33−
0.35i, and q = 0.65. These values have been chosen for good correspondence with
the experimental spectra, and they are of similar magnitude as recent theoretical
predictions of the SPP excitation efficiency at single nanoslits [167]. Specifically,
for very narrow slits, that work predicted an SPP excitation efficiency increasing
with the dielectric function of the substrate, which is confirmed by the present
experiments, namely |g|> | f |.

In the simulated spectra, the SPP transmission resonances are apparent, fol-
lowing the flat surface SPP dispersion relation entering the model. Also, the
Fano-shaped asymmetries of the transmission resonances, the band gap splitting
and the subradiant mode narrowing can clearly be reproduced. Certain devia-
tions are observed with regard to the increasing spectrum for longer wavelengths
at small angles of incidence. With the parameters given, the model slightly un-
derestimates this increase. Also, the exact magnitudes of the band gaps have not
been perfectly modeled. Given the simplicity of the model containing only three
frequency-independent parameters, it is interesting, how well this system can con-
sistently account for many aspects of the experimental data.

The SPP resonances obviously originate from constructive interference of the
SPP waves excited at the individual polarizabilities, which is inherent in this ra-
diative coupling description. As a result, the amplitude of the waves coupling
into and through a particular nanoslit waveguide is strongly enhanced by the in-
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Figure 4.15: Simulated transmission
spectrum of the dipole model with the
parameters given in the text (black)
and for systems with switched-off SPP
coupling on the air-metal (green), the
sapphire-metal (red) or both (blue) inter-
faces.

terference of the incident plane wave and the SPP waves generated at all the other
nanoslits. This causes the integral transmissivity of the array at the resonances
to exceed far that of N independent polarizabilities, and immediately explains the
large transmission efficiency frequently found for such periodic systems, which
has been termed “extraordinary” [11] or “astonishingly high” [168] when com-
pared with the transmission of the individual array constituents.

In light of this abstraction, the harshly fought dispute of whether SPPs are
responsible for such unusual transmissions, or if other explanations need to be
deployed, is resolved in our observation that any form of radiative coupling, pro-
moted either by surface plasmons, other surface modes or diffracted waves, will
result in similar effects.16

The resonant transmission enhancement due to SPP-mediated radiative cou-
pling on either interface is illustrated by switching off the respective coupling con-
stants in the simulation. The dotted line in Fig. 4.14(f) represents the calculated
transmission, if g, i.e., the SM SPP coefficient in the Green’s tensor in Eq. (4.11),
is set to zero, keeping the other coefficients the same as before. A further visual-
ization of the interference among different transmission components is found in
Fig. 4.15, where the simulated transmission spectrum at an angle of incidence of
θ = 4◦ is compared with a simulation, in which the different SPP coupling co-
efficients f , g, or both, are set to zero. For example, this analysis allows us to
identify the increasing transmission for longer wavelengths as a spectrally broad
SM SPP resonance near the SM[±1] anti-crossing, which is outside the available
wavelength range. Figure 4.15 further exemplifies the transmission enhancement
if SM and AM SPP resonances spectrally overlap, comparing the red (g = 0) and
black ( f ,g 6= 0) curves. This is expected to be even more prominent if the modes
on both interfaces are brought into exact resonance [171, 172].

16Consider, for example, the prediction [169] and subsequent observation [170] of tailored
evanescent bound modes on structured, nearly lossless metals (in the microwave frequency range).
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4.4.4 Band Gap and Fabry-Pérot effects

The introduced model is quite practical, because the parameters matching the ex-
perimental data can be used to evaluate and discuss some properties of the plas-
monic crystal. Concerning the band gaps and the splitting into a narrow and a
broad mode, which are both predicted by the model, the coefficients of the Green’s
tensor directly translate into the real and imaginary parts of the SPP band gaps
via the complex transmission and reflection coefficients they represent for SPPs
traveling on the surface. For example, the parameters needed to describe the ex-
perimental data can be used to infer upon the properties of a single nanoslit. The
relation between the parameters in the radiative coupling model and the complex
transmission and reflection coefficients of a single slit (depicted in Fig. 4.16) are
easily derived. For an incoming AM SPP, the coefficients of SPP transmission
tAM and reflection rAM across a single slit are expressed as the coherent sum of
the directly transmitted or reflected amplitudes [(1 + f ) for transmission, f for
reflection], plus a contribution of multiply scattered waves in the waveguide,

tAM = 1+ f + f
∞

∑
n=1

q2n exp(i2µ(ω)h) = 1+
f

1−q2 exp(i2µ(ω)h)
(4.13)

and rAM = tAM −1. For the parameters given above, the transmissions |tAM|2 and
|tSM|2 are about 0.9 and 0.7, respectively, and reflections range from a few up to
ten per cent. These numbers are in quite good agreement with recent theoretical
calculations using the method of multiple multipoles [166]. The larger reflectivity
of the SM SPP at the sapphire-metal interface likely originates from the fact that
the SM mode is more confined to the metal than the AM mode [cf. Eq. (3.3)].
Moreover, the radius of curvature of the slit edges is smaller at the SM than at
the AM interface, which has consequences for the reflectivity and the SPP cou-
pling into the waveguide mode [166]. An experimental study of the SPP coupling
constants of single slits in a silver film can be found in a recent Ph.D. thesis [164].

The Fabry-Pérot (FP) form of the transmission and reflection coefficients in
Eq. (4.13) leads to an oscillatory dependence of the band gap parameters on the
film thickness. In particular, the magnitude of the frequency splitting is predicted
to be resonantly enhanced, when the slit reflectivity is increased due to a nanoslit
FP resonance. Furthermore, the thickness dependent phase change induced upon
transmission and reflection of SPPs from the slits can alter, which branch of the
band gap (the upper or the lower one) becomes subradiant and which one becomes
superradiant at the anti-crossing. These effects are expected to be most prominent
for somewhat larger film thicknesses on the order of or larger than the inverse
propagation constant µ .

Somewhat surprisingly, our collaboration has found Fabry-Pérot-type reso-
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Figure 4.16: Transmission and re-
flection of an SPP incident on a sin-
gle slit. Both the reflected and the
transmitted amplitudes are given as
the sum over direct and multiply re-
flected components in the waveguide.

nances17 even for relatively thin films (h ∼ 100 nm) in experiments performed
in Prof. Dai-Sik Kim’s laboratory at Seoul National University. The findings,
including a more explicit theoretical coverage, have recently been published in
Ref. [138]. Here, only one experimental result from that study is presented that
directly evidences a controlled modification of SPP band gaps. In the experiment,
the SM[±1] anti-crossing of a slit array with a lattice period a0 = 540 nm, film
thickness h = 75 nm and slit width b ≈ 100 nm is observed in angle-dependent
transmission spectra [Figs. 4.17(a) and (c)]. A band gap of about 25 nm is formed,
and the typical narrowing and disappearance of one of the bands is found for
θ = 0◦, in this case for the shorter wavelength band at a wavelength λ0 ≈ 978 nm.
When the nanoslit waveguides are filled with an immersion oil of a refractive in-
dex n = 1.512, the propagation constant in the waveguide changes accordingly.
The experimentally found FP resonance nearest to the anti-crossing changes from
λFP,n=1 = 725 nm to λFP,n=1.5 = 1150 nm [138], thus shifting from wavelengths
shorter than the anti-crossing range to longer wavelengths. This has a dramatic
effect on the appearance of the SM[±1] SPP band gap, as shown in Figs. 4.17(b)
and (d). Now, the longer wavelength band has become the subradiant one, dis-
playing narrowing and vanishing intensity at θ = 0◦. Motivated by these results,
the term “band gap polarity” was introduced in Ref. [138] and defined to describe
the types of band gaps found, i.e., a band gap of negative polarity is one of the
form in Fig. 4.17(c), one of positive polarity is of the form in Fig. 4.17(d).

Interestingly, an exceedingly small slit width of only about 10 nm had to be
assumed to make the theoretical simulations predict FP waveguide resonances at
the observed wavelengths. A decrease of the slit width leads to larger effective
propagation constants of the waveguide modes [see Refs. [173, 174] or directly
Eqs. (3.14)-(3.15)], thus resulting in FP resonances even for such thin samples.
It is still an open question why such very narrow slit widths had to be assumed
to obtain a quantitative description of the resonances attributed to the waveguide,
and perhaps, a better understanding of the resonances in these very narrow and

17The signature of an FP resonance is a very weak angle dependence in the transmission spec-
trum.



4.4. RADIATIVE COUPLING MODEL 69

Figure 4.17: Fabry-Pérot induced change of the band gap polarity of an SM[±1] anti-
crossing for a nanoslit array with a0 = 540 nm. Angle-dependent light transmission for
the structure in air [(a) and(c)], and immersed in an oil of refractive index n = 1.512 [(b)
and (d)]. Note that different angle-dependent spectra in (a) and (b) are vertically offset by
15% for clarity. (from Ref. [138]).

thin waveguides will be necessary to resolve this issue. For example, the contri-
bution of higher-order waveguide modes could differ for such thin samples from
the predictions of the SIBC approximation [see Sec. (3.5)].

In any case, these experiments demonstrate the ability to tailor the properties
of SPP band gaps due to other resonances, e.g., in the waveguide connecting both
interfaces, even if such resonances are not immediately apparent in all transmis-
sion spectra, because they may be relatively broad or may peak outside of the
experimentally accessible wavelength window.

Besides the role they play in the coupling constants and the polarity of SPP
band gaps, the waveguides also determine the relative phase between the trans-
mission continuum and the SPP resonances far from anti-crossings, and are there-
fore responsible for the type of asymmetry, i.e., red-shifted, blue-shifted or even
symmetric, found for the Fano-lineshapes from Sec. (4.2.2). Up to now, only



70 4. FEMTOSECOND SURFACE PLASMON DYNAMICS

red-shifted Fano resonances and SPP band gaps of negative polarity have been
reported in the literature from experiments on two-dimensional nanohole arrays
[see, e.g., Refs. [11, 119, 145]]. Evidently, the SM resonances found for the
a0 = 650 and 750 nm samples are blue-shifted, and display a positive polarity at
the S[±1,∓2] band gap. Both the propagation and the coupling of SPPs into the
waveguide connecting the upper and lower interface will be different due to the
dimensionality of the waveguide. The small holes of the two-dimensional arrays,
viewed as tube waveguides, are excited at frequencies lower than their cutoff, so
that no propagating waveguide modes exist. In the case of the nanoslits, no such
cutoff is present and the lowest (TEM-)waveguide mode is always propagating,
which is in part responsible for the blue-shifted SPP resonances and the positive
polarity of some band gaps. A detailed theoretical treatment covering the differ-
ences between propagation constants through one- and two-dimensional apertures
in metal films with finite conductivity is found in Ref. [120].

4.4.5 Near-field modes

The above model also allows for a calculation of the corresponding near-field
distributions. The SPP mode profiles are obtained from the field amplitudes at
the dipoles on the upper interface, propagated to the points of observation rpr =
(xpr,ypr,zpr),

E(rpr) =
N

∑
m=N/2+1

αmE(rm) f exp(ikAM(ω)|xpr− xm|)exp(−κAM(ω)zpr). (4.14)

Here, the incident fields (m ≤ N/2) do not appear due to the illumination from
the substrate side, and a further modeling of the (non-SPP) radiated fields from
the polarizabilities was not performed, as a more complete description is available
with the modal expansion method in the next chapter.

An accurate description of the experimental data has already been reached
for the far-field transmission spectra, and the agreement for the near-field modes
shown in Fig. 4.18 is equally convincing. Here, the calculation was performed
for the a0 = 750 nm sample and an angle of incidence of 0.7◦. One observes the
same splitting of the spatial modes into a symmetric and antisymmetric mode as
in the experiment [Fig. 4.10]. Again, the mode displaying small overlap with the
polarizabilities is spectrally narrow, i.e., weakly coupled to the far-field.

The question arises, how this result is now to be interpreted, as we have only
studied a previously unspecified scalar field, and the more complicated near-field
polarization of an SPP wave should enter in the NSOM measurement. In princi-
ple, this single field could stand for the magnetic field along the y-direction, which
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Figure 4.18: Near-field optical spectroscopic line scan (zpr = 0 nm) simulated with the
array of point dipoles (a0 = 750 nm). The Figure is presented in the same way as Fig. 4.10
to promote an easier comparison.

completely characterizes the scattering problem in this TM-polarized case. How-
ever, no motivation for such an interpretation has been given so far, and a more
detailed theoretical analysis and further experiments are required to get a com-
plete picture of the electromagnetic vector fields in these structures. Chapter 5 is
be devoted to further near-field studies. The remaining section of the present chap-
ter will deal with the numerical computations using the scattering matrix model
introduced in Sec. (3.5).
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Figure 4.19: (a): Experimental transmission spectra of the 650 nm array for angles of
incidence θ of 26◦(blue), 40◦(green) and 61◦(red). (b): Simulated transmission spectra
for a slit width of b = 50 nm and a film thickness of h = 130 nm. Although resonances at
similar wavelengths as in (a) are observed, the lineshapes differ drastically. (c): The sim-
ulation for a film thickness of 90 nm. As in the experiments, the resonance parameters for
the simulation can be obtained from fitting of the Fano lineshape function. An exemplary
two-resonance fit is shown in (c) as the small black circles.

4.5 Scattering Matrix Method
In the preceding section, a radiative coupling model with coupling parameters
obtained from the experiment was used. While this allowed for a discussion of
some of the observations, an ab initio simulation is valuable to find out, to what
extent the real structures possess the properties of idealized systems, where they
deviate etc. Furthermore, such simulations yield the complete field distributions
in the structure, which will be important for the subsequent chapter. In this sec-
tion, the scattering matrix method introduced in Sec. (3.5) is used to compute
angle-dependent far-field transmission spectra of the investigated structures, and
the results are compared with the experimental findings.

4.5.1 Substrate-Metal Zone Boundary Band Gap
We first return to the sample with a 650 nm lattice period, which displayed the SM
SPP band gap at the zone boundary [see Sec. (4.3.1)]. The nominal parameters
for this sample are a slit width b = 50 nm and a film thickness h = 120(±20) nm.
Whereas the lattice period is very precisely known from calibrated scanning elec-
tron micrographs, a limited uncertainty on the exact film thickness and the slit
width exist, in the latter case in particular because of the non-rectangular cross-
section of the structure.

With the SIBC method, angle-dependent transmission spectra can be calcu-
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Figure 4.20: Color-scale images of the experimental (a) and simulated (b) angle-
dependent transmission spectra near the SM[+1,-2] anti-crossing for the 650 nm slit array.
(Structure parameters in the simulation: b = 80 nm, h = 90 nm.) The resonance wave-
lengths (c) and linewidths (d) were obtained by Fano-lineshape fits to the experimental
and simulated spectra, and are shown as circles and blue lines, respectively. For compari-
son, the gray line shows the angle-dependent linewidth of the upper branch for a narrower
slit width of 50 nm. The gray-shaded areas correspond, as in Fig. 4.8, for the expected
intrinsic limits to the linewidths due to absorption in the metal.

lated, which are usually in qualitative, often in quantitative agreement with the
experimental data. Figure 4.19 shows measured transmission spectra containing
SM SPP resonances and corresponding simulated spectra. The linewidths and
lineshapes resulting from these simulations depend sensitively on the slit width
and film thickness, so that significant spectral modifications are found when the
geometrical parameters are changed within their experimental uncertainty inter-
vals. Thus, the slit width and the film thickness are adjusted within reasonable
bounds to conform to the experimental results. For example, the sensitivity of the
simulated spectra to the film thickness is demonstrated in Fig. 4.19. Here, exper-
imental transmission spectra for different angles of incidence (a) are contrasted
with the results of simulations using a slit width of 50 nm and film thicknesses of
130 nm (b) and 90 nm (c). It was mentioned earlier [Sec. (4.4.4)] that the exact
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film thickness in the case of nanoslit arrays plays a crucial role for the asymme-
try of the Fano lineshapes of these SM transmission resonances, which is evident
in Figs. 4.19(b) and (c). In contrast to the experiment, the lineshapes for the
130 nm thickness calculation no longer appear as peaked blue-shifted resonances,
but rather as dispersive lineshapes (red line around 860 nm) or even as transmis-
sion dips (blue line around 750 nm). Upon a reduction of the film thickness to
90 nm (c), the experimental lineshapes are approximately obtained, including a
rather accurate quantitative prediction of the transmission on the order of a few
per cent.

Some deviations from the experiment can be spotted for the linewidths in the
calculation. Since the SIBC method is a numerical procedure, which generates
the transmission and reflection spectra and not directly the poles or resonances of
the scattering matrix, further analysis is necessary to quantify the linewidths and
the resonance positions from the simulation. A fitting using Fano lineshapes is
again employed, yielding excellent results, as can be seen in Fig. 4.19(c), where
the small black circles represent a two-resonance fit to the green transmission
spectrum. Further away from the resonances, the simulation very slightly deviates
from the Fano fit due to the influence of other, e.g. AM, transmission resonances.

The Fano lineshape model allows us to quantitatively compare the experimen-
tally observed complex band gap, i.e., the splitting of the real and imaginary parts
of the transmission poles, ω − iΓ, with those obtained from the calculation. In
Figs. 4.20(a) and (b), the experimental and simulated transmission spectra are
shown in color scale for the entire range of angles of incidence displaying the SM
SPP anti-crossing. Quite good agreement is obtained by this calculation for the
general shape and a number specific details, such as the narrowing and disappear-
ance of the longer wavelength mode or the broadening of the upper branch for
larger angles of incidence. Figures 4.20(c) and (d) contain a comparison of the
resonance wavelengths and the linewidths, respectively, of the experiment (cir-
cles) with those from the simulation (blue lines). The band gap formation (c) is
clearly reproduced, and the simulation also accounts for the more complicated
variations of the linewidths (d). The narrowing of the lower branch, resulting in
SPP lifetimes close to the limit posed by the intrinsic damping is reproduced, as
well as the step-shaped lifetime decrease of the upper branch. In these calcula-
tions, a slightly larger slit width of 80 nm has turned out to yield more accurate
results, which is evident by inspection of the linewidth of the upper branch for
a calculation with a 50 nm slit width (gray line in Fig. 4.20), predicting smaller
linewidths than those found in the experiment.
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Figure 4.21: (a): Transmission spectra near normal incidence for the a0 = 750 nm ar-
ray at angles θ = 0.6◦(blue) and θ = 1◦(red), displaying the bright and dark AM SPP
resonances. (b): Simulated transmission spectra (SIBC method). (c): Angle-dependent
linewidths for the bright (green) and dark (black) resonances in the experiment (circles)
and the simulation (lines).

4.5.2 Air-Metal Zone Center Band Gap

A similar analysis can be performed for the air-metal zone boundary of the a0 =
750 nm array from Sec. (4.3.2). In Figure 4.21, experimental transmission spectra
for two small angles of incidence (θ = 0.6◦(blue) and θ = 1◦(red)) are plotted
in (a), the corresponding simulated transmission spectra in (b) for h = 130 nm,
b = 50 nm. Qualitative agreement is found, i.e., the splitting into a narrow long-
wavelength and a broad shorter-wavelength mode is reproduced, and the narrow
SPP resonance wavelength of 766 nm is very accurately predicted. Clearly, the
relative peak heights do not match up, as the dark resonance appears much weaker
in the experimental spectrum (note the factor 10 magnification from the dotted
line to the left in (a)). Furthermore, the bright resonance appears broader in the
simulation than in the experiment.

The earlier analysis of this band gap in terms of simple coupled mode model
failed to explain the rapid broadening of the dark resonance with an increase of
the angle of incidence. Applying the Fano-lineshape fitting for the simulation,
the predicted angle-dependent linewidths are determined for this band gap, and
the results are plotted in Fig. 4.21(c) for the broad (green line) and narrow (black
line) resonances, again contrasted with the experiment (circles). Although the
agreement for neither resonance is quantitative, the strong variations in linewidth
for the narrow mode and the weaker dependence for the broad mode are found.
The overestimate of the broad resonance linewidth is systematic, and one can
check if this varies as a function of the structural parameters.

In the case of the SM SPP resonance, a slit width and film thickness were
found that satisfactorily accounted for the experimentally found linewidths and
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Figure 4.22: Dependence of the
magnitude of the band gap EG and
the width of the bright AM SPP
resonance on the slit width b and
film thickness h. For very narrow
slits, a linear relationship is ap-
proached (gray line), which yields
a narrower resonance for a given
band gap size than in the experi-
ment (large black circle).

band gap parameters. At the air-metal interface, is has not been possible to find
such geometrical parameters. Figure 4.22 shows the resulting energy splitting EG
and the width of the broad resonance Γ in the simulation for a sequence of film
thicknesses and slit widths. A series of calculations has been performed, in which
the slit width was varied in steps of 5 nm, starting at 15 nm and ending at 100 nm,
i.e., definitely covering the actual structural slit width, and for four different film
thicknesses from 100 nm to 130 nm. The experimentally found linewidth and the
band gap splitting are shown as the black circle. It is evident that the simulation
does not yield a band gap, which agrees with the experiment. Interestingly, for the
somewhat larger slit widths, an increasing slit width not only results in stronger
radiative damping, but also in smaller band gaps (portions of the lines going to
the lower right). For very narrow slits (b < 50 nm), the gap increases along with
the damping, and a linear relation is approached, which is approximated with the
gray line as

EG = 1.9 Γ+12 meV. (4.15)

The importance of the waveguide for the SPP band gap is apparent from the thick-
ness dependence of both the linewidth and the band gap size.18 Evidently, the
experimentally found band gap is beyond the range predicted by the simulation.
Specifically, the ratio between the separation of both resonances and the bright
mode’s damping is larger in the experiment, which leads to the fact that the appar-
ent band gap is in a sense “wider” or “deeper” than in the simulation, and the finite
spectral overlap between both resonances (or their interference) is reduced.19 This
may in fact be useful for nano-optic devices, and the reason for this observation

18It has been pointed out earlier that this dependence will be oscillatory for larger film thick-
nesses due to FP effects.

19The finite spectral overlap will be even more obvious in the near-field, where the Fano-type
asymmetry is reduced [cf. Sec. (4.3.3)].
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is very likely found in the rounded cross-section of the real structures, resulting
in reduced scattering into the far-field compared with sharper edges [166]. In-
tuitively explained, the SPP excitations on the surface can bend into and out of
the nanoslit waveguide more efficiently for rounded than for perfectly rectangular
cross-sections. It appears that the influence of this modified SPP scattering on the
imaginary part of the resonance frequencies (damping) is larger than on the real
part of the band gap (mode splitting).

4.5.3 Concluding Remarks
In this chapter, the coherent couplings of surface plasmon polaritons in plasmonic
nanostructures were studied using space- and time-resolved optical spectroscopy.
Starting from the dynamical aspect of the light transmission, the radiative de-
cay was found to be drastically modified near SPP band gaps. The formation
of antisymmetric SPP modes gives rise to a pronounced suppression of radiative
damping and leads to surprisingly long SPP lifetimes of more than 200 fs. Such
a control of radiative damping by tailoring SPP mode profiles is an essential pre-
requisite for designing and implementing efficient nanoplasmonic devices such as
wave guides or resonators.

The simple interpretation in terms of the Fano lineshape model has proven
very useful to quantify band gap characteristics, allowing for a comparison be-
tween the experiments and theoretical simulations for idealized structures. Per-
haps, more detailed simulations accounting for the non-rectangular cross-sections
will help to answer remaining questions, for example concerning the large mag-
nitude of the observed AM band gap, when compared with the linewidth of the
bright mode.

On the other hand, the subradiant modes with lifetimes in the range of the
intrinsic limits are indicative of the high quality of the investigated samples.
Even small short- or long-range disorder would significantly deteriorate the val-
ues found [175]. A question which should be addressed is why the subradiant
SPP lifetimes found appear to slightly exceed those expected for an unstructured
metal surface, given the complex dielectric function of gold from standard tables.
A recent experimental study on similar structures has confirmed the findings with
lifetimes larger than 200 fs [176], and the authors of that work suggested a re-
duced mode-overlap of the dark SPP resonance with the metal to be responsible
for the decreased absorptive damping. While this may be part of the answer, the
very thin slits of the present structures do not indicate such large deviations of the
antisymmetric mode from a standing SPP wave on a smooth film, and neither did
the SIBC computations yield lifetimes much longer than those of an unstructured
film.

In addition, it should be noted that the two most frequently used tables from
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Refs. [109] and [103] differ among themselves by more than 30% concerning the
imaginary part of the dielectric function, which directly translates into the scatter
of predicted lifetimes. Both studies inferred upon the dielectric function from
measurements of the transmission and reflection from thin gold films. Without
going into the details of the particular evaluation procedures, it is obvious that
multiple factors influence the results of such measurements of a metal’s dielectric
function.

The specific properties of a particular metal film, such as its exact thickness,
surface quality, crystalline orientation or the grain size of a polycrystalline film
will influence the result of a measurement of the dielectric function. Unavoid-
able surface roughness and a resulting excitation of surface plasmons will cause
a modification (, typically but necessarily a reduction,) of both the transmission
and the reflection of such a film. Scanning electron microscope and atomic force
microscope images of the films used in the present study have displayed an ex-
traordinarily small intrinsic surface roughness, pointing towards one explanation
for the unexpectedly long SPP lifetimes found.

Furthermore, one has to keep in mind that using a wavevector-independent di-
electric function is an approximation, which fails for very large fields gradients in
the metal. While for SPPs on metal films, isotropic, k-independent dielectric func-
tions are widely used, certain deviations from this approximation may already be
present for the decay lengths on the order of 10 nm. Such questions are still largely
unexplored in metal nanostructures, and would provide for a very interesting field
of study.

The results presented here cover exclusively one-dimensional periodic slit
structures, partly because of the noticeable lack of data from high-quality lamel-
lar structures in the literature. We have, however, also performed experiments for
square arrays of subwavelength holes [11], yielding quite similar results, in the
sense that the Fano-picture, the associated SPP dynamics and the complex band
gap formation displayed the same characteristics. The differences concerning the
waveguides connecting both interfaces have already been mentioned.

The microscopic mode structure in the unit cell of the plasmonic crystal has
been imaged by near-field spectroscopy, supplying a straightforward explanation
for the observed subradiant damping suppression. It will be necessary to investi-
gate, what is actually imaged in such experiments, i.e., which components of the
electromagnetic field contribute to the near-field signal generated in a particular
experimental setup. Chapter 5 is devoted to further experiments and analysis in
view of these questions.



5 Near-Field Microscopy and
Spectroscopy of Plasmonic
Nanostructures

In the preceding chapter, the optical properties of the plasmonic crystals were
studied in great detail by the use of phase-resolved far-field experiments and a
broadband near-field microscope measurement. Transmission resonances were
identified as surface plasmon polariton excitations on either side of the metallic
film, and a direct physical connection between the far-field properties and the
underlying near-field SPP mode structure was established.

Now, we can utilize our understanding of these structures to go on and learn
more about the imaging of microscopic SPP field distributions. In near-field op-
tical experiments, unresolved challenges concern the image formation process, in
particular with respect to the contribution of different components of the vectorial
near-field. In this chapter, these questions are addressed on the basis of measure-
ments with several kinds of near-field probes. It is shown that the probe type
and the detection conditions critically influence the resulting spatial and spectral
image contrast.

The first two sections further motivate and describe the present experimental
approach, and characteristic data for different near-field tips are summarized. The
distance-dependent near-field spectroscopy developed here is shown to be a useful
tool for the visualization of SPP surface modes and the fields propagating away
from the surface.

Subsequent sections discuss and further analyze the experimental data, con-
trasting it with numerical simulations based on the SIBC method presented earlier.
This allows for a discussion of the different field components contributing to the
near-field contrast [Sec. (5.3)]. Specifically, it is shown that aperture collection
imaging is sensitive to the in-plane magnetic field, while the apertureless scatter-
ing methods image several electric and magnetic field components. In the case
of very sharp metal tips, the out-of-plane electric field can represent the dominant
contribution.

The distance-dependent collection of local spectra in the half-space above the
sample gives unique access to the study of the subtle effects stemming from tip-
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sample interaction. The related observations and a discussion are contained in
Sec. (5.4).

The final section of the chapter [Sec. (5.5)] introduces a novel form of near-
field light source that makes use of the resonant SPP excitation on the shaft of a
metallic tip.

5.1 Motivation
The inherent surface-bound nature of SPP excitations requires the methods of
near-field optics for their immediate observation. Measurements of the electro-
magnetic fields associated with surface plasmon polaritons have been the sub-
ject of numerous near-field optical studies. In early experiments, the distance-
dependent SPP decay [177] and lateral spatial distributions have been imaged
on unpatterned metallic films [162, 178] excited in the Kretschmann geometry.
Later, NSOM allowed for the imaging of SPPs excited in nanostructures [179],
such as metal stripes [180] or other waveguide structures [181]. More re-
cently, the spatial distributions of SPP resonances in periodic structures were im-
aged [13, 126, 127, 182].

Such a mapping of resonant modes in a plasmonic crystal yields important in-
sights into the physics of these structures and supplies complementary information
to far-field characterizations. For example, the imaging of spatial SPP damping
in a periodic nanohole array has helped to identify radiative damping as the prime
cause for line broadening in plasmonic crystals [13], and the imaging of Bloch
modes in the previous chapter explained the suppression of radiative damping for
the antisymmetric mode [127].

We have not yet discussed what the detected intensity in these experiments
exactly represents. Obviously, the interpretation of the image contrast in NSOM
experiments is as old as the technique itself [65, 66]. Of particular interest are
the contributions of different electromagnetic field components to the image, i.e.,
problems related to near-field polarization. In the optical far-field, the polariza-
tion of transverse, propagating electromagnetic fields is easily determined by stan-
dard polarizer components. In the optical near-field, however, light scattering at
nanoscopic objects introduces a strong mixing of both transverse and longitudinal
fields, resulting in complex and spatially rapidly varying local electromagnetic
field vectors. Consequently, in near-field optical experiments, the question which
of the polarization components is actually measured has been the subject of a
controversial and ongoing debate [89].

Theoretical studies suggest that different types of near-field probes should re-
sult in different image contrasts [87]. For example, collection mode images with
uncoated dielectric probes are predicted to represent the intensity of the total elec-



5.2. POLARIZATION SENSITIVE NEAR-FIELD SPECTROSCOPY 81

tric field at the probe position [87, 183], and experimental measurements are usu-
ally interpreted in this way [162].

In the case of metal-coated probes, however, the situation is much more com-
plicated. Specifically, we have mentioned in Sec. (2.2.7) that small apertures in
metals are expected to detect both electric and magnetic fields [85–87]. However,
even for metal-coated probes, the majority of near-field measurements, e.g., of
SPP fields [126, 179, 182], are discussed in terms of the electric field alone, and
the magnetic field is largely neglected.

Most near-field optical experiments do not allow for a straightforward deter-
mination of the field components entering the signal, which is particularly com-
plicated in three-dimensional geometries. In comparison, for a number of reasons,
the present nanostructures serve as well-defined model systems for the study of
near-field contrasts under different imaging conditions. First of all, the reduced
number of only three nonzero electromagnetic field components promises a sig-
nificantly simplified interpretation. Secondly, the mode structure of these differ-
ent field components is drastically distinct, e.g., the spatial intensity maxima and
minima of the electric and magnetic fields are clearly shifted with respect to each
other. Finally, also the local spectral content, measured in our broadband experi-
ments, serves as a signature of different field components.

In the recent aperture collection experiments performed by Linden et al. [89],
one-dimensional structures somewhat similar to ours have been investigated, in
which also only two components of the electric and one component of the mag-
netic field were present. The authors state that theoretically, a contribution of the
out-of-plane electric and in-plane magnetic fields is expected, following the Bethe
argument [Sec. (2.2.7)]. They show numerical simulations for the in-plane elec-
tric and magnetic fields, stating better agreement of the measurements with the
magnetic than the electric fields. However, no calculations are shown for the out-
of-plane electric field, and no argument is given, why this strong component does
not prominently appear in their experiments. As this in stark contrast to the Bethe-
Bouwkamp prediction [85, 86] and other established theoretical works [87], these
issues require further investigation.

5.2 Polarization Sensitive Near-Field Spectroscopy
For the purpose of studying SPP surface modes and the emergence of the NSOM
contrast, a broadband scanning near-field microscope was developed that al-
lows for near-field imaging at the surface or in close vicinity to the nanostruc-
tures [Sec. (2.2.5)]. A first result obtained with this instrument was shown in
Sec. (4.3.3). In this chapter, we present spectrally resolved near-field measure-
ments made either in tip-sample contact or in a distance-dependent imaging as
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Figure 5.1: In the distance-dependent near-field spectroscopy, an optical spectrum is
detected at every point on a grid in the x-z-plane perpendicular to the sample surface.
The sample approaches the surface up to the point of tip-sample contact, then retracts and
shifts laterally, before the next approach is made.

displayed in Fig. 5.1. In this mode, near-field spectra are measured in a two-
dimensional plane perpendicular to the sample surface. Such experiments were
performed with metal-coated fiber probes in aperture collection and in aperture-
less scattering mode, and with sharp electrochemically etched metal probes in
apertureless scattering mode. We begin with the aperture collection imaging.

5.2.1 Aperture Collection Imaging

In Sec. (4.3.3), resonant surface modes in the periodic structures were observed.
A simple near-field experiment illustrates the SPP character of these resonances.
Collection of the near-field light through an aperture tip yields near-field images
such as those shown in Fig. 5.2(a). Here, the near-field intensity in tip-sample
contact is shown for an illumination from the substrate side with λ = 810 nm, and
for an incident polarization with the electric field parallel (top) and perpendicu-
lar (bottom) to the slits, detected with an avalanche photodiode. In s-polarization
(top), a stripe-like intensity distribution is found, with maxima at the slit positions.
Switching to p-polarization results in the additional maxima in the center between
the slits, which evidences the excitation of a standing surface wave, as also found
in the apertureless scattering experiment discussed earlier [see Sec. (4.3.3)]. The
upper half of this image was scaled up by a factor of about ten, as the absolute
intensity in the s-polarized case is much weaker, just as for the far-field trans-
mission. The spatially (in the y-direction) averaged sections are shown below the
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Figure 5.2: (a): Collection-mode near-field microscope images for illumination parallel
(p) and perpendicular (s) to the slits. The absolute intensity of the upper half is scaled up
by a factor of about ten. (b): Near-field intensity approach curve (black line) and expected
decay for the SPP intensity on a smooth gold film (λ = 810 nm in both figures).

image as gray (s-pol.) and black (p-pol.) lines.1

An obvious question is if these spatial oscillations represent the intensity of
the local electric field or of one of its components, and how they depend on the
distance from the surface.

The former question will require a comparison with theoretical calculations,
which will be performed in Sec. (5.3). The latter is answered by an experiment,
where the distance-dependent intensity is collected through the fiber aperture, the
result of which is plotted in Fig. 5.2(b). Here, the intensity at a lateral position
between the slits is measured for distances from around 2 µm down to tip-sample
contact (z = 0 nm). One finds a strongly increasing intensity, with a decay constant
in very good agreement with the expected decay constant κair of an air-metal SPP
at this optical frequency (gray curve). Thus, both the dependence on the incident
polarization and the spatial decay are direct evidence for the SPP character of this
surface wave. An only small offset is added to the exponential decay to account
for the transmitted far-field light, further illustrating the strong enhancement of
the fields at the surface. Weak oscillations in the experimental curve are mostly
due to the interference between the evanescent SPP fields and the propagating
components radiated away from the slits, and the slight saturation and drop right
near z = 0 nm is likely due to a modification of the collection efficiency very close
to the surface [see Sec. (5.4)].

1In order to detect the weak signals for s-polarization, a relatively large aperture had to be used,
limiting the spatial resolution in this measurement to about 150 nm. For the collection mode data
shown hereafter, apertures with diameters smaller than 100 nm and a liquid nitrogen cooled charge
coupled device detector with lower noise level were used.
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Figure 5.3: x-z-imaging of the nanoslit array for various wavelengths. (a): The bright
SPP mode (λ = 800 nm, see Sec. (4.3.3) for terminology) appears as a standing wave
localized to the surface, the maxima at the surface again appearing at the slit positions
(indicated below the image) and in the center between the slits. (b): The dark mode
(λ = 766 nm) shows some interferences in the far-field and has its maximum intensity
between the slits at the sample surface. (c): At wavelengths shorter than the diffraction
limit (here ∼ 700 nm), strong interference pattern propagating into the half-space above
the sample is observed.

It is clear that the structure and the near-field images are translationally in-
variant in the extruded (y-)dimension. Therefore, the electromagnetic field dis-
tributions are completely characterized by their variations in the cross-sectional
x-z-plane perpendicular to the sample, measured in the scanning mode depicted in
Fig. 5.1.

The essential spatial features of the resulting three-dimensional data set (in-
tensity I(x,z,λ )) are illustrated by drawing sections at the characteristic reso-
nance wavelengths of the structure. In Fig. 5.3, such images are shown for
the wavelengths of the bright and dark SPP resonances, as well as for a wave-
length of 700 nm, where three propagating far-field modes exist above the sample
(700 nm < a0 = 750 nm). The x-z-image for the bright SPP resonance (around
λ = 800 nm) shown in Fig. 5.3(a) directly visualizes the surface-localized stand-
ing wave SPP mode with maxima at and in the center between the slits. For the
dark mode wavelength [Fig. 5.3(b)], the intensity maxima at the surface are again
found in-between the slits. Finally, for a wavelength around 700 nm [Fig. 5.3(c)],
where a substrate-metal SPP resonance is expected from the far-field transmis-
sion experiments [cf. Fig. 4.9], the maxima are at the slits, with weak antinodes
in-between the slits. While some interference oscillations are also found in the
intermediate zone at somewhat larger distances in (a) and (b), this last image is
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dominated by a strong interference pattern reaching into the far-zone above the
sample. The slight tilt of this pattern, along with the small asymmetry in all im-
ages, is mostly due to the small but finite angle of incidence on the structure
required for the excitation of the dark mode.2

By the use of symmetry arguments, the phase of the standing wave pattern for
the bright SPP mode can already give a first hint towards the obtained image con-
trast. At exactly normal incidence,3 the incoming plane wave, polarized along x,
displays a sign change in the electric field upon inversion of this lateral coordinate,
which must convert into the symmetry of the near-field modes as well. The inver-
sion centers of the structure are the center of the slits and in the middle between the
slits. Thus, any out-of-plane field components must have nodes and change sign
at these inversion centers. The in-plane field components, however, do not have
to be zero at the inversion centers, but should generally display a local extremum.
In other words, the in-plane fields draw their sign change from the inversion of
the in-plane direction of the local field vectors, while the out-of-plane component
changes sign due its antisymmetric spatial mode. The symmetric shape of the
measured pattern at the surface thus indicates that the out-of plane electric field
does not strongly enter the near-field signal.

In Sec. (5.3), it will become clear that the above image contrast mainly stems
from the in-plane magnetic field component. In the search for alternative image
contrasts, we consider in the following the apertureless scattering mode.

5.2.2 Apertureless Scattering
The traditional collection mode aperture-based near-field imaging has a number
of assets, making it a useful tool to study the near-field distributions at our plas-
monic crystals. It offers a virtual absence of background light and a very reliable,
reproducible imaging. However, the apertureless techniques often allow for higher
spatial resolution, larger signal levels and easier access to a polarized detection of
the near-field signal.

Al-Coated Fiber Tip

Although the intended use for the Al-coated fiber probes is collection mode imag-
ing, these tips have turned out to also yield good apertureless scattering near-field
images. Several factors are beneficial, for example, the high smoothness of the
coating, resulting in low levels of background light scattered from the tip shaft.

2Some small additional tilt can be caused by an imperfect rectangular mounting of the sample
on the scanner.

3Note that the dark mode vanishes at normal incidence. This is understood by the use of the
similar symmetry arguments.
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Figure 5.4: x-z-imaging for the bright (a) and dark (b) SPP resonances in close proximity
to the sample, measured in the apertureless scattering mode. The smaller features at
the lateral position of the slit (x ≈ 0) extend somewhat into the space above the sample,
demonstrating that they are not topographic artifacts. Note that the images are stretched
in the vertical direction, and that the color codes are different, i.e., the absolute maximum
intensity for the dark mode is about half that of the bright mode.

Moreover, their geometric size on the order of 50-200 nm in width yields a size-
able scattering cross-section. Furthermore, these tips are mechanically somewhat
more robust than exceedingly sharp metal tips made from a more ductile metal,
such as gold. Finally, the tips can also be used in apertureless mode, if, due to
imperfect fabrication procedures, no aperture is present, i.e., when the tip is fully
coated. In those cases, the tip end and its coating may be small enough to re-
solve finer details than the aperture collection, such as mode substructure with
dimensions comparable to the slit width.

Specifically, the apertureless scattering experiment from Fig. 4.10 in
Sec. (4.3.3) showed some finer structure at the slits, namely a very small dip
for the bright mode around λ = 800 nm and a small peak at the dark mode
(λ = 766 nm). The technique of scanning in the direction perpendicular to the
sample can clarify, if such smaller details are due to a topographic artifact [64], or
if they are true features of the optical fields. The images in Fig. 5.4 are close-up
x-z-scans near the surface for the bright (a) and dark (b) modes. One clearly sees
that the smaller features near the slit (x ≈ 0) also appear in this representation,
reaching into some distance from the sample. Thus, topographic artifacts can
be ruled out for these images, which display a lateral spatial resolution of about
50 nm. Apparently, the spatial patterns measured in this scattering setup are
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quite similar to those found in the aperture collection, namely a roughly cos2(x)
oscillation for the bright mode and a sin2(x) oscillation for the dark mode.

In the experiments, we have found that these patterns acquired in apertureless
scattering not only depend sensitively on the specifics of the sample illumination
(angle of incidence, beam divergence, etc.), but also on the detection conditions.
Specifically, by changing the azimuthal or polar angle of the collecting micro-
scope objective with respect to the tip end, or by analyzing the polarization of the
scattered light, different aspects of the near-field appear more prominently.4

The following experiment demonstrates that different spatial and spectral
structures are obtained with polarized detection and for detection from a differ-
ent observation angle. The near-field data shown in Fig. 5.5 were taken very close
to normal incidence and with a collecting microscope objective at an azimuthal
angle ϕ = 90◦ [same as the previous measurements in Figs. 4.10 and 5.4], i.e.,
placed along the slit direction, as drawn in Fig. 5.5(a). The polar angle β was,
however, reduced from 50◦ [Figs. 4.10 and 5.4] to about 15◦, with a numerical
aperture of the collecting microscope of 0.4. The spatially averaged near-field
spectra obtained for orientations of the polarization analyzer along the z- and x-
directions5 are plotted in Fig. 5.5(b) as the red and blue lines, respectively.

Both spectra contain the bright mode around 800 nm. The normal incidence
results in the absence of the dark mode, except for a hardly discernible feature
at 750 nm.6 More importantly, a stark difference in the spectra is found on the
long-wavelength side of the resonance, where the x-polarized spectrum displays a
stronger tail. The spatially resolved spectral line scan [Fig. 5.5(c)] reveals that this
tail is originating from the slit positions alone, and not from the regions between
the slits. Furthermore, the oscillatory standing wave patterns in both images are
shifted with respect to each other. For example, the measurement with z-polarized
detection displays local minima at the slit positions (x = 0 nm), which is in stark
contrast to all our previous measurements and suggests that a different field com-
ponent may have been imaged here. These observations will be further analyzed
in Sec. (5.3).

4Also, the numerical aperture of the microscope objective, i.e., the solid angle of the collected
light, plays a role.

5Note the somewhat inclined positioning of the microscope objective, which is necessary to ef-
ficiently collect the scattered intensity. Therefore, the polarization analyzer is not exactly oriented
along z.

6This data was taken from a sample with a slightly shorter lattice period (a0 ≈ 735 nm) and
larger slit width (b≈ 100 nm), the optical properties of which were, however, similar to the 750 nm
array, apart from a corresponding shift of the dark mode resonance wavelength and a larger broad-
ening of the bright mode.
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Figure 5.5: (a): Apertureless scattering spectroscopy experiment with polarization-
resolved detection. The sample is oriented such that the light scattered roughly into the
y-direction is collected by the microscope objective (azimuthal angle ϕ = 90◦; polar an-
gle β ). (b): Spatially averaged near-field spectra for analyzer positions perpendicular (red)
and parallel (blue) to the x-axis. The perpendicular polarization is close to parallel to the
z-axis. (c)-(d): Corresponding spatially resolved line spectra for perpendicular (c) and
parallel (d) polarization. The dotted white lines indicate slit positions.

Sharp Au Tip

The preceding paragraph demonstrated that the near-field scattered by a probe
contains different polarization components. In general, the signal detected in
the far-field will be a result of a transformation of the different field components
present at the tip location into far-field patterns, which may be composed of dif-
ferent multipole contributions, depending on the probe geometry and the corre-
sponding multipolar scattering efficiencies.

Very sharp metallic tips have been shown to allow for a selective imaging of
longitudinal fields, for example by second harmonic generation in the focus of a
laser beam [184, 185]. Due to the large on-axis polarizability of such nanotips,
they effectively act as a nanoscopic polarizer, whose “extinction ratio” is deter-
mined by the local z-directional field enhancement. Gold tips are particularly
suited for such purposes, as they have been shown to display plasmon resonances
in their scattering cross-section [186].

We have performed several apertureless near-field scattering experiments with
such sharp gold tips, investigating if the out-of-plane component of the electric
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Figure 5.6: (a): Scanning electron microscope image of an electrochemically etched
gold tip used for apertureless scattering near-field spectroscopy. (b): Spatially averaged
near-field spectra obtained in contact (red) and at a distance of 1 micrometer (black),
displaying a clear surface enhancement of those modes resonant on the air-metal interface.
(c): Spatially resolved near-field spectral line scan on the surface. The intensity maxima
of the bright mode are located between the slits, as can be seen by comparison with the
surface topography in (d).

field in the plasmonic crystals can be imaged in this way. Such linear scattering
experiments are complicated by background scattering from an often somewhat
rough shaft of the electrochemically etched tips [187]. The selection of tips with
smooth surfaces after scanning electron microscope characterization has proven
to be necessary to reduce such effects.

Figure 5.6 presents an experimental result obtained with a gold tip with an
apex diameter of about 30 nm [see Fig. 5.6(a)], measured in the same geometry
as shown in Fig. 5.5. A spatially (along x) averaged near-field spectrum (red)
is plotted in Fig. 5.6(b), together with a spatially averaged scattering spectrum
taken at a tip-sample distance of about 1 µm (black). The spectrum measured in
contact displays the bright and dark resonances much stronger than the z = 1 µm
spectrum, thus proving the near-field sensitivity of the scattering of these AM SPP
resonances. In contrast, the peak around 680 nm, corresponding to an SM SPP
resonance of the SM[±1] anti-crossing, appears equally strong in both spectra.

A spatially resolved near-field spectrum in the wavelength range of the AM
SPP resonances is displayed in Fig. 5.6(c). In contrast to some of the previous
measurements, the antinodes of the bright resonance here both appear between the
nanoslits, as can be seen by comparison with the topography shown in Fig. 5.6(d).
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The observed modulation depth for both modes is, however, not as large as previ-
ously found, i.e., the intensity at the local minima is still about half of the intensity
at the maxima. Nevertheless, it will be shown in Sec. (5.3) that the observed spa-
tial structure evidences a significant contribution of |Ez|2 in the scattered signal.

5.3 Discussion
The experimental data presented in the preceding section provided strong evi-
dence that several components of the optical near-field can be imaged in the aper-
tureless and aperture-based modes. Depending on the detection conditions and the
probe used, different spatial and spectral structures were observed for essentially
identical illumination conditions. In this section, the experiments are compared
with theoretical computations using the SIBC method.

It will be shown that the aperture collection experiments are well-described
with the intensity of the in-plane magnetic field alone. In contrast, a more com-
plicated interference between different field components is found for apertureless
scattering with these rounded tips. Finally, the enhanced axial polarizability of
very sharp metal tips results in an imaging dominated by the out-of-plane electric
field component.

5.3.1 Aperture Collection
We begin again with the aperture collection mode imaging. In Fig. 5.7, experi-
mental distance-dependent measurements [(a)-(b)] are shown together with com-
putations for the spatial distributions of the squared magnitudes of Hy[(c)-(d)],
Ex[(e)-(f)] and Ez[(g)-(h)]. The three other components of the electromagnetic
field are zero for the TM polarized case. Images are shown for two “signature”
wavelengths, namely the bright AM SPP resonance wavelength with large mode
intensity at the surface [(a),(c),(e),(g)], and an SM SPP resonance wavelength
shorter than the diffraction limit [(b),(d),(f),(h)].

First, consider the AM SPP resonant mode. Almost equal intensity is ex-
perimentally found at the slit positions and in the center between the slits. This
has been reproduced for a number of aperture tips, always yielding very simi-
lar results. The distance-dependent measurements show how the intensity pattern
evolves away from the surface, namely laterally slightly asymmetric and axially
oscillatory. Such behavior is also found for the magnetic field and for the in-plane
electric field images [(c) and (e)], highlighted by the contour lines drawn for a
value corresponding to the mean intensity at a distance of about 500 nm. How-
ever, while in the case of the magnetic field intensity, the amplitude at the surface
is only slightly larger at than in-between the slits, the in-plane electric field inten-



5.3. DISCUSSION 91

Figure 5.7: Comparison of the experimental x-z image for the bright SPP mode (a) and
a wavelength shorter than the diffraction limit (b) with the corresponding results of the
intensity distributions (magnitude squares) calculated from the modal expansion method
for the magnetic field along the y-direction [(c) and (d)], and the electric field parallel [(e)
and (f)] and perpendicular to the surface [(g) and (h)].

sity is actually about a factor of 10 stronger at the slits than in the center between
the slits, so that the depicted color scale had to be saturated in order for the image
not to be completely dominated by the intensity at the slits. It is clear that the
low intensity between the slits results from the small in-plane fields of SPPs [see
Sec. (3.1.1)].

In contrast, the out of plane electric field intensity |Ez|2 in Fig. 5.7(g) is quite
symmetric, and it neither displays maxima at the slits, nor does the image above
the surface show an asymmetry or a similar z-dependent oscillatory behavior as the
other two components. This is due to the only very weak out-of-plane component
of the zeroth diffraction order at such a small angle of incidence.

Therefore, drastic deviations from the experiment are found in the spatial in-
tensity distributions for both the in- and out-of-plane components of the electric
fields. Perhaps surprisingly, a much better correspondence with the squared mag-
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Figure 5.8: Interference of diffracted orders in the shaded area above the grating and for
a wavelength, at which the zeroth and first diffraction orders are present. The out-of plane
electric field is only significant for the n =±1 diffraction orders, while contributions from
all three orders are relevant for both the magnetic field and the in-plane electric field.

netic field is found. Some noticeable discrepancy of the experiment from the
magnetic field calculation lies in the stronger increase of the theoretical image
close to the surface. This is a result of a distance-dependent collection efficiency,
which we have found also for SPPs traveling on an unstructured metal film, and
which will be addressed in Sec. (5.4).

The shorter wavelength images [(b),(d),(f),(h)] represent further evidence for
the interpretation in terms of a magnetic field imaging. Close to the surface, the
experimental image displays maxima at the slits and weaker maxima in-between
the slits, just as the magnetic field image. The in-plane electric field image is again
dominated by the intensity close to the slits. Away from the surface, an oscillatory
interference pattern in the x- and z-directions is found for both the magnetic as
well as the in-plane electric field images. However, the difference between the
|Hy|2 and |Ex|2 images lies in the fact that the former [(d)] has a more stripe-like
form than the latter [(f)], which is almost fully modulated along the z-direction.
Again, the |Ez|2 image is very different from the experiment, characterized by two
equal maxima between the slits at the surface and a homogeneous stripe-shaped
pattern away from the surface.

These three patterns are easily explained in terms of the relevant diffraction
orders and their field components, as sketched in Fig. 5.8. For near-normal illu-
mination, the zeroth transmitted order has only a very weak Ez component, so that
the |Ez|2 pattern imaged in the shaded area corresponds to a two-wave interfer-
ence, resulting in a stripe-shaped pattern. On the other hand, the in-plane fields
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Hy and Ex have are present in all three diffraction orders, leading to a three-wave
interference above the grating, characterized by an oscillatory behavior in both
the x- and z-directions.

The additional difference between the |Hy|2 and |Ex|2 images in the modula-
tion depth along z stems from the different magnitudes of the n = ±1 and n = 0
for both fields, i.e., the fact that Hy is equally large for all three orders, while Ex is
weaker in n = ±1 than in n = 0. The absence of a second local maximum at the
surface for the Ex field becomes also clear by considering the diffraction from a
single slit.

It has been stated before [Sec. (2.2.7)] that an effective magnetic dipole mo-
ment can be associated with an aperture in a metallic sheet, thus explaining why
the near-field collection mode images contain a |Hy| contribution. However, the
question arises why the dominant electric field component, i.e. the out-of-plane
field Ez, appears not to be efficiently imaged in collection mode, although it is
quite significant for SPPs. One reason is that the electric field emitted from the
aperture in a plane sheet is indeed expected to be stronger from the magnetic than
the electric dipole [Sec. (2.2.7)]. For conical geometries, theoretical works have
calculated the near-field [188] and far-field [189] distributions of the transmis-
sion, and the collection of both electric and magnetic field components has been
proposed [87]. An experimental study has verified that the fields radiated from
an aperture tip can be decomposed to a good approximation into magnetic and
electric dipole contributions [190], although the electric dipole was found to be
oriented in the plane of the aperture, contrary to Bethe’s prediction for the plane
sheet aperture, and indicating a reduced importance of the out-of-plane electric
field.

Another explanation for the absence of Ez lies in the axial symmetry of the
tip and the properties of the collecting fiber. The present experiments have been
carried out with a single-mode fiber [see Sec. (2.2.4)]. The single-mode property
of this fiber can lead to an efficient suppression of the collection of axial fields, an
argument previously made in a theoretical work by Bozhevolnyi [191]. Figure 5.9
gives a schematic depiction of the excitation of the transverse fiber waveguide
mode from out-of-plane dipoles p1,p2 induced symmetrically around the aperture
by the sample field Ez. In the waveguide, the fields necessarily destructively in-
terfere in the symmetric TEM00 fiber mode, thus suppressing the collection of
Ez. For non-perfect symmetry of the experiment, Ez collection may no longer be
forbidden [191], but rather reduced.

The situation certainly changes, if a lateral gradient is present for the field
across the distance dx. In this case, a signal proportional to p2−p1, or dx(∂xEz)
for a small dx, is expected. It is notable that this derivative is part of the expression
for Hy, highlighting how an effective magnetic dipole can arise from a geometrical
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Figure 5.9: Schematic depiction of the fields coupled into a single mode fiber at a probe
aperture. For perfect cylindrical symmetry of the fiber and the aperture, excitation of the
fiber mode is forbidden for an out-of-plane local excitation field Ez. This is exemplified
from the destructive interference of the mode amplitudes E1 and E2 generated from the
two dipoles p1 and p2, respectively.

arrangement of non-magnetic, electric dipoles.7

In summary, the present experiments inevitably point to an imaging domi-
nated by the in-plane magnetic field in aperture collection mode in these struc-
tures, supported by theoretical considerations. Nevertheless, this conclusion may
come as a surprise, given the scarce discussion of the optical magnetic compo-
nent in the experimental literature on near-field microscopy. With few exceptions,
e.g., Refs. [88, 89], near-field experiments are mostly discussed in terms of the
electric fields alone, perhaps due to their quantitative dominance over the mag-
netic field in many near-fields, e.g., for localized plasmon resonances [192]. In
the case of delocalized polariton modes, however, this is not necessarily the case
[see Sec. (3.1.1)]. Some readers may still feel uncomfortable with a term such
as optical “magnetic field imaging”. Equivalently, we could call it imaging the
curl of the electric field [cf. Sec. (2.2.7)], which would stress the fact that it is
based on the permittivity rather than the permeability of the probe material. One
should keep in mind that non-magnetic materials are frequently associated with
effective magnetic properties, quite prominently in the rapidly emerging field of
optical metamaterials [193].

7A complete magnetic dipole along y would be equivalent to an infinitesimally small square
arrangement of four electric dipoles oriented in a way forming a small loop. This also becomes
clear when considering that the optical magnetic dipole can be visualized as a small alternating
loop current, while the electric dipoles represent oscillating linear currents.
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Figure 5.10: Spatially resolved near-field spectra in the experiment (a) and simulated
images for the squared magnitudes of the Hy (b), Ex (c) and Ez (d). The color scales are
normalized to the square of the electric field amplitude Ein incident on the substrate side.
(a0 = 750 nm, b = 50 nm, h = 130 nm, intensities evaluated at a distance of z = 10 nm.)

5.3.2 Apertureless Scattering
The apertureless scattering experiments are shown to yield several near-field com-
ponents. The different contributions are discussed on the basis of the numerical
calculations, beginning with the coated fiber tips.

Al-Coated Fiber Tip

A spatially resolved scattering spectrum [see Sec. (4.3.3)], measured in tip-sample
contact, is shown in Fig. 5.10(a), together with the squared magnitudes of the three
non-zero field components Hy (b), Ex (c) and Ez (d), calculated for a distance of
10 nm from the surface and an angle of incidence θ = 0.5◦. As expected, the SPP
Bloch modes appear most prominently in the fields Hy and Ez, while the in-plane
electric field is strongly confined to the slit regions. The actual linewidth of the
simulated broad resonance is larger than in the experiment, very likely originating
from the non-rectangular cross-section of the real structure [cf. Sec. (4.5.2)]. The
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Figure 5.11: Polar plot of the radiated intensity from the magnetic and electric dipoles
and corresponding polarizations of the electric far-field.

phase of the experimental standing wave pattern matches the Hy intensity well,
although the dips at the slit positions for the bright mode are not contained in this
field. The Ez mode does show a dip at the slits, but is almost zero in the center
between the slits, in obvious disagreement with the experiment.8

Apparently, this apertureless scattering experiment reflects more than one vec-
tor component of the optical near-field. The dominant component is given by Hy,
but limited contributions of the other fields need to be considered to account for
the data. Most generally, a composition of the signal detected in the far-field will
contain both interfering and non-interfering terms, depending on the polarization
and angular dependence of the scattered fields.

In the point dipole approximation, electric and magnetic dipole moments px,
pz and my are induced in the probe, which radiate into the far-field corresponding
to the angular and polarization characteristics of their respective orientations [see
Sec. (2.2.1)]. For the detection with ϕ = 90◦, the electric field vectors in the
far-field of these dipoles scale as

Epx ∝ x̂ , Epz ∝ −ŷsinβ cosβ + ẑcos2
β , Emy ∝ −x̂sinβ . (5.1)

The magnitude squares of these dependencies are indicated in the polar plot of
Fig. 5.11, together with the polarizations of the electric fields far from the dipoles.
Whereas the fields from both the magnetic dipole (red) and the in-plane electric
dipole (green) are completely oriented in the x-direction, the field from the out-of
plane dipole (blue) is mostly oriented along z, the small y-polarized component
shown as the yellow line. Furthermore, the cos4 β dependence of the intensity
from the out-of-plane dipole results in a stronger directionality of its radiation
(into the y-direction) than the z-directed radiation from my.

8Also remember that these dips are not a topographic artifact [see Fig. 5.4].
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Figure 5.12: (a): Scattered near-field intensity of the bright mode. (b): Composition of
different simulated field components (see text).

These considerations show that the fields from px and my interfere with each
other in the far zone, i.e., on the detector, while that from pz does not interfere with
the other two fields. It should be noted that the 0.4 numerical aperture corresponds
to an acceptance halfangle of the microscope objective of 24◦, so that a significant
range of (both polar and azimuthal) emission angles contributes to the signal.
Nevertheless, at the polar angle of β = 50◦, the contribution from pz is expected
to be smaller than at β = 15◦, and the polarization properties of the fields vary
only slowly over the collection solid angles.

The contributions from the three different dipoles are estimated by compari-
son of the experimental intensity profiles with a combination of the three simu-
lated field components. Figure 5.12 shows the experimental intensity trace of the
bright mode λ = 800 nm (a) and a composition of the simulated fields (b) at this
wavelength of the form

I(x) = |Z0Hy +aEx +bEz|2 + | f Ez|2 (5.2)

with a = f = 0.3 and b =−0.05. Since the different field components have such
characteristic spatial dependencies, an almost one-to-one correspondence exists
between the more subtle features of the near-field trace and the coefficients of
the summation, allowing us to break it apart as follows: Hy appears as the major
contribution. The addition of 0.3Ex results in the small dip at the slits due to de-
structive interference. The very small coherent addition of −0.05Ez, likely due to
some polarization rotation in the scattering, is responsible for the small (shifted)
asymmetry of the standing wave pattern to the right, which can only be repro-
duced via a coherent mixing of the antisymmetric Ez with the other two inversion
symmetric fields.9 The incoherent contribution of |0.3Ez|2 leads to the small devi-
ation from full modulation in the standing wave. This last term could in principle
also be a result of the finite spatial extension of the probe. However, the high
spatial resolution near the slits renders this unlikely. Taking into account the polar

9Even for these small non-zero angles of incidence, two in-plane field patterns are quite sym-
metric.



98 5. NEAR-FIELD SPECTROSCOPY OF PLASMONIC CRYSTALS

detection angle, the probe’s electric (α j) and magnetic (µy)10 polarizabilities can
be expressed relative to αx in a dimensionless form:

αz/αx '
f

acos2 β
≈ 2.4, (5.3)

µyε0/αx =
1

asinβ
≈ 4.4. (5.4)

Here, αx has been chosen as the reference, as it theoretically does not depend
on the polar angle. The small b value (neglected in the above evaluation) is a
cross-term corresponding to some polarization mixing. These values should be
viewed more as estimates rather than precisely determined values, both because
we have not integrated over the solid angle accepted by the objective, which could
certainly be done, but more importantly, because a more exact extraction of a,b
and f would require a more exact periodicity of the measured intensity trace. In
any case, the analysis suggests that the magnetic field sensitivity in this imaging
mode is still significant.

The reduction of the polar detection angle enhances the contribution of Ez and
decreases that of Hy in the scattered intensity, as visualized in Fig. 5.11. Further-
more, polarization selection in the far-field pronounces different field components.
Such behavior was observed in the measurements at a small polar angle β = 15◦,11

as is evident from a consultation of both the spectral and spatial features shown in
Fig. 5.13.

First, consider the tail on the long wavelength side in the spatially averaged
near-field spectrum for polarized detection, Fig. 5.13(a). This tail is only present
for an analyzer orientation parallel to the x-direction (blue curve), which is ex-
pected to select the emission from the in-plane electric dipole px [cf. Fig. 5.11].
Figure 5.13(b) shows the spatially averaged near-field spectra for the different
squared field components |Ex|2(blue), |Hy|2(green) and |Ez|2(red). Indeed, the in-
plane electric field displays a much stronger long wavelength tail to the resonance
compared with the other two field components, and it is localized at the nanoslit
waveguides [cf. Figs. 5.10 and 5.5].12

Besides the Ex component, Hy significantly contributes to the measured spatial
intensity. In the curve plotted in Fig. 5.13(c), Ex is responsible for the strong in-
tensity at the slit positions, and Hy results in the standing wave pattern with antin-
odes in the center between the slits (indicated by the shaded stripes). The relative

10The magnetic polarizability is defined as the constant of proportionality between the magnetic
dipole moment and the magnetic field, my = ŷµyHy.

11These measurements were performed with a different tip from the same batch, within which
usually quite similar results were obtained.

12It has been discussed before that the actual linewidth and resonance wavelength cannot both
be matched with a single set of structure parameters [Sec. (4.5.2)].
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Figure 5.13: Spectral and spatial behavior in apertureless scattering from an aluminum
coated fiber tip under polarized detection. (a): Spatially averaged near-field spectra for
analyzer orientations parallel (blue) and perpendicular (red) to the x-axis. (b): Simulated
spatially averaged spectra for |Ex|2(blue), |Hy|2(green) and |Ez|2(red). (c): Spatial inten-
sity trace for parallel polarization (λ = 815 nm). (d): Squared linear combination of Ex

and Hy (see text). (e): Spatial intensity trace for perpendicular polarization (λ = 795 nm),
i.e., the polarization close to parallel to z. (f): Squared linear combination of Ez and Hy

(see text).

contributions are quantified from the superposition shown in Fig. 5.13(d), namely
|Z0Hy−Ex|2.13 The theoretical traces were spatially averaged over a 50 nm width
to account for the finite resolution in the experiment.

In the case of out-of-plane orientation of the polarization analyzer
[Fig. 5.13(e)], the standing wave pattern is spatially shifted, with two antinodes
between the slits and local minima in the center between the slits, being an im-
portant signature of Ez for the bright SPP mode. The superposition approximately
describing this trace is |Z0Hy−3Ez|2 [Fig. 5.13(f)], where Ez is dominant, and Hy
is responsible for the small asymmetry of the curve. This interference with Hy,

13It is yet unresolved, why this measurement shows an enhancement of the signal at the aper-
tures from the interference of both components, while a reduction was found before [see Fig. 5.10].
Very likely, the particular tip geometry and its spectral response influence the relative phase of the
different waves scattered at the probe.
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pointing to noticeable polarization rotation, is not contained in the simple dipole
model [Fig. 5.11].

Hence, further studies will have to resolve in more detail how the probe ge-
ometry influences the specific scattering efficiencies, and how important higher
probe multipoles are for the image formation due to scattering at coated fiber tips.
In addition, the local polarization mixing is not unambiguously quantified from
the present experiments. Nevertheless, let us recall the encouraging qualitative
features found for this measurement at a smaller polar angle, namely an increased
signature of Ex relative to Hy in the expected horizontal polarization, and an in-
creased signature of Ez in the vertical polarization.

Sharp Au Tip

For a sharp gold tip, a local out-of plane electrical polarization selection is ex-
pected to be “built into” the transfer matrix relating the near-field with intensity
in the far-field. These experiments were not covered in such great detail, in part
because such measurements have more often been impaired by background scat-
tering from the tip shaft. Nonetheless, near-field sensitivity was demonstrated
also for the scattering of SPP modes with these probes [see Fig. 5.6(b)], and the
phase of the standing wave pattern obtained for the bright mode (two antinodes
between slits in Fig. 5.6(b)) is indicative of |Ez|2, as in the z-polarized detection
with the coated fibers. Unfortunately, the quite weak modulation depth suggests
some incoherent contribution (up to about 30 per cent) from the other field com-
ponents, as well. Polarization-analyzed measurements are expected to suppress
these contributions, but such experiments have not yet been performed.

A further indication for an imaging of the out-of-plane electric field with such
tips is obtained from a distance-dependent imaging experiment. Figure 5.14(a)
displays a color-coded image of the intensity recorded in an x-z-image above the
surface for a wavelength around 700 nm, exciting an SM transmission resonance
[cf. Fig 5.6(b)]. In contrast to the respective aperture collection image, Fig. 5.7(b),
this stripe-like image reflects a two-wave interfere pattern. Such a two-wave inter-
ference is predicted only for the out of-plane electric field, due to the first (n =±1)
diffraction orders interfering in the far-field [see Fig. 5.8]. One should, however,
be careful not to over-interpret this particular result, as also other effects, such
as a wavevector-dependent scattering efficiency, could in principle result in such
a two-wave interference. At this stage, it appears that a selective Ez imaging is
possible also in a linear elastic, i.e., frequency-preserving, scattering experiment
from sharp gold tips. Nonetheless, nonlinear experiments involving, for example,
frequency conversion at the tip-apex may be better suited to suppress background
light and obtain a higher localization of the signal to the tip apex [184, 185, 194–
196].
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Figure 5.14: (a): Distance-dependent scattered intensity from a sharp gold tip, measured
at a wavelength of 700 nm, shorter than the diffraction limit for the first diffraction orders.
(b): Simulated intensity of the out-of-plane electric field, |Ez|2 [cf. Figs. 5.7(d) and (f) for
|Hy|2 and |Ex|2, respectively].

5.3.3 Concluding Remarks

In this section, we have identified different electromagnetic field components
close to the plasmonic crystals in measurements using different types of near-field
optical probes and detection conditions. A tabulated summary of the most im-
portant field components found in the different experiments is given in Fig. 5.15.
In particular, the aperture collection measurements constitute an imaging clearly
dominated by the component of the magnetic field in the y-direction, justified by
the Bethe-Bouwkamp argument and symmetry considerations. In the scattering
from very sharp gold tips, mostly the out-of-plane electric field was observed,
stemming from the large linear susceptibility along the tip axis.

A contrast resulting from a mixed contribution of both magnetic and electric
fields was found in the scattering from the aperture tips. Here, the contrast de-
pends sensitively on the detection conditions, i.e., the choice of polarization and
the polar detection angle. In particular, the experiments indicate that Ez detection
is mostly possible for observation orientations close to the sample plane, while
for larger polar angles, emission from Hy appears more pronounced. Significant
polarization rotation from these tips has also been found, and contrary to the aper-
ture collection imaging, these results were somewhat more specific to a particular
probe geometry. Postprocessing of the tips, e.g., by focused ion beam milling,
could improve the selectivity of particular field components.

So far, we have not conducted a systematic near-field spectroscopic study of
the dependence on the azimuthal detection angle, which should be equally im-
portant. These first results disclose both possibilities and complications in the
interpretation in terms of interfering local electromagnetic field components.
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probe type→ sharp Al-coated
↓configuration Au tip fiber tip

apertureless ∼ |Ez|2 ∼ |aHy +bEx|2 for pol.‖x
scattering significant ∼ |cHy +dEz|2 for pol.‖z

background a,b,c,d = f (β ,ϕ)
aperture N.A. ∼ |Hy|2

collection low background

Figure 5.15: Tabular summary of the field components observed for sharp gold tips and
Al-coated fiber tips under different detection conditions.

The reduced dimensionality of the sample system has greatly simplified the
interpretation, downsizing the problem to three independent field components
with characteristic spatial and spectral dependencies. In a fully three-dimensional
system, the greater overlap (or similarity) of the spatial variations from different
field components, together with the polarization mixing already encountered here,
presents a quite complicated task for the future.

Within similar geometries, a recent study carried out at Seoul National Uni-
versity has further pursued the possibility of local polarization-selective imag-
ing for monochromatic fields, leading to a joint publication with Prof. Dai-Sik
Kim’s group [49]. In those experiments, standing wave patterns on flat dielectric
and metallic surfaces are imaged by the same means of apertureless scattering.
Moreover, the scattered intensity is detected for a large sequence of polarization
analyzer orientations, thus resulting in polar plots of the scattered intensity. In
this way, a more precise determination of the polarization rotation induced by the
probe becomes possible, and the scattered signal can be normalized with respect
to a previous far-field tip characterization [74]. This work allows for a reconstruc-
tion of the essential components of a generally elliptical local optical polarization
state, namely its degree of ellipticity and the orientation of its major axes.14

Further developments, potentially making use of several detectors oriented in
different directions, may some day result in a full three-dimensional and quantita-
tive determination of the local vectorial electromagnetic field near nanostructures.
In order to achieve this, more has yet to be learned on tip-sample interactions and
the effects they have on the imaging of a given near-field. The near-field spec-
troscopic techniques developed here represent a unique handle on the study of
such interactions, which appear prominently in the spatial variations of near-field
spectra, as discussed in the following section.

14A more in-depth coverage of this study is beyond the scope of this thesis, and the reader is
referred to Ref. [49] for further details.
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5.4 Resonance Shifts and Tip-Sample Couplings
Electromagnetic coupling phenomena on the nanometer scale are of considerable
interest, both from a fundamental physics point of view, and in light of the in-
tended functionality of future nano-photonic devices. Currently, diligent studies
increasingly focus on a tailored modification of the radiation properties of indi-
vidual emitters or microscopic resonators. For instance, reports have shown that
by changing the dielectric environment of single molecules and metal nanoparti-
cles [197–199], or semiconductor quantum dots [51], their radiative lifetimes and
quantum efficiencies can be strongly altered in a controlled way. A new form of
near-field microscopy has been demonstrated, which is based on spectral modifi-
cations of a nanoparticle resonance [48].

Concerning the nanoscale electromagnetic coupling to resonators, theoretical
works suggest the possibility of substantial control of microcavity resonances with
near-field probes [200]. Experimental studies have achieved a probe-controlled
modification of the quality factor of whispering gallery modes in a dielectric mi-
crosphere [201]. Very recently, tip-induced perturbations to the lasing properties
of such resonators were discovered [202].

In the case of metallic systems, some experimental works investigated near-
field spectroscopy of single metal nanoparticles [203–205] or resonant periodic
structures [89, 127]. However, no systematic studies of tip-sample coupling ef-
fects in such systems exist that could shed light on the interaction of a local probe
with delocalized surface plasmon polariton modes. Recently, a significant spec-
tral red-shift of a near-field resonance was reported upon the approach of a metal-
coated fiber tip [89]. In that experiment, the probe ended in a relatively large flat
area of a size larger the unit cell of the periodic structure. The authors have sim-
ulated the presence of the probe by adding in their calculations a plane metallic
sheet close to the sample surface, reproducing some spectral shift.

Up to this point, the influence of the scanning probe on the states or resonances
of our sample system has not been discussed, and it is clear that the supposition
of a non-invasive imaging is only an approximation, which can, however, be a
very good one. This section focuses in more detail on spectral variations in the
near-field microscopic experiments, and it is analyzed which effects are related to
tip-sample interactions and which are not.
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Figure 5.16: Distance-dependent
near-field signal for different tips and
imaging modes at a lateral position
between slits and a wavelength of
800 nm. Solid: Apertureless scatter-
ing with Al-coated fiber tips. Dotted
lines: Aperture collection. For com-
parison, the exponential SPP decay for
this wavelength is plotted as the gray
line.

5.4.1 Observations
Intensity Changes

One of the most apparent alterations of the measured data from the theoretically
computed fields in the absence of a probe has been briefly mentioned before,
namely the non-exponential distance-dependent intensity very close to the sam-
ple. Specifically, while the theoretical calculations predict an exponential rise of
the SPP intensity all the way down to z = 0 nm, the measured near-field intensity
in some cases increases stronger, or saturates and eventually drops close to the
sample. The particular distance-dependent near-field signal varies among probes
and with the employed imaging conditions. Figure 5.16 shows some approach
curves at a wavelength of 800 nm (AM SPP resonance) and for four different Al-
coated fiber tips, used either for apertureless scattering (solid) or by collecting the
near-field intensity through the aperture (dotted). Deviations from a single SPP
exponential (gray) are found to a varying degree for all tips. In the scattering, ad-
ditional enhancement, followed by a drop very close to the sample is found, while
the aperture collection traces always stay below the exponential. The downward
deviation of the collected SPP intensity from the theoretical curve was reported
already in one of the early near-field studies of surface plasmons [178], where it
was identified as significant frustration of the near-field, if the tip is very close to
the sample.

Spectral Modifications

Such a monochromatic measurement cannot distinguish, if a given intensity
change is a result of resonance shifts, line broadenings or a uniform amplitude
modification of the entire spectrum. Thus, distance-dependent near-field spec-
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troscopy yields substantially more information. In close proximity to the sam-
ple, all such spectral changes have been observed in the experiments. Qualita-
tively similar modifications to the local near-field spectra are observed for dif-
ferent probes, the magnitudes of which, however, are specific to a particular tip.
Generally, it should be noted that the spectral shifts we observe for the fiber tips
are smaller than both the linewidth and the splitting of the resonances, indicating
that the present imaging technique is a relatively non-invasive one.

Exemplary data for such subtle spectral changes are shown in Fig. 5.17 for
the apertureless scattering experiments made with the tip corresponding to the
red line in Fig. 5.16. The intensity in the x-z-plane perpendicular to the sample
at a wavelength of the bright SPP mode is shown in Fig. 5.17(a). The roman
numbers (I) to (IV) indicate lateral positions, for which the local spectra at the
surface and at a distance of 50 nm are compared. In Fig. 5.17(b), spectra are
shown at the position (I) and for z = 50 nm (blue) and z = 0 nm (red). Here,
the amplitude of the narrow resonance increases upon an approach of the surface,
while that of the broad resonance decreases. The opposite is occurring at the
lateral position (II) shown in Fig. 5.17(c). These spectral changes can be further
visualized by plotting the difference of the spectra measured at the two distances,
as shown in Fig. 5.17(d). This depiction also allows for more subtle effects such
as linewidth changes or resonance shifts to be identified. For example, small shifts
of the narrow resonance are found from the dispersive shapes of the differential
spectra plotted in Figs. 5.17(e) and (f), corresponding to lateral positions (III) and
(IV), respectively. A dip surrounded by two maxima for the broad resonance in
Fig. 5.17(f) indicates a line broadening during the approach.

The measurement of a spectrum at every point in the x-z-plane allows for a de-
termination of the locally varying resonance parameters given by the amplitudes,
linewidths and resonance frequencies a j(x,z), Γ j(x,z) and ω j(x,z). They are ob-
tained by fitting a double resonance Lorentzian function to the data [cf. Eq. (4.3)].
The lineshape model fits the local spectra quite well, although small deviations
are typically found on the long wavelength tail of the broad resonance, potentially
due to the finite structure size of the experimental grating.15 It is necessary for a
satisfactory modeling of the experimental data to consider a coherent sum of the
two resonances, i.e., spectral interference between both modes is included.

15We have found similar spectral features in calculations based on the radiative coupling model
introduced in Sec. (4.4) for a reduced number of polarizabilities.
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Figure 5.17: (a): x-z-scan at 800 nm (bright SPP mode) indicating the positions (circles)
at which local spectra are plotted. (b): Spectra at the lateral position (I) for a distance of
50 nm (blue) and in tip-sample contact (red). (c): The equivalent at the lateral position (II).
Differential spectra for the approach at (I) (green) and (II) (black), highlighting different
changes in the relative peak heights. (d): Differential spectrum at (III), revealing a small
blue shift of the narrow resonance. (e): Differential spectrum at (IV), revealing a small
red shift of the narrow resonance.

5.4.2 Discussion
These observations are a result of several effects, in which the tip-sample coupling
plays an increasing role. They can be categorized as spectral changes that

• are also present in the fields in the absence of the probe [0th order, “uncou-
pled”].

• can be attributed to a sample-induced modification of the spectral scattering
efficiency of the probe (surface dressing) [1st order, “renormalizable”].

• further result from a modification of the resonant sample modes due to the
presence of the probe [2nd order, “invasive”].

The different orders are not introduced in a strict mathematical sense, but rather
indicate the different complexities of the respective couplings. The zeroth order
is trivial, i.e., no coupling is involved. The subsequent paragraph will give an ex-
ample of such spectral changes. The first order coupling describes changes that
are mainly due to modifications of the response of the tip alone. Specifically, the
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Figure 5.18: The interference between
propagating and evanescent components
of the optical near-field can be probed by
comparing spectra for the approach at lat-
eral positions near the slits (I) and be-
tween the slits (II).

image dipole contribution to the probe polarizability [see Sec. (2.2.6)] alters the
scattering cross-section and thus the signal detected in the far-field. Such effects
are expected even for arbitrarily small probe dipoles and could in principle be re-
moved from the measured data by a spectral normalization, if the surface dressing
were sufficiently well-characterized for a particular tip.16 In contrast, the second
order effects will come in, when a significant fraction of the surface waves reach-
ing the probe is backscattered to interact again with the surface polarizabilities.
The resulting multiple scattering will have to be solved in a self-consistent theo-
retical approach taking into account the probe and the specific sample geometry.
Although these two couplings can be physically distinguished in some situations,
they will never appear completely independently of each other.

Peak Shifts from Interference

Not all observed peak shifts in near-field spectroscopy need to be related to tip-
sample coupling effects. In some cases, a plain interference between the relevant
near-field modes is inherent to the sample and can result in spectral variations,
which may be hard to distinguish from tip-sample couplings.

For example, the interference between the SPP modes and the directly trans-
mitted light through the nanoslits leads to a distant-dependent peak shift in the
near-field for approach curves taken at lateral positions close to the slits. Fig-
ure 5.18 schematically depicts the measurement of two approach curves for lat-
eral positions at which the bright mode is strong in the scattered signal from the
coated fiber tips, i.e., near the slits (I) and in the center between the slits (II) [see
Sec. (5.2.2)].

The theoretically expected distance-dependent near-field spectra at positions
(I) and (II) are displayed in Figs. 5.19(a) and (c), respectively. At each distance,
the color-coded images are normalized to the mean spectral intensity for better
visibility. Individual near-field spectra are plotted in Figs. 5.19(b) and (d) for
distances of z = 200 nm (blue) and z = 0 nm (red). For the first approach ((b), I),

16In our case, the surface dressing would be quite similar to that of a plane gold surface.
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Figure 5.19: Computed distance-dependent near-field spectra (|Hy|2 from the modal ex-
pansion method) showing shifts in the observed bright SPP peak. At each distance, the
spectra are normalized to the mean value in the wavelength window shown. The color-
coded images contain the normalized distant-dependent spectra at the lateral position of
the slit (x = 0 nm in (a)) and in the center between the slits (x = 375 nm in (c)). The
individual spectra correspond to distances of z = 200 nm (blue) and z = 0 nm (red). A
significant peak shift is only observed for x = 0 nm in (b).
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taken near a slit, the simulation yields a clear spectral variation of the broad SPP
peak with a pronounced red-shift in the last 200 nm from the surface (solid line as
a guide to the eye). In contrast, very small spectral variations are predicted close
to the surface for the approach between the slits (II), see Fig. 5.19(d).

The corresponding experimental data are shown in Figs. 5.19(e)-(h), display-
ing very similar behavior.17 A spectral red-shift of the broad SPP peak is observed
close to the surface when the approach is performed near the slit [Figs. 5.19(e) and
(f)], while only very minor spectral shifts are found upon approaching the surface
between the slits [Figs. 5.19(g) and (h)].18

The above peak shifts on length scales of z > 100 nm originate from interfering
components of the optical near-field. The spatial phase slip, proportional to ei ω

c z,
of the fields radiated away from the slits leads to a z-dependent relative phase
between this component and the SPP mode with a phase that is (very close to)
constant with respect to z. Also for the far-field transmission spectra, the relative
phase between the continuum and the resonance is the essential parameter for the
asymmetry of the Fano lineshape [Sec. (4.2.2), Eq. (4.3)], so that the variation of
the relative phase along z directly results in the observed peak shifts.

Tip-Sample Couplings

Other spectral modifications upon the approach of resonant modes by a near-field
tip are a result of tip-sample couplings. A proper three-dimensional and vectorial
theoretical modeling of our system, including the tip geometry, is a quite compli-
cated task and certainly beyond the scope of the present thesis.

Instead, we consider again the simplified scalar radiative coupling model in-
troduced earlier in Sec. (4.4), where the slits were treated as point polarizabilities
coupled via SPP excitations and through the nanoslits. Within this model, the
probe can be incorporated as an additional polarizability, in an attempt to simulate
an actual near-field experiment. This is sketched in Fig. 5.20. Along with the
probe, its image polarizability needs to be included, which leads to surface dress-
ing, as discussed in Sec. (2.2.6). The scattering of the surface plasmon modes at
the probe introduces additional radiative coupling with the slit polarizabilities. In
this sense, the first order effect above is mostly related to the interaction of the
probe with its own image. On the other hand, the second order effect is a result
from single and multiple scattering between the probe and the sample polarizabil-
ities. This scattering will be strongly enhanced via the surface dressing, thus the
term second order.

17Recall the fact that larger linewidths were obtained in the simulations also for the far-field
spectra [Sec. (4.5.2)].

18The amplitude decrease of the narrow mode in tip-sample contact [Fig. 5.19(f)] is, however,
not predicted by the calculation.
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Figure 5.20: Addition of a probe
dipole to the array of point dipoles
introduced in Sec. (4.4). The ar-
rows indicate the radiative cou-
pling of the probe dipole with its
image and the sample dipoles.

As mentioned above, the near-field measurement can be modeled by inclusion
of the probe polarizability αpr. The recorded signal is then proportional to the
squared dipole moment of the probe |αprE(rpr)|2. The expression for the fields
at the probe position is given in Eq. (4.14). Now, also fields scattered at the probe
have to be included in the self-consistent treatment. The scattering of SPP waves
at the probe are included as an additional term in the Green’s tensor, Eq. (4.11), as

i
4

H(kAM|xl − xpr|)Θ(l−N/2), (5.5)

where H is a Hankel function [163]. Surface plasmon waves are emerging from
the probe with an amplitude proportional to αpr, propagating to the polarizabil-
ities αl on the upper surface of the structure. The planar geometry of the prob-
lem in principle requires an extension of the previous model to also the extruded
y-dimension. In this first, crude approximation to the full dipolar Green’s func-
tion [79], the radial decay of the circular SPP wave generated by the probe is
accounted for by the Hankel function, and in essence, SPP waves scattered by the
probe with a finite in-plane momentum in the y-direction are assumed to be never
backscattered to the probe, intuitively justified by the translational invariance of
the sample.

The image dipole of the probe leads to a surface dressing, effectively making
the probe polarizability a function of the distance from the nearly plane metal sur-
face, αpr(z). For an out-of-plane electric or in-plane magnetic dipole, induced in
the probe by the two dominant components of SPP fields at the surface, the scatter-
ing efficiency will be increased close to a metallic surface [cf. Sec. (2.2.6)]. Thus,
a scattering signal that increases stronger than the undisturbed fields is expected
for such dressed dipoles.

Self-consistent model calculations were performed including dressed probe
dipoles scaling as described in Sec. (2.2.6). Figure 5.21(a) shows the result of
calculations of the scattered intensity |αpr(z)E(zpr)|2 including only the surface
dressing (dotted), or calculating self-consistently the multiple scattering of the
probe with the sample (solid) for a 30 nm and a 70 nm perfectly conducting parti-
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Figure 5.21: (a): Simulated intensity scattered from two probe polarizabilities with radii
of 30 nm and 70 nm, including only the probe’s surface dressing in unperturbed sam-
ple modes (dotted) or including self-consistently the fields scattered at the probe. (b):
Experimental SPP scattering approach curves for two different Al-coated fiber probes.

Figure 5.22: Resonance shifts
of the dark mode observed with
three near-field probes corre-
sponding to different degrees of
invasiveness. The largest shifts
(red line) are found for an inten-
tionally damaged tip. (Gray line:
resonance wavelength in the far-
field).

cle.19 The curves are calculated for a lateral position close to the center between
the slits, at a wavelength of the bright mode, and were normalized to the intensity
at a distance of 200 nm. One clearly sees the drastically increasing scattering ef-
ficiency from the surface dressing [77] for the dotted lines. This increase in the
scattering efficiency, however, also leads to enhanced SPP-to-SPP scattering at
the probe, which eventually results in a decrease of the total scattered signal in the
self-consistent calculation. This enhanced scattering near the surface is expected
to also contribute to the reduction of the collection mode intensity [cf. Fig. 5.16]
in what one might call “near-field shadowing”.

These coupling-induced amplitude changes are accompanied by resonance
shifts. Because of varying SPP-to-SPP scattering efficiencies among different

19For simplicity, the surface dressing equation for a perfectly conducting surface is used.
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Figure 5.23: Top: Lateral dependence
of the dark mode resonance shift from
a distance of z = 1000 nm down to tip-
sample contact (z = 0 nm). Bottom:
Computation for a 100 nm diameter par-
ticle, displaying a similar oscillatory be-
havior with weaker resonance shifts.

probes, the magnitude of resonance shifts was found to depend on the size of the
scatterer, which is illustrated in Fig. 5.22. The resonance shift of the dark mode
is plotted as observed for three different scattering tips20 at about the same lateral
position in the unit cell (x≈ 50 nm). The curves display similar shapes, but differ
in amplitude. The largest shift (red curve) is observed for a tip which had been
mechanically enlarged by exerting pressure from the front, i.e., by a controlled
“crashing” of the tip on a glass substrate. This method can be quite reproducible
if performed carefully, and it is also used to create apertures in coated fibers used
for collection mode NSOM [47]. Increasing the probe size and with it its scatter-
ing dipole moments not only increases the intensity scattered into the far-field, but
also leads to increased in-plane SPP scattering and thus to larger spectral shifts.

The magnitude and sign of the resonance shifts depend on the lateral po-
sition in the unit cell of the plasmonic crystal, resulting in an oscillatory de-
pendence of the resonance parameters on the in-plane coordinate x. For the
most invasive probe, the change of the two resonance wavelengths are plot-
ted in Fig. 5.23. Here, the resonance shift is displayed as the difference be-
tween the wavelengths in tip-sample contact and at a distance of 1000 nm, i.e.,
∆λ = λ (x,z = 0 nm)− λ (x,z = 1000 nm)), for the bright mode (gray) and the
dark mode (black). The oscillatory curves demonstrate that this probe locally
modifies the observed band gap. Specifically, compared with the far-field exper-
iments, the band gap is reduced at x = 500 nm (blue-shift of the bright mode,
red-shift of the dark mode) and expanded at x = 0 nm.

Qualitatively similar dependencies are found in the self-consistent model cal-
culations, as depicted in the lower graph of Fig. 5.23, namely a distance-dependent
resonance shift and the resulting periodic variations of the splitting between the
two resonances. Essentially, the scattering probe acts as a moveable defect in

20All three tips are Al-coated fiber tips.
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the unit cell that introduces additional coupling among the SPP Bloch modes [cf.
Sec. (4.3.3)]. Thus, it leads to a local modification of the observed SPP band
gap, resulting, e.g., in modifications the mode spacing. Along with these changes,
linewidth and amplitude variations were observed, both experimentally and the-
oretically, with magnitudes also scaling with the scattering dipole moments. A
more detailed discussion of these observations and further theoretical computa-
tions would go beyond the scope of this thesis.

These calculations, performed for a 100 nm radius particle, do not yet quanti-
tatively describe the experimental data, something that could likely be improved
by optimizing the size or shape of the modeled scatterer or by adopting a specific
spectral response for the probe. Up to now, we have only developed a simple
scalar model, which was solved numerically, accounting self-consistently for the
tip-sample interferences. A full three-dimensional treatment is expected to yield
a significantly better understanding of these coupling phenomena, which will be
necessary for a tailoring of the local plasmonic band gap by controlled insertion
of point defects.

Measurements with a moveable scattering center, such as the ones presented
here, could provide a direct means for quantifying the relevant nanoscopic elec-
tromagnetic coupling constants. We will attempt this in the near future with the
experimental results at hand. At this point, we leave the discussion with two main
assertions. Firstly, small probe dipoles result in only marginal alterations of the
spectral and spatial structures. This demonstrates that a quite non-invasive imag-
ing and spectroscopy of these systems is possible. Secondly, multiple scattering
between larger probe dipoles and the sample polarizabilities results in proximity-
enhanced and laterally periodic modifications of the local SPP resonance param-
eters, specifically the band gap properties.

5.5 Launching Surface Plasmons Onto Nanotips
This section presents a separate investigation dealing with the concept and imple-
mentation of a new form of local light source, which is, however, based on some
of the principles encountered previously. In this study, the delocalized properties
of SPP excitations on flat metallic surfaces are merged with the light localization
at highly curved geometries. Specifically, a traveling SPP wave will be converted
into a localized excitation of a sharp metallic tip.

It has been mentioned before [Sec. (5.2.2)] that the linear and elastic scat-
tering from sharp metallic probes is complicated by background light scattering,
for example from the tip shaft. Problems of this kind also arise in experiments
where an external far-field illumination is focused onto a tip in order to provide
a local excitation. Such a scattering background may not pose great difficulties
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Figure 5.24: (a): Scanning electron microscope image of a metallic tip prepared with
a grating coupler on the shaft. (b): Principle of the nonlocal excitation of the tip apex.
Far-field radiation excites surface plasmon polaritons on the grating, which propagate to
the tip end and reradiate.

in experiments where the signal depends nonlinearly on the intensity or where
the signal is spectrally shifted with respect to the excitation [206]. Other exper-
iments, e.g., local broadband absorption spectroscopy [53], heavily rely on low
background levels. Experiments with aperture illumination can provide this, but
suffer from low throughput efficiencies.21 It would therefore be highly desirable
get the low background levels of an aperture probe with the high field intensities
of an apertureless probe, ideally in the absence of dispersion.

Surface plasmon polaritons may offer a route to such an efficient local illu-
mination via the tailored excitation and propagation of SPPs on metal waveg-
uides [180, 207]. We intend to implement a new form of nano-focusing that is
based on the geometrical focusing of SPPs traveling on the shaft of a near-field tip
acting as a tapered SPP waveguide. In such a geometry, large field enhancements
have been theoretically proposed [208], although a very efficient optical excitation
of SPPs on a metallic conical tip has not yet been achieved. Here, we realize a
local femtosecond light source based on the focusing of SPPs on nano-fabricated
metallic tips with radii down to 10 nm. By the use of focused ion beam milling,

21In addition, dispersion limits temporal resolution with fiber probes to the range of several
hundred femtoseconds.
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Figure 5.25: Series of microscope images recorded for illumination of the tip at the four
positions indicated in Fig. 5.24(b). Image (2) demonstrates the nonlocal excitation of the
tip end by illuminating the grating. The absolute intensity scattered from the very end of
the tip in image (2) reaches about half of that under direct tip illumination.

one-dimensional gratings are written onto the tip shaft, several micrometers away
from the apex. Illumination of the grating with a broadband laser leads to resonant
excitation of SPPs, which travel to the tip apex and are reradiated.

A scanning electron microscope image of one of the nanofabricated metallic
tips is shown in Fig. 5.24(a). It is an electrochemically etched gold tip [186] with a
radius of curvature at the tip apex of roughly 20 nm and an opening angle of about
15◦. Periodic structures on metallic surfaces allow for the resonant excitation of
SPPs via grating coupling [1]. We intend to make use of this effect by writing
a linear grating with a periodicity of approximately 750 nm onto the tip shaft by
focused Ga ion beam milling. Such gratings have been prepared on a number of
tips with different tip shapes and distances from the tip end.

The tip is illuminated with light from the 7-fs Ti:Sapphire laser oscillator [see
Sec. (2.1)]. The light pulses are focused onto the tip shaft, roughly perpendicular
to the grating [see Fig. 5.24(b)] with a microscope objective (numerical aperture
0.4, working distance 16 mm) to a spot size of roughly 5 µm. The light scattered
from the tip out of the figure plane is collected with a second objective and imaged
either onto a video camera or the entrance slit of a monochromator. The illumi-
nating microscope objective is placed on a piezo scanner, allowing for a precise
positioning of the optical focus on the tip.

Images of the light scattered from the tip are recorded for various positions
of the illumination on the tip. In Fig. 5.24(b), different characteristic illumination
positions are labeled by the numbers (1) to (4), referring to illumination on the
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grating far from the tip end (1), on the grating closer to the tip end (2), between
the grating and the tip end (3), and directly on the tip end (4). The corresponding
scattered light images are shown in the image series of Fig. 5.25. For illumination
on the left end of the grating, strong scattered light is observed from the grating
itself (1). Moving the focus to the right on the grating, one observes a strong sig-
nal from the tip end (2). This directly reflects the reradiation of SPPs excited on
the grating, which traveled towards and converged in the tip apex, as illustrated in
Fig. 5.24(b). Such an image is obtained only for polarization perpendicular to the
grooves, i.e., for the polarization in which SPP excitation is possible [1]. We have
observed this strong nonlocal tip excitation for several of such nano-fabricated
tips, and the best results were found for tips with minimal surface roughness be-
tween the grating and the tip apex.

Further movement of the illumination towards the tip apex and off the grating
results in a disappearance of this light spot (3) due to a lack of efficient SPP
excitation on the tip shaft. In image (4), the tip apex is directly illuminated, and
scattered light is found from a region close to the tip end.

It is important to note that the maximum intensity of the scattered light in (4)
is not at the very end of the tip, in stark contrast with (2). For illumination with
far-field light, the scattering cross-section depends on the illuminated metallic
area. Towards the apex, the tip is much thinner than the optical focus, so that
the intensity scattered from the apex becomes small compared with the somewhat
thicker region close to the tip end. Moving the focus further to the right and
eventually away from the tip does not shift the scattering pattern, but only results
in a decrease of the scattered intensity.

This observation has two main consequences. First, it clarifies that the emis-
sion in (2) is indeed stemming from an area much smaller than the optical focus
and the light wavelength. Second, it demonstrates the physical difference in the
excitation conditions underlying the images (2) and (4). Whereas image (4) is a
result of far-field excitation and scattering, evanescent surface waves are responsi-
ble for the excitation of the tip apex in image (2). The SPPs excited in the grating
likely travel all the way to the tip end before they are reradiated, which will have
to be proven by future near-field experiments. Due to this fundamentally different
form of tip excitation, light localization at the apex is achieved in the linear opti-
cal regime, i.e., with arbitrarily small excitation power. Often, the enhancement
of optical nonlinearities at the tip apex has to be employed to obtain strong light
localization [184, 194–196].

In the following, the resonant nature of this nonlocal excitation of the tip apex
is discussed. In the experiments, the optimum condition for the tip excitation
was found for slightly de-focused illumination on the grating, which resonantly
enhances the coupling efficiency to SPPs [165]. Depending on the angle of in-
cidence, different SPP frequencies can be excited. This behavior is measured by
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Figure 5.26: Recorded spectra from the tip end for different excitation conditions (angles
of incidence) on the grating. A shifting and broadening of the spectra is observed for
varying the angle of incidence by only few degrees. Similar behavior is found within a
simple discrete dipole model (inset).

spectrally resolving the light scattered from the tip apex under illumination of the
grating. In Fig. 5.26, three scattering spectra are displayed for different angles of
incidence. The spectra are normalized to the laser spectrum. One observes clear
resonant features at wavelengths of 720, 740 and 760 nm, close to the grating
period, which is expected for an SPP resonance on a grating. The three angles
of incidence are near the normal, with a difference of about 2◦ between them.
The absolute angle of incidence could not be exactly determined in the experi-
ment, due to a lack of a well-defined specular reflex from the tip shaft. The strong
dependence on the excitation conditions evidences that this tunable resonant be-
havior is indeed an effect of the collective excitation of the grooves and not a pure
resonance of the tip itself [186].

Model calculations were performed for a scalar discrete dipole model with
SPP scattering [181], in which the grooves at the grating and the tip apex are
simulated as point dipoles, using the same method as in previous computations
within the radiative coupling model introduced in Sec. (4.4). The incident fields
are impinging on the grating alone, and the resulting field at the apex is self-
consistently calculated as a function of wavelength and angle of incidence. The
inset in Fig. 5.26 shows the results of these calculations for angles of incidence of
3.5◦ (red), 4.5◦ (black) and 6.5◦ (blue), leaving the polarizability of the grooves
as a free parameter. The qualitative agreement between these model calculations
and the experimental results supports the interpretation of the grating resonance
effect.
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Interesting questions concerning the dynamics of this new local light source
arise. The SPP resonances on such gratings are radiatively broadened [13], with
SPP lifetimes ranging from few tens to few hundreds of femtoseconds [127] [see
Ch. 4]. In this case, the resonance width is mainly determined by radiative cou-
pling and by the number of grooves present and illuminated on the tip. Fur-
thermore, the particular shape of the grooves, which can act as resonant cavi-
ties, may influence the resonant excitation. The experimentally found linewidths
suggest the possibility of launching SPP wavepackets of a duration on the or-
der of 10 fs onto the tip shaft. Theoretical results indicate that significant chirp
may be acquired by an SPP wavepacket upon propagation on a tapered conical
waveguide [208]. In that case, previous dispersion compensation will have to be
applied to achieve the shortest possible pulses at the tip end. Further experimental
work will be necessary to resolve this issue, e.g., by investigating the frequency-
converted light generated at the tip apex [184, 185, 194, 196]. This will also help
to quantify the absolute local intensities at the tip apex and the achievable field
enhancements in this tapered waveguide [208].

In conclusion, the possibility of an effective nonlocal excitation of the apex of
a sharp metallic tip by virtue of grating coupling has been demonstrated. Tunable
resonances are found in the spectrally resolved light scattered from the tip apex.
Such nano-fabricated tips will serve as a useful nano-scale light source in illu-
mination apertureless microscopy and spectroscopy, in particular because of the
spatial separation of the grating excitation from the tip apex.



6 Femtosecond Electron Emission
from Metal Tips

This chapter covers experimental results on a novel source of femtosecond elec-
tron pulses. Localized free electron emission is observed from sharp metallic tips
as the ones used in the previous experiments. The emission, confined to the tip
apex due to field enhancement, is found to originate from fourth-order multipho-
ton processes. The effective nonlinear order can be reduced by the application of
a negative bias voltage, increasing tunneling from lower excited electronic states.
Bias voltage dependent experiments show that the electron emission stems from
a highly excited non-equilibrium carrier distribution, which in turn demonstrates
that the emission occurs on a time scale of few femtoseconds, shorter than the
electron thermalization time. Finally, the high sensitivity of the electron emis-
sion on the local dielectric environment is used to introduce a new form of scan-
ning probe microscopy, realized as the tip-enhanced electron emission microscope
(TEEM).

Before the experimental results are shown, the following two sections further
motivate this work [Sec. (6.1)] and recall relevant mechanisms of electron emis-
sion [Sec. (6.2)] that will be important for the subsequent discussions.

6.1 Motivation

Ultrafast electron diffraction [209–211] and microscopy [212, 213] are fascinat-
ing approaches to the study of microscopic structural changes with picosecond
or even sub-picosecond temporal resolution. Together with femtosecond x-ray
diffraction [89, 214], these emerging techniques promise unparalleled insights
into the physics and chemistry of ultrafast processes.

In all ultrafast electron experiments, similar physical difficulties are encoun-
tered that complicate the achievement of very short electron pulse durations.
These problems originate in the propagation of the electrons from the source to the
sample [215]. Specifically, temporal smearing of the electron pulses generated in
a femtosecond photocathode occurs due to an initial kinetic energy spread among
different electrons, and due to the mutual repulsion of electrons, if low repetition
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rates in an experiment require large particle numbers in the individual pulses.
Such difficulties are currently overcome by the development of sophisticated

and small (few cm) femtosecond electron guns capable of delivering keV elec-
tron pulses of durations down to 400 fs,1 recently measured with a novel optical-
electronic cross-correlation technique [216, 217].

Despite such substantial progress, the development of alternative sources for
femtosecond electron pulses will be essential in order to reach the regime below
100 fs [218]. Furthermore, a higher spatial coherence of new sources is very
desirable, being currently limited by the optical spot size in a photocathode of
larger than 1 µm. Here, such an alternative approach pursued, in which ultrashort
electron emission of single electrons is induced from individual metallic nanotips
at the high repetition rates of a laser oscillator.

A number of previous works have dealt with light induced free electron emis-
sion from sharp metallic tips similar to those also employed for DC emission
in scanning tunneling [41] or field emission electron microscopes [219]. For
example, nanosecond and picosecond optical pulses were used to induce elec-
tron emission from a tungsten tip [220], and material ablation was found with
ns optical pulses from tips with 1 µm tip radii and for tip bias voltages up to
50 keV [221, 222]. More recently, 100 fs pulses from an amplified kHz laser were
used to emit electrons from a tungsten tip, which were then funneled through a
micro-capillary for spatial localization [223].

The work most closely related to ours is that of Peter Hommelhoff et al.,2 who
studied electron emission from tungsten tips by the use of 65 fs laser pulses in the
presence of tip bias voltages in the kV range [224]. At moderate peak powers and
for sharp tips, the authors attributed an electron emission that linearly depended
on the incident laser power to tunneling emission followed by single-photon ab-
sorption (“photofield emission”). At higher peak powers and for a broken tip
displaying some surface roughness, a nonlinear dependence on the laser power
was found, interpreted as optical field tunneling emission from states close to the
Fermi energy (see below).

Hommelhoff et al. argue that both of these processes should be prompt with
respect to the incident laser pulses [224]. In the case of photofield emission, how-
ever, this assertion does not take into account the carrier dynamics in the tip af-
ter the optical absorption, which results in significant charge densities above the
Fermi energy even after the light pulse. Optical field emission is by definition
only possible during the laser pulse, but it has yet to be demonstrated that this
is in fact occurring under given experimental conditions, since a number of other
processes exist that also scale nonlinearly with the incident power but need not

1Group of Prof. R. J. Dwayne Miller at University of Toronto.
2Group of Prof. Mark A. Kasevich at Stanford University.
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Figure 6.1: Electron emission processes from metals. (a): Standard photoelectric effect.
(b) Fowler-Nordheim tunneling. (c) Multiphoton photoelectric effect. (d) Optical field
emission.

lead to prompt electron emission.
Thus, more needs to be found out about the underlying emission processes and

the time scales on which they are occurring. Furthermore, the question remains,
if such localized electron emission can also be achieved in the absence of high
bias voltages. This would be one prerequisite for using the localized electron
emission in imaging applications, where a sample is in nanometer proximity of
the tip. This chapter contains experimental results and discussion with regard to
these questions. We proceed with a brief summary of different electron emission
processes involving static and optical fields.

6.2 Electron Emission from Metals
Metals are characterized by a finite density of electronic states at the Fermi energy,
which is the energy up to which the electronic levels are filled. The Fermi energy
in metals is typically several electronvolts below the vacuum level (about 5 eV in
the case of gold), which means that the electrons are bound to the material with
at least this binding energy. Electrons can be emitted from metals in various ways
involving electric or electromagnetic fields. Figure 6.1 depicts some of the asso-
ciated processes, ordered roughly with respect to their experimental appearance
and theoretical understanding.

Photoelectric Effect
In the well-known photoelectric effect (a), first observed in the late 19th century
and first explained by Einstein [225], an electron escapes a metal after absorp-
tion of a photon of energy h̄ω larger than the work function Φ. The photoelectric
effect can be defined as a three-step process [226, 227], in which the absorp-
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tion event is followed by propagation to the surface and eventually transmission
into the vacuum. Upon propagation to the surface, the electron experiences elas-
tic and inelastic collisions (electron-phonon, electron-electron, electron-defect),
corresponding to energy and momentum redistributions. Alternatively, photoe-
mission is described in terms of a direct optical transition between an electronic
state confined to the solid (bulk or surface state) and a vacuum state leaking into
the solid. For more details, the reader is referred to Ref. [227].3

Field Emission
The so-called Fowler-Nordheim tunneling (b) [229] involves the application of a
high negative static bias voltage to a metal. If the resulting surface electric field is
large enough to correspond to a potential drop of several Volts over a distance of
a nanometer or less, quantum mechanical tunneling of electrons from filled states
at and below the Fermi energy becomes possible.

Within the WKB approximation [230], the transmission coefficient of an elec-
tron of energy E through the triangular barrier of height Φ−E created by a surface
electric field F is [229]

T (E) = exp

(
−4

√
2m(Φ−E)3/2

3h̄eF

)
. (6.1)

Here, we have set the original Fermi energy to zero, so that the we can use the
work function Φ as a parameter. This function can be integrated over the filled
density of states of the metal, yielding the tunnel current density j. If image charge
effects of the tunneling electrons are taken into account [229], j is expressed as

j =
e3F2

16π2h̄Φt2(y)
exp

(
−4

√
2mΦ3/2v(y)
3h̄eF

)
. (6.2)

Here, v and t are elliptical dimensionless Nordheim functions of the variable y =
e3/2

√
F/4πε0/Φ (see Ref. [229] and corrected expressions in Ref. [231]). t2(y)

is a slowly varying function often set to a value of 1.1, and v(y) is frequently
approximated as v(y) = 0.95− y2 [232, 233]. The overall tunneling current J is
the surface integral over the current density j.

Multiphoton Photoelectric Effect
With the emergence of short-pulse lasers of high peak intensities, the nonlinear
regime of photoemission became accessible [234, 235]. In multiphoton photoe-

3Due their initial appearance in the theoretical description of low-energy electron diffraction
(LEED), such states are also called “time-reversed LEED-states” [228].
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mission (c), a number of photons of an energy, which may be smaller than the
work function, are absorbed by the same electron. If the sum of the photon en-
ergies h̄ω of N photons is larger than the metal work function Φ, an N-photon
emission process can be observed, ideally possessing a laser power dependence
of the electron current of J ∝ PN [234, 235]. A number of effects can alter this
power dependence, for instance space charge effects [236] or a recently suggested
photoelectric anomaly in layered structures [237]. Multiphoton processes can oc-
cur in a stepwise or a coherent form [238, 239]. Due to the rapid dephasing (or
momentum relaxation) of excited electrons in metals [240], stepwise processes
within the optical pulse duration tend to dominate for pulse lengths longer than a
few femtoseconds [239]. In this work, 7-fs pulses are used for multiphoton elec-
tron emission, so that both coherent and stepwise processes must be considered.

Optical Field Emission
In the case of multiphoton emission, the lowest nonlinear order giving rise to elec-
tron emission is the dominant one, so that in this perturbative regime, the power
series of nonlinear polarizations can be truncated at the respective order [241]. For
larger optical intensities, higher-order nonlinearities significantly contribute to the
electron emission. An early observation of this so-called above-threshold ioniza-
tion (ATI) from Xenon atoms is reported in [242], which could still be treated
in a perturbative way. At even larger peak powers, the optical electric field can
become large enough to allow for tunneling of electrons within one optical half-
cycle (d) [243, 244]. The transition between the multiphoton-regime and this
optical field emission is quantified in terms of the Keldysh parameter [243]

γ =

√
Φ

2Up
, (6.3)

where Up is the ponderomotive potential, calculated from the trajectory of a free
electron in a time-varying electric field:

Up =
e2I

2mcε0ω2 . (6.4)

Here, I is the light intensity, m is the electron mass and ω is the optical frequency.
For γ � 1, multiphoton processes dominate, while the tunneling regime is defined
by γ � 1. This strong-field regime is now reached by modern mode-locked lasers,
which have opened the door for the field of attosecond physics [245–250]. Usu-
ally, these works deal with atomic or molecular systems in the gas phase. In solid
state systems, clear signatures of ATI are still the exception. The typical increased
kinetic energy of the emitted electrons in ATI has recently been reported from a
silver (100) surface [251].
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Figure 6.2: Typical dynamics of the electron distribution in metals under ultrafast op-
tical excitation. The features of the distribution functions are somewhat exaggerated to
illustrate the effect of thermionic emission.

Thermionic Emission

In addition to the above effects, electron emission can be induced by purely ther-
mal effects following laser irradiation, even at pulse energies which are not suffi-
cient to heat the entire solid to temperatures, at which thermal emission is found.
In order to explain this, we qualitatively discuss the dynamics of the electronic
system in metals following femtosecond laser excitation.

Before the excitation, the distribution function corresponds to a Fermi-Dirac
distribution at room temperature (300 K). The intense optical pulse transfers car-
riers above the initial Fermi energy, leaving the system in a non-equilibrium state.
Electron-electron-scattering results in a rapid thermalization on a time-scale of
few to few tens of femtoseconds, which occurs partly already within the pulse
duration. Due to the comparatively small heat capacity of the electronic system,
temperatures of several thousand Kelvins can be reached in this transient state.
During this time, a fraction of the carriers will have energies above the vacuum
level and can be emitted from the metal. This is called thermionic emission. On
the picosecond time scales of the electron-phonon equilibration, the electronic
system looses a major portion of its energy content to the lattice and cools down.
Two-temperature models for the electron and phonon subsystems [252] are used
to account for such carrier-lattice dynamics. It should, however, be noted that such
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Figure 6.3: (a): Experimental setup for the detection of nonlinear frequency conversion
from a metallic tip. Optical pulses from a fs-laser are focused with a Cassegrain mirror
objective onto the tip. An image is obtained by scanning the tip through the laser focus and
by detecting the spectrally dispersed backscattered light. (b): Spectrum of the frequency-
converted light for one of the tips, consisting of a second-harmonic contribution and a
broad continuum.

a description in terms of thermalized distributions does by definition not account
for effects occurring on time scales shorter than the electron thermalization time.

6.3 Enhancement of Optical Nonlinearities at the
Tip

In the previous chapters, we have encountered the polarizability of a sharp metallic
tip a number of times. For instance, it has been shown in Ch. 5 that the scattering
of surface plasmon polaritons from a sharp gold tip is sensitive to the SPP’s out-of-
plane component of the electric field. One disadvantage in such linear scattering
scenarios are the small scattering cross-sections of small objects, so that the field
enhancement of a sharp tip is sometimes at the cost of a reduced linear scattering
cross-section. This deteriorates the signal-to-background ratio and therefore com-
plicates the respective experiments. One possibility to overcome these limitations
has been demonstrated in Sec. (5.5), where a specifically designed probe based on
a novel form of near-field SPP focusing was introduced.

In this section, it is shown that, by going to the regime of nonlinear optics, the
above problems in linear experiments can disappear entirely, and that the prop-
erties of such metallic tips may be completely dominated by the very end of the
tip.

We begin by looking at the scattering of light from a sharp gold tip, which was
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Figure 6.4: Strong localization of optical frequency conversion at the apex of a gold
tip (indicated by the white lines). (a): Back-scattered fundamental laser light. (b):
Frequency-converted light confined to the tip apex.

electrochemically etched to a radius of curvature of about 20 nm. Illumination of
such a sharp tip with femtosecond light pulses results in nonlinear frequency con-
version [184, 185, 194, 195]. We measure this optical frequency conversion in the
experimental configuration shown in Fig. 6.3(a). A given tip is illuminated with
femtosecond light pulses from a Ti:Sapphire oscillator, linearly polarized along
the tip axis, focused down to a spot size of 1.5 µm by a reflective Cassegrain
microscope objective (numerical aperture 0.4, working distance 10 mm). Com-
pared with conventional refractive objectives, such a mirror objective has the great
advantage of very little spectral dispersion, which is essential for the efficient gen-
eration of nonlinear optical signals. The tip is mounted on a piezo scanner which
allows it to be raster scanned through the laser focus in the plane perpendicular
to the optical axis. The backscattered light is separated from the incoming laser
by a dichroic beam splitter, dispersed in a monochromator and detected with a
liquid nitrogen cooled charge coupled device camera (CCD), yielding a spectrum
at every point in the scanning routine.

An exemplary spectrum of the frequency-converted light for one of the tips
is shown in Fig. 6.3(b). The generated light is typically composed of the second
harmonic of the laser pulses (at wavelengths around 450 nm) and a broad con-
tinuum in the range between 450 and 700 nm, which is likely due to two-photon
induced luminescence [194]. The relative amplitudes of the second harmonic and
the continuum contribution vary for different tips, which likely originates in dif-
ferent microscopic tip structures and/or crystalline orientations at the tip apex.

Some amount of the fundamental laser light scattered back from the tip and
transmitted through the dichroic beam splitter serves as a reference. The image in
Fig. 6.4(a) shows this backscattered laser light as a function of the focus position
on the tip over an area of 10× 30 µm2. The image clearly resembles the tip
shape, which is indicated by the white lines. Close to the tip end, where the tip
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Figure 6.5: Experimental setup of the si-
multaneous detection of electron emission
and nonlinear light generation. The setup
shown in Fig. 6.3 has been placed in a
vacuum chamber, and the optical pulses
are coupled into the chamber through a
thin quartz window. The emitted elec-
trons are detected with a micro-channel-
plate (MCP). An arbitrary bias voltage U
can be applied to the tip.

becomes thinner than the laser focus, the scattered intensity decreases due to the
limited linear scattering cross-section. The image in Fig. 6.4(b), displaying the
photon rate detected in the wavelength range outside of the laser spectrum, looks
remarkably different. One observes an intense concentration of this nonlinear light
generation at the very end of the tip. This localization of the frequency-converted
light is a direct consequence of the enhanced field present at the tip apex.

6.4 Electron Emission from the Tip Apex
Recently, it has been demonstrated by Kubo et al. that two-photon electron emis-
sion microscopy (2PPEEM) is sensitive to local optical field enhancements and
can be used to image hot spots on corrugated metal surfaces [253]. The previous
section examined the optical nonlinearities leading to optical frequency conver-
sion, and we found that the tip geometry allows for the controlled excitation of
the tip apex as an individual hot spot, which suggests that also nonlinear polar-
izations of higher orders, leading to electron emission, will be localized at the tip
apex.

6.4.1 Localized Electron Emission
In order to study the possibility of inducing electron emission from such sharp
metal tips, the earlier experimental setup [Fig. 6.3] is modified and placed in a
high vacuum chamber with a base pressure of about 10−7 mbar [see Fig. 6.5]. The
femtosecond light pulses are coupled into the vacuum chamber through a 150 µm
thin quartz window. An electron detector consisting of two micro-channel-plates
(MCP) is placed opposite to the tip, and voltage pulses from the MCP detector due
to single electron events are counted with an electronic discriminator (not shown).
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Figure 6.6: (a): Spatial scan of the fundamental 7-fs laser light backscattered from a
sharp gold tip (dotted lines). (b): Nonlinear light generation localized at the very end of
the tip. (c): Simultaneous electron emission. (Images at U = 0 V.)

Figure 6.7: Fundamental, nonlinear light
and electron signal averaged along the x-
axis near the tip apex and normalized to 1.
The peak is narrowest for the electron
emission. The respective (Gaussian) peak
widths are 1.0, 0.65 and 0.54 µm.

A variable bias voltage U can be applied to the tip, but is left at U = 0 V for the
initial experiments.

Rather than only detecting the frequency-resolved backscattering, we now si-
multaneously detect the electron emission as a function of the focus position on
the tip. Figure 6.6 shows, as before, the fundamental laser frequencies backscat-
tered from the tip (a) and the frequency-converted backscattering (b), but now
also the detected electron current emitted from the tip in Fig. 6.6(c). The signal
is peaked at exactly the same position as the optical nonlinear light generation,
namely at the tip apex, providing evidence that the same optical field enhance-
ment is responsible for both kinds of emissions.

As mentioned earlier, the 1.5 eV photon energy is well below the gold work
function (5 eV), so that a linear photoemission is not possible with the laser spec-
trum used. Further indication that the electron emission is of a relatively high
nonlinear nature is obtained by analyzing the images in Fig. 6.6. The illuminat-
ing spot size, assessed from (a), is roughly 1 µm · 2 µm. In the image of the
frequency-converted light (b), the nonlinearity reduces the spot size over which
emission occurs, and the spot size is even further reduced in the electron emission
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Figure 6.8: Electron generation rate (logarithmic color scale) for an incident polariza-
tion parallel (a) and perpendicular (b) to the tip axis. For perpendicular polarization, the
electron emission from the tip apex is suppressed by more than two orders of magnitude.

image, as displayed in Fig. 6.7. This reduction in spot-size, being a direct con-
sequence of the nonlinear nature of the emission, is completely equivalent to the
improvement in spatial resolution one obtains in other types of scanning focus mi-
croscopes depending on nonlinear excitation, such as the two-photon fluorescence
microscope [254]. It should be noted that the emission area is still substantially
smaller than these micrometer dimensions. As will be shown Sec. (6.5.2), the
emission is actually confined to an area determined by the curvature of the tip.

6.4.2 Polarization Dependence
Before the nonlinearity of the electron generation is studied in further detail, we
first demonstrate that emission depends on the high directionality of the optical
susceptibility along the tip axis. In Fig. 6.8, the electron emission is shown for
polarizations of the incident light parallel (a) and perpendicular (b) to the tip axis.
In order to resolve finer details and to make the emission for perpendicular polar-
ization even visible, the images are shown on a logarithmic color scale covering
six orders of magnitude. In Fig. 6.8(a), the strong emission from the tip apex is
seen, in combination with the weak background from the tip shaft. (The imperfect
focus shape seen on a logarithmic scale is not relevant for the further studies.) For
perpendicular polarization, the emission from the apex is reduced by more than
two orders of magnitude, illustrating the polarization selectivity of the local field
enhancement. In addition, the qualitative nature of the background of the image
changes. While for parallel polarization, the background stems from the front face
of the tip shaft, the emission in perpendicular polarization resembles the border
of the tip shape. This is understood when considering that this emission is prefer-
entially occurring at sites of smaller field enhancement that are efficiently excited
when the electric field is pointing away from the surface.
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Figure 6.9: (a): Electron signal as a function of relative delay between a pair of phase-
locked laser pulses (interferometric autocorrelation). (b): Fourth-order power dependence
of the electron emission.

6.4.3 Multiphoton Photoemission

Physical insight into the origin of the emission is obtained by interferometric au-
tocorrelation [cf. Sec. (2.1.2)] and the power dependence of the emission. The
focus reduction mentioned in Sec. (6.4.1) already gives a first hint towards the
high nonlinearity of the electron emission. Further evidence of this is obtained in
the IAC shown in Fig. 6.9(a), where the electron signal is plotted as a function
of the relative delay τ between a pair of phase-locked pulses from the 7-fs laser
oscillator. A strong enhancement (>25) of the electron signal is found for zero de-
lay compared with the delay for times much longer than the incident pulses. For a
second order nonlinearity, this peak-to-baseline ratio should be 8, so that the larger
value found here is indicates higher nonlinear order. A quantitative extraction of
the nonlinear order of the emission from this peak-to-baseline ratio would require
a very accurately determined power ratio and almost perfect spatial overlap of the
two pulses on the tip. Very recently, the peak-to-baseline ration has been used as
a measure of the nonlinearity, although no assessment of the actual order has been
given [255].

We decided to perform a direct quantitative measurement by placing a contin-
uously variable neutral density filter, consisting of a thin glass slide and a met-
allization with various thicknesses, into the laser path and measuring both the
transmitted light and the generated electron current. In Fig. 6.9(b), the electron
emission current J is plotted as a function of the incident power P on a double-
logarithmic scale. The graph shows a straight line with a slope of 4, i.e., the curve
can be expressed as log(J) = a + 4log(P). This is equivalent to J = 10aP4, so
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that the electron emission scales with the fourth power of the incident laser power.
This shows that the emission involves the absorption of four laser photons, either
in a step-wise or in a coherent four-photon process. The 5 eV work function of
gold is consistent with the absorption of four laser photons in the photon energy
range of 1.5 eV. It should be pointed out that a contribution of thermionic emission
based solely on single-photon absorption processes can depend on the incident
power also in a highly nonlinear way. We have, however, observed an extremely
high sensitivity of the electron emission on the dispersion of the incident pulses,
showing that the emission process scales nonlinearly with the peak power and not
only with the pulse energy, as would be the case for thermionic emission follow-
ing single-photon absorption. Furthermore, the bias voltage dependent emission
characteristics are inconsistent with a thermal carrier distribution, as will be shown
later. Thus, an important contribution of thermionic emission can be ruled out for
the experiments without exceedingly large bias voltages.

The knowledge of the underlying nonlinear order of the emission process al-
lows us to estimate the absolute field enhancement at the tip apex. Comparing the
emission rates from the tip apex with those from the tip shaft in Fig. 6.6, taking
into account the relevant areas, from which emission occurs, yields the local elec-
tric field enhancement with respect to the incoming laser field: α = |Eloc/Einc|.
The field enhancement factors from nonlinear light generation (P2 dependence)
and electron emission are about α = 15 and 10, respectively. These values can be
seen as lower limits to the actual field enhancement, since the reference region on
the shaft also contains some nanometer-scale roughness with a distribution of elec-
tric field hot-spots with increased optical nonlinearities. Still, these numbers are in
rather good agreement with theoretically predicted values (α ≈ 12) for gold tips of
similar sharpness [184]. It is expected that for these gold tips, a localized surface
plasmon resonance significantly contributes to the field enhancement [186].

Let us briefly come back to this IAC trace [Fig. 6.9(a)]. For a completely
coherent process depending in eighth order on the incident fields, a peak-to base-
line ratio of 125:1 is expected. The reduced value found in our case is likely due
to several factors. In order to obtain a mechanically very stable and dispersion-
free interferometer for the IAC, purely reflective optics including a split mirror to
separate the two beams have been used. This poses a certain limit on the spatial
overlap on the tip, somewhat reducing the peak-to baseline ratio. Furthermore,
the presence of ultrafast and incoherent stepwise four-photon processes [239] will
also reduce the obtained ratio.

It should be noted that the experimental IAC trace for the 7-fs pulses is a factor
of 1.5 longer than what is expected for an instantaneous fourth-order nonlinearity.
In addition to the stepwise processes mentioned above, this may be due to either
a small pulse stretching introduced by the focusing objective, or due to the finite
bandwidth of the field enhancement from a localized surface plasmon resonance
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Figure 6.10: Fowler-
Nordheim plot of the tunnel
emission of a gold tip
(circles) and a fit to a FN
dependence (line).

at the tip [186].
A more detailed analysis of femtosecond IAC traces under different excitation

conditions could yield valuable information on the energy and momentum relax-
ation of the excited carriers [240],4 but is outside the scope of the present work.
In the following, a variable negative bias voltage is applied to the tip, which also
yields more in-depth information on the femtosecond excitation of the tip.

6.4.4 Addition of a Bias Voltage
In the absence of laser radiation, the application of a negative bias voltage results
in Fowler-Nordheim (FN) tunneling [cf. Sec. (6.2)], and the current-voltage char-
acteristic can be used to calibrate the properties of the tip, i.e., to determine the
proportionality constant between a macroscopically applied bias voltage U and
the resulting surface electric field F . This depends mostly on the radius of cur-
vature of the tip, but can also vary with the distance of the tip from the anode.
Figure 6.10 shows the tunneling current of one of the tips used in the experiments.
The data is shown as a so-called FN plot, in which J/U2 is plotted on a logarith-
mic scale against 1/U , resulting in a straight line [see Eq. (6.2)].5 From the slope
of the data, a surface electric field of F ≈ 10−2 nm−1 U is deduced.

After such initial characterizations, the electron flux J is studied systemat-
ically as a function of incident laser power P and tip bias voltage U . Fig-
ure 6.11 shows a data matrix J(U,P) (a), together with curves at constant inci-
dent power (b) and constant Voltage (c). First, the power dependence for different
voltages [Fig. 6.11(c)] is discussed. At low bias voltages, we find, as before, a
fourth order power dependence. Raising the bias voltage results in a background

4It has been pointed out in Ref. [240] that such few femtosecond autocorrelation traces carry
a lot more information than the frequently used term “coherent artifact” from the superposition of
the incident fields suggests.

5Noticeable deviations from the straight line due to the function v(y) come into play only for
larger fields.
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Figure 6.11: (a): Power and voltage dependent electron emission. (b): Voltage dependent
curves. (c): Power dependent curves.

due to the FN tunneling mentioned above, and, most importantly, in a decrease
of the power dependence of the emission. At 880 V, the electron flux is only
slightly nonlinear with a power dependence ∝ P1.5±0.1 around P = 3 mW. The
gradual decrease of the power dependence, evaluated for the slope of the curves
around 3 mW, is plotted in Fig. 6.12(a). The curve starts at the value of 4 with
convex curvature, has an inflection point near 500 V and approaches 1 for larger
bias voltages.6 In Fig. 6.12(b), an explanatory tunneling scheme is depicted, to-
gether with the WKB tunneling probability T as a function of the state energy
for moderate (blue) and large (red) magnitudes of the bias voltage. For zero bias,
only electrons excited to states above the vacuum level can escape the metal. At
the high bias voltages, the multiphoton electron emission is complemented by
tunneling from lower-lying electron states populated by, e.g., linear absorption.
From the simultaneous frequency-conversion [Sec. (6.4)], we also have evidence
for significant two-photon absorption. Since both of these processes are of lower
order and the resulting populations are considerably larger than the four-photon-
absorption [239], the emission will be increasingly dominated by them with in-
creasing bias.

Generally, it is not trivial to make a direct assignment between a given non-
integer power dependence and the relative contributions of the different underly-
ing absorption processes. Also, a determination of specific initial states would
require further investigation, e.g., by photoelectron emission spectroscopy [256].
The redistribution of carriers due to the optical pulse itself and due to scattering
processes complicate a quantitative determination of linear and different multi-
photon absorption cross-sections. Rather than attempting such an analysis, we
intend to learn something about the carrier distributions resulting from different

6The DC field emission at P = 0 mW is subtracted from the curves for the determination of the
power dependence.
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Figure 6.12: (a): Slope of the double-logarithmic power dependence as a function of
bias voltage. (b): Illustration of the bias-voltage-induced reduction of the effective non-
linear order. Applying a bias voltage from zero (black) over moderate (blue) to high (red)
magnitudes, lower excited states increasingly contribute to the emission.

incident intensities. For this purpose, we consider the voltage dependent electron
emission. In Fig. 6.11(b), J(U) is displayed for four different incident powers
(circles). The gradual decrease of the power dependence from a fourth-order non-
linearity at low bias voltages towards linear emission at high voltages is evident in
the decreasing separation between the curves (logarithmic scale) with increasing
voltage.

We have mentioned earlier that the femtosecond excitation of the gold tip gen-
erates a transient carrier distribution with a pronounced population well above
the Fermi energy [236, 257]. For a given tip, the voltage-dependent electron
flux J(U,P) at a particular optical power P carries information on the underly-
ing energy distribution of excited carriers. In an extension of the conventional
Fowler-Nordheim approach, J(U,P) is given by an integral over the energy- and
voltage-dependent transmission coefficients T (E,U) times a distribution function
of the optically excited carriers f (E,P):7

J(U,P) ∝

∫
∞

0
dE T (E,U) f (E,P). (6.5)

Here, the emission probability T (E,U) of a state at energy E for a bias voltage
U is calibrated by the field emission tip characterization [Fig. 6.10]. Knowledge
of T (E,U) permits a reconstruction of the carrier distribution f (E,P) from the
measured functional dependence J(U,P). The function f (E,P) is a time average
over the transient nonequilibrium electron distribution during the course of the
emission process. No assumptions about the density of states are made, so that

7A similar expression for thermal carrier distributions is used in Ref. [258].
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Figure 6.13: (a): Composition of the carrier distribution f (E) as a sum of steps of height
g reaching up to energies E. (b): Schematic depiction of the different current-voltage
characteristics of a step reaching up to high energies (dark) and low energies (light gray).

f (E,P) describes absolute carrier densities.8

Mathematically, Eq. (6.5) is a contraction, which means that some information
is lost by the integration, and we cannot directly invert this equation to solve for
f (E,P). As a consequence, certain assumptions on f (E,P) have to be made, and
a reduced number of parameters should be employed to describe the distribution
function. It will, however, become clear that certain characteristic properties of
the carrier distribution can indeed be reconstructed.

Equation (6.5) is discretized and rewritten as a matrix equation in an attempt
to obtain an approximate solution for f (E,P). The variable U is naturally written
as a discrete vector with its components Ui, i ε {0,1, ..,50} denoting the volt-
ages Ui = i · 20 V from 0 to 1000 V, at which the electron emission is measured.
For the discretization in energy, the distribution functions are approximated as a
sum of step-shaped components reaching up to different energies, as depicted in
Fig. 6.13(a). In Fig. 6.13(b), the electron currents are schematically shown for
two components of different maximum energy, illustrating how an experimentally
measured current may be constructed from a weighted sum of a number of such
curves.

In the particular ansatz, somewhat rounded steps in the form of Fermi-type
functions with offset energies E j, widths ∆E and weights g j are used. The com-

8Under the assumption of constant density of states, this carrier density is proportional to the
population function.
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position of the distribution function then reads

f (E,P) = ∑
j

g(E j,P)

e−
E−E j

∆E +1
, (6.6)

where g(E j,P) is the coefficient of the carrier density in the box reaching up to the
energy E j [see Fig. 6.13(a)]. This transformation yields a matrix for the resulting
tunneling current at the voltage Ui for each of these j components via

S(E j,Ui) =
∫

∞

0
dE

1

e−
E−E j

∆E +1
T (E,U j). (6.7)

With these definitions, the desired matrix equation can be expressed as

J(Ui,P) = ∑
j

S(E j,Ui)g(E j,P). (6.8)

Least squares solutions for g(E,P) are calculated numerically by minimizing the
error functional

ε = ∑
i
|J(Ui,P)−∑

j
S(E j,Ui)g(E j,P)|2 (6.9)

for every incident power. The minimization is performed under the further con-
straint of non-negativity of the components of g.9 As a result of this constraint,
only non-inverted, i.e., monotonically decreasing distribution functions are cap-
tured, which excludes a strong resonant behavior at specific energies. The exper-
imental data can be entirely described within this class of distribution functions.
From the optimized coefficients g, the corresponding distribution functions are
calculated via Eq. (6.6). Figure 6.14(a) shows again the voltage-dependent emis-
sion curves at four incident powers (circles). The reconstructed distribution func-
tions are shown in Fig. 6.14(b) for these four incident powers. As a cross-check,
the solid lines in Fig. 6.14(a) represent the electron currents [Eq. (6.8)] resulting
from these four distribution functions, which are in excellent agreement with the
experimental results. The choice of the energy resolution, i.e., the difference be-
tween two adjacent values of E (1 eV in Fig. 6.14) and the width of the Fermi
functions ∆E (0.3 eV in Fig. 6.14) has proven to be of minor importance, and very
similar results are obtained for a finer energy resolution.

The distribution functions possess a markedly non-thermal character and are
mainly composed of two components: (i) A strong low-energy component close

9For the optimization, the function “lsqnonneg” from the MATLAB programming environment
(manufactured by TheMathworks Inc.) was used.
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Figure 6.14: (a): Voltage dependent emission curves (dots) and the currents (lines) pre-
dicted from the reconstructed carrier densities shown in (b).

to the Fermi energy which originates from single-photon absorption; its energy
content scales approximately linearly with the incident optical power. (ii) A non-
thermal high energy shoulder which emerges between 3 eV and 6 eV [indicated
by the gray-shaded area in Fig. 6.14(d) for P = 2.3 mW] with a strong nonlinear
power dependence, resulting from multiphoton absorption from states below and
up to the Fermi energy. It is this second component in the distribution functions
which is responsible for the emission at low bias voltages, as is illustrated by
the large gray-shaded area in Fig. 6.14(c) that corresponds to emission from the
shaded area in the distribution function in Fig. 6.14(d). Although a substantial
electron emission is already present at zero bias voltage, there is a sharp rise in
electron flux upon increasing the bias from zero to 100 V. This fact suggests that
the major fraction of the non-thermal component populates states somewhat below
the vacuum level.

The strong non-thermal character of the electron distributions has direct con-
sequences for the time structure of the emitted electrons. For low voltages, the
rapid thermalization [see Sec. (6.2)] of electrons limit the population lifetime of
the relevant high-energy states [240, 259] and, thus, the duration of the emitted
electron pulses. For very large negative bias, lower-lying states of longer life-
time [260] contribute significantly to the emission, possibly resulting in longer
electron pulses.

A comment should be made on Keldysh-type [224, 243] optical field emission
from the Fermi energy potentially occurring because of the high electric fields
of the excitation pulses. In our experiments, despite the short laser pulses and the
substantial field enhancement at the metal tip, we estimate a Keldysh parameter of
about 4 at P = 3 mW. We thus expect that the present experiments are well in the
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Figure 6.15: Concept of the tip-enhanced
electron emission microscope, indicating pos-
sible contrast mechanisms due to (i) a modifi-
cation of the electron yield from the tip, (ii) lo-
cal electron emission from the sample induced
by the enhanced fields near the tip end, (iii)
single or multiple scattering of electrons at the
tip and/or the sample.

multiphoton regime [261], although at this stage, a limited contribution of optical
field emission cannot be definitely excluded at the very bias voltages. At lower
bias voltages, the situation is clear, as we find the same fourth order power depen-
dence for various tips at zero bias, whereas optical field emission should strongly
depend on the local field enhancement and thus vary from tip to tip. Furthermore,
for optical field emission, a saturation of the power dependence to a finite value
(4 in our case, cf. Fig. 6.12) is not expected at zero bias. Instead, optical field
emission predicts a steeply increasing power dependence for a reduction of the
bias [255].

6.5 Tip-enhanced Electron Emission Microscope
In the previous section, it has been shown that the local field enhancement at
the apex of metallic tips leads to a localized emission of electrons. The strong
confinement of this emission, together with the high nonlinearity of the genera-
tion process, makes this emission highly sensitive to the local dielectric environ-
ment of the tip. Therefore, this nanometer-sized electron emitter can serve as an
ideal probe to image optical fields on nanometer length and femtosecond time
scales near surfaces. Here, a first application is developed in the form of a de-
vice, which monitors the locally varying generation rate of electrons as the probe
is raster-scanned near a sample surface. This new type of microscope is termed
tip-enhanced electron emission microscope (TEEM).

6.5.1 Concept
An important asset of the observed localized multiphoton-emission in the absence
of large bias voltages is the fact that it allows this femtosecond electron source to
be brought in nanometer proximity of a sample to perform high resolution imaging
with it. The high optical nonlinearity of the emission, combined with the optical
field enhancement, makes this electron source exceptionally sensitive to the local
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dielectric environment of the tip.
Figure 6.15 depicts a number of different mechanisms that could lead to an

image contrast when a such a tip is scanned across a surface. First, the probe’s
effective polarizability and with it the optical field enhancement [Sec. (6.4.3)]
are strongly modified, when the probe is approached by a dielectric or metallic
surface [Sec. (2.2.6)], effecting a modification of the electron yield from the tip.
Second, if a metallic sample is investigated, also the possibility electron emission
from the sample could be relevant. Finally, the scattering of electrons from the
sample could be employed to obtain a spatial contrast. The femtosecond dura-
tion of the electron pulses emitted from the tip can permit low energy electron
scattering experiments to be performed with down to ten femtosecond temporal
resolution. Today, hardly any ultrafast time-resolved low energy electron methods
are available.

6.5.2 Implementation and Results

In order to demonstrate the ability to use this field-sensitivity for high resolu-
tion imaging, a tip-enhanced electron emission microscopy (TEEM) setup is de-
veloped. It is based on the near-field scanning optical microscope described in
Sec. (2.2.5). Slight modifications were carried out for the microscope to operate
under vacuum conditions, such as the inclusion of a motorized coarse tip-sample
approach or the addition of an electrical contact to the probe to avoid charging
effects under electron emission. The compact TEEM setup has proven to be very
stable mechanically (below 1 nm relative tip-sample vibration), even in the pres-
ence of an operating rotary vane and a turbomolecular pump maintaining the vac-
uum.

With this setup, a first experiment has been carried out, in which an illumi-
nated tungsten tip displaying localized electron emission similar (though some-
what weaker) to the gold tips discussed above is approached by a nanostructure
consisting of a ∼100 nm wide groove in a gold surface [see Sec. (3.4)].10 The
experimental configuration is shown in Fig. 6.16(a). While the tip position is
kept fixed, the local electron generation rate is monitored as the sample posi-
tion is scanned relative to the tip in the x-z-plane perpendicular to the sample
plane. Specifically, approach curves in the z-direction are recorded for every po-
sition along the x-direction. The height of tip-sample contact is found by shear-
force detection in a standard atomic force microscopy fashion, and the absolute
sample position is read out from the capacitive sensors of the piezo scanner [cf.
Sec. (2.2.5)]. In this way, a cross-section of the groove structure is simultane-

10For this experiment, a sharp tungsten tip was chosen because of its better mechanical durabil-
ity compared with the gold tips.
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Figure 6.16: Results of the TEEM measurement at a V-shaped nanometric groove in a
gold film. (a): Experimental setup, indicating the sample scanning in the plane parallel
(x-direction) and perpendicular (z-direction) to the sample surface. (b): Electron current
approach curve near a groove edge. (c): Two-dimensional distance-dependent TEEM im-
age. The cross-section of the groove is indicated by the area containing the crossed lines.
The surface topography, corresponding to the upper border of this area, was simultane-
ously measured by shear-force detection.

ously obtained, shown as the black area filled with crossed lines in the bottom
of Fig. 6.16(c). The region above this area corresponds to the half-space above
the sample. The color-coded image of Fig. 6.16(c) represents the local electron
generation rate as a function of relative tip-sample position with a spatial resolu-
tion of few tens of nanometers, limited only by the sharpness of the nanostructure
features and the tip. This TEEM image demonstrates both surface sensitivity and
lateral resolution. It is clearly visible that the electron detection rate is strongest
when the tip is close to one of the groove edges. A typical electron signal ap-
proach curve near one of the groove edges is shown in Fig. 6.16(b), where the
electron signal increases by a factor of about 5 in the last 50 nm away from the
surface.
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These results show directly that the electron signal is predominantly generated
in the gap between tip and sample and that the spatial resolution of this micro-
scope is thus given by the size of the metal tip and not by the wavelength of the
illuminating light. In more detail, the image is understood when considering the
near-field distribution at such an illuminated nanometer-scale slit. In diffraction
from an ideal rectangular slit it is known [86] that the electric field component
polarized along the z-direction, i.e, along the tip axis, diverges near the slit edges,
giving rise to strong field localization. Although the slit in the present sample has
a rounded cross section, this field localization is still pronounced, leading to the
strong increase in local electron yield near the groove edges. This demonstrates
that the tip-enhanced electron emission indeed images, in a nonlinear way, the
z-component of the local electric field.

6.5.3 Concluding Remarks
In the preceding sections, it was shown that localized electron emission and imag-
ing are possible from such sharp metallic tips, even in the absence of large bias
voltages, permitting us to make a close approach to the sample. In the first imag-
ing experiment, the locally varying generation rate is the contrast mechanism in
proximity of this metal nanostructure. Only one light field is incident on the struc-
ture, and the signal represents the reaction of the position dependent tip-sample
geometry to this field.

It is understood that a time-resolved experiment would even more clearly
demonstrate the potential of the present approach. The first extension of this
TEEM microscope is the illumination with a pair of pulses of variable time de-
lay in a pump-probe type setup. A number scenarios is possible, in which the
pump pulse could excite an electromagnetic surface wave spatially overlapping
with the tip, such as a surface polariton wave. This would allow for a study of
wave-packet dynamics [253] with nanometer and femtosecond precision, perhaps
also for non-conducting samples.

Alternatively, one could probe a local electronic or structural change induced
in the sample, though the latter may be hard to achieve with the current oscillator’s
peak amplitudes. Also, cumulative effects at the 80 MHz repetition rate need to
be avoided.

It should be noted that it is not an obvious finding that the electrons in the
present experiments are able to efficiently escape the tip-sample gap at very small
distances. Much is yet to be learned about elastic and inelastic surface scattering
in such nanoscale geometries. This will also be necessary to interpret the results
of future experiments, in which the interaction of the generated electrons with the
sample via scattering or diffraction will be responsible for the image contrast.
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7 Conclusions

The conclusions give a short summary of the main results of this thesis, followed
by an outlook on further developments of selected aspects.

Summary
The experimental approach of the present work is based on the combination of
near-field optical microscopy and coherent broadband spectroscopy. Access-
ing the physics of metallic nanostructures, in particular metallic photonic crys-
tals, both from far-field characterization and a near-field optics perspective offers
unique insights into these systems. Essential findings are:

• The dynamics of femtosecond light transmission through metallic photonic
crystals is governed by a superposition of a nonresonant, fast component
and the excitation and re-emission of both radiatively and nonradiatively
broadened surface plasmon polariton (SPP) resonances. [Sec. (4.2)]

• The enhanced resonant transmission through these perforated thin film
gratings is a result of radiative coupling between the grating constituents,
which is mediated by SPPs traveling on either interface of the metal
film. [Sec. (4.4)]

• Such coherent couplings result in SPP band gaps and drastic redistributions
of radiative damping rates, leading, e.g., to subradiant SPP lifetimes on the
order of 200 fs. Near-field microscopic spectroscopy reveals the symmet-
ric and antisymmetric spatial character of SPP Bloch modes at the band
gap. [Sec. (4.3)]

These observations are combined with further near-field spectroscopic experi-
ments and numerical computations in a study of the imaging contrast in near-field
optical microscopy of SPP modes. The main results of this part of the thesis are:

• Aperture collection images of SPP modes represent predominantly the in-
plane magnetic field component. Out-of-plane (axial) electric fields are sup-
pressed due to symmetry reasons. [Sec. (5.3.1)]

143
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• Apertureless scattering images usually contain several electromagnetic field
components, the relative contribution of which can be controlled via the far-
field detection conditions. Sharp metallic tips can image the axial electric
field component of SPPs. [Sec. (5.3.2)]

In a further investigation, the findings on grating coupling and localization of
surface plasmons are employed in the development of a new form of local light
source:

• Surface plasmon polaritons can be launched towards the apex of metal nan-
otips via a resonance in a linear grating on the tip shaft. [Sec. (5.5)]

The final part of the thesis demonstrates femtosecond electron generation from
metal nanostructures excited by 7-fs light pulses, establishing:

• Optical field enhancement at ultrasharp metallic tips results in localized
multiphoton emission of single electrons at high repetition rates and with
femtosecond timing. [Sec. (6.4)]

• A novel scanning probe microscopy technique (TEEM) gives rise to an im-
age contrast with such localized emission by raster scanning a sample in
nanometer proximity of an illuminated tip. [Sec. (6.5)]

Future Prospects
A number of the results obtained in the present study can serve as the starting point
for further investigation. For example, the subradiant SPP modes have some quite
interesting properties, which could indeed make them technologically relevant.
The exceedingly long SPP lifetimes of about 200 fs are only limited by absorptive
losses in the metal, which is gold in our case, and not by radiative damping from
scattering into the far-field at the slits.1 Yet, this does not mean that the subra-
diant SPPs don’t “see” the slits in the sense that there is no scattering involved,
and that for this mode, the surface acts essentially as a smooth gold film. On the
contrary, the multiple in-plane scattering at the slits is the essential ingredient for
this high finesse surface resonator. This property makes the dark mode resonance
a promising candidate for a very compact in-plane distributed feedback laser, if
a gain medium is placed close to the surface.2 This promising scenario has not
yet been pursued. Currently, we investigate hybrid semiconductor-metal nanos-
tructures regarding exciton-plasmon couplings and possible amplification of SPP
propagation.

1These losses would be further reduced in silver, for example.
2Compare the work of Ref. [262] for SPP-assisted lasing at a wavelength of 17 µm.
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Specific further studies are also directed at a better understanding of the nonlo-
cal tip excitation by SPP propagation on metallic nanotips [Sec. (5.5)]. In upcom-
ing experiments, the nonlinear signals generated at the tip apex can be detected,
and a dispersion control should allow for an optimization of the output, perhaps
including procedures known from coherent control experiments [263]. This will
also resolve the open question of SPP dispersion on these tapered waveguides.

In the area of polarization selective near-field imaging and spectroscopy
[Ch. 5], numerous further developments lie ahead. In particular, the isolation
of the magnetic field components will be of considerable interest also in the
near-field characterization of other structures, for example those exhibiting opti-
cal magnetic resonances [264]. In these systems, especially tip-sample couplings
will have to be considered in greater detail, because the localized character of such
resonances will make them more vulnerable to the disturbance from a near-field
probe than the delocalized resonances observed in this work [cf. Sec. (5.4)]. It
was mentioned before that the spectroscopic near-field techniques employed here
will serve as an excellent gauge for the quantitative determination of coupling
constants. Eventually, attempts will be made to approach the ultimate near-field
characterization, that is, a full three-dimensional and vectorial description of the
electromagnetic fields close to an arbitrary surface.

The observation of localized emission of femtosecond electrons presented in
Chapter 6 constitutes the most recent result of the present work, but perhaps also
that of the largest potential for future developments. Some possibilities for upcom-
ing experiments in a geometry similar to the TEEM setup have been discussed in
Sec. (6.5.3). However, even in the absence of a sample, much can still be learned
about the electron emission process. Specifically, a sensitivity of the electron cur-
rent to the carrier envelope phase of the ultrashort illuminating pulses has not
been demonstrated. Theoretical simulations suggest that for the currently avail-
able pulse durations, this may be difficult to achieve [255], although experiments
are still inconclusive.

The different topics this thesis alluded to could be intriguingly combined by
studying the ponderomotive acceleration of electrons in intense, ultrashort surface
plasmon polariton fields [265, 266]. A first application would be the femtosecond
gating of electrons in such fields, for which numerical calculations have recently
been carried out [267]. The local electron source and plasmonic nanostructures
represent ideal components for a realization of an electron-optical pulse cross-
correlation device [216].

A further interesting question is, if the present electron source will be able
to compete with already developed ones or novel, RF-acceleration based ultrafast
sources very recently proposed theoretically [218]. Critical points in a compari-
son would be properties such as total electron flux, brightness, temporal resolu-
tion and a source’s long term stability. It should be noted that the localized source
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can overcome the pulse duration constraints of extended femtosecond photocath-
odes discussed in Ref. [218], even though it is based solely on DC acceleration.
Even for moderate bias voltages, the electric field resulting at the tip apex will
be much larger than the average field in an extended photocathode at voltages,
for which such a device would suffer electrical break-down. The giant potential
drop near the tip apex leads to an exceedingly rapid electron acceleration, which
reduces temporal smearing from propagation effects by orders of magnitude. Fi-
nally, comparing the spatial coherence of different photocathodes, such a single
emitter will not be outperformed by any other source.
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Appendix

A Notations, Abbreviations3

.= “defined as”
' “almost equal to”
≈ “approximated as”
∼ “roughly equal to”
∝ “proportional to”
AM air-metal
α polarizability (scalar)
α̂ polarizability (tensor)
a0 lattice period
β polar angle
b slit width
c vacuum speed of light (constant)
∂x partial derivative with respect to x
E Energy
E electric field (vector)
ε element of
ε0 vacuum permittivity (constant)
ε relative material permittivity
FROG frequency-resolved optical gating
fs femtosecond (unit)
φ phase
ϕ azimuthal angle
Φ work function
G lattice vector
Ĝ Green’s function (tensor)
γ absorptive decay rate or Keldysh parameter
Γ total decay rate
H magnetic field (vector)
h̄ Planck’s constant
h film thickness

3Only notations and abbreviations appearing in more than one paragraph in the text are listed.
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I Intensity
ℑ(x) imaginary part of a variable x
j electron current density
J electron current
k wave number
k wave vector (vector)
κ spatial decay constant
MHz Megahertz (unit)
λ wavelength
m magnetic dipole moment
meV millielectronvolt
µ0 vacuum permeability (constant)
µ waveguide propagation constant or magnetic polarizability
µm micrometer (unit)
n diffraction order or nonlinear order or refractive index
n unit length vector along r (vector)
nm nanometer (unit)
NSOM near-field scanning optical microscopy
ω optical angular frequency
p electric dipole moment (vector)
P power
θ angle of incidence
r position (vector)
r length of r
ℜ(x) real part of a variable x
SIBC surface impedance boundary condition
SPIDER spectral phase interferometry for direct electric field reconstruction
SM substrate-metal (sapphire-metal)
SPP surface plasmon polariton
t time or transmissivity
τ delay
T transmission or tunneling probability
T1 lifetime
TEM transverse electromagnetic
TEEM tip-enhanced electron emission microscopy
TM transverse magnetic
V Volts (unit)
x distance along the surface (perpendicular to slits)
y distance along the surface (extruded dimension)
z distance from surface
Z surface impedance
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B NSOM Setup

Figure 1: Schematic of the components and the signal paths in the NSOM constructed
for this thesis. In the constant-distance imaging mode, a constant oscillation amplitude of
the tuning fork and tip are maintained by the PID-controller. For the “x-z” imaging mode,
the dotted box in the top is replaced by that in the bottom. In this mode, the tuning fork
amplitude is repeatedly measured as the sample approaches the tip. An optical spectrum
is recorded at every scanning point. At the moment of tip-sample contact, the sample
is retracted and a lateral scanning step in the x-direction is performed, before the next
approach curve is measured. The computer control and acquisition software was writ-
ten in the programming environment LabVIEW, manufactured by National Instruments
Corporation.
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C Lippmann-Schwinger Equation
In this appendix, we derive the exact integral equation for the electric field in a
general scattering scenario, in which the materials can be described in terms of
a local and isotropic dielectric function. The derivation and notations are similar
to that in [65]. The problem is divided into an unperturbed and perturbed geom-
etry with dielectric functions εre f (r) and ε(r), respectively. For the unperturbed
situation, the solution E0(r) to the wave equation is assumed to be known4:

∇×∇×E0(r)− εre f (r)k2 E0(r) = 0. (C.1)

We denote as E(r) the field in the presence of the probe, i.e., the solution to the
complete problem given by

∇×∇×E(r)− ε(r)k2 E(r) = 0. (C.2)

Rewriting the total field E(r) as a sum of the unperturbed wave plus a scattered
wave,

E(r) = E0(r)+Es(r), (C.3)

and taking the difference between (C.2) and (C.1), an equation for the scattered
field is obtained (after rearrangement of some terms), in which the complete field
acts as the source term:

∇×∇×Es(r)− εre f (r)k2 Es(r) = k2[ε(r)− εre f (r)]E(r). (C.4)

We define a Green’s tensor Ĝ(r,r′) satisfying the wave equation for a point source
at r′,

∇×∇× Ĝ(r,r′)− ε(r)k2 Ĝ(r,r′) = Îδ (r− r′). (C.5)

Here, Î is the unit tensor (matrix). With this definition, the formal solution to
Eq. (C.4) is written as

Es(r) = k2
∫

dr′ [ε(r′)− εre f (r′)]Ĝ(r,r′)E(r′). (C.6)

Addition of the unperturbed field yields the Lippmann-Schwinger equation

E(r) = E0(r)+ k2
∫

dr′ [ε(r′)− εre f (r′)]Ĝ(r,r′)E(r′). (C.7)

4A harmonic time dependence e−iωt is assumed and left out.
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D Fano Lineshape

Equivalence of the Fano Lineshape and a Lorentzian plus a Con-
tinuum
The complex transmission amplitude in Sec. (4.2.2) can be written in the form

t(ω) = anr +
aeiφ Γ

ω−ω0 + iΓ
= anr

(
1+

ρeiφ

ε + i

)
(D.1)

with the definitions

ρ =
a

anr
and ε =

ω−ω0

Γ
.

Evaluating |t(ω)|2 results in:

|t(ω)|2 = |anr|2
(

1+
ρeiφ

ε + i

)(
1+

ρe−iφ

ε− i

)
= |anr|2

ε2 +1+ρ2 + ερ(eiφ + e−iφ )− iρ(eiφ − e−iφ )
ε2 +1

= |anr|2
ε2 +1+ρ2 +2ερ cos(φ)+2ρ sin(φ)

ε2 +1

= |anr|2
(ρ cos(φ)+ ε)2 +(ρ cos(φ)+1)2

ε2 +1
. (D.2)

Except for the constant coefficient |anr|2, this is the same expression as Eq. (17)
in Fano’s original paper [146].
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Resonance Parameter Ambiguity of the Fano Lineshape
Starting from a spectral transmission of the form of Eq. (D.2),

T (ω) = |anr|2
(ρ cos(φ)+ ε)2 +(ρ cos(φ)+1)2

ε2 +1
, (D.3)

the resonance parameters are re-defined as

x+ iy .= ρeiφ .

Now, the transmissivity is invariant under the replacement

x′→ x
y′→−y−2 , (D.4)

because

T{x,y}(ω) = |anr|2
(x+ ε)2 +(y+1)2

ε2 +1

= |anr|2
(x+ ε)2 +(−y−2+1)2

ε2 +1
= T{x′,y′} (D.5)

Both sets of resonance parameters can be consistent with the Kramers-Kronig
relations [30], since φ and ρ only define the relative phase and amplitude, respec-
tively, of the resonant and direct transmission amplitudes. They are therefore both
physically meaningful, and constitute an ambiguity, which is of particular im-
portance, if there is a considerable amount of direct transmission. An additional
phase-resolved measurement is therefore always necessary, if one is interested in
the exact resonance parameters or the dispersion of the transmitted light.
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