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Abstract

In this work, femtosecond laser pulses are used to launch optical excitations on different
nanostructures. The excitations are confined below the diffraction limit and propagate along
the nanostructures. Fundamental properties of these ultrashort optical near fields are deter-
mined by characterizing the far-field emission after propagation with a setup developed for
this task. Furthermore, control of the nanooptical excitations’ spatial and temporal evolution

is demonstrated for a designed nanostructure.
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1 Introduction

Optics is an important and interesting branch of physics that deals with light and its interac-
tion with matter. A significant tool in this and other fields is the laser. It provides spatially
and temporally coherent light beams for versatile experiments. In addition to narrow-band,
continuous radiation there also exist spectrally broadband femtosecond pulses that are de-
rived from mode-locked lasers. Together with sophisticated spectroscopic techniques, these
ultrashort pulses allow tracking of ultrafast processes, e.g., the breaking of bonds in photo-
chemical reactions after absorption of a photon. Furthermore, the spectral width of these
laser pulses facilitates investigation of broad or multiple resonances at once.

In laboratories, laser light is usually guided as a free-space collimated beam. For other
applications this is not desired or possible. For instance, intercontinental digital communi-
cation employs pulsed light transport via dielectric optical fibers. Compared to information
transport via electrical transmission lines, the use of light is more efficient since the available
bandwidth is much larger. Furthermore, optical fibers can span exceptionally long distances
without the need of amplifiers, even though the first dielectric waveguides were short and
lossy. On the other hand, when it comes to integration, dielectric waveguiding is limited by
the fundamental law of diffraction and cannot compete with the footprint size of cutting-edge
electronics.

Fortunately, the diffraction limit can be overcome by using metal waveguides. At metal—
dielectric interfaces photons can interact with the surface electron density of the conductor to
form so-called surface plasmon polaritons. These quasi particles encompass optical fields that
propagate along the interface. Due to the evanescent decay of the optical fields perpendicular
to the interface, the fields are highly confined to the metal surface and are, therefore, also
termed near fields. Inherent to this sub-diffraction limited confinement is a field enhancement
that can be orders of magnitude if localized resonances are involved [Novotnyll]. The
resulting increased light—matter interaction on the nanoscale opened up a wide research area
[Biagionil2] and is employed in applications such as surface-enhanced Raman spectroscopy
(SERS) [Jeanmaire77]. Thanks to the developments in nanotechnology that allow tailoring
of metallic structures on the nanometer scale, the research field of plasmonics has emerged
[Halas10]. It explores unique properties of the electromagnetic modes at nanostructured
metal surfaces to find new physical effects and develop optical devices at the nanoscale
[Lindquist12]. Today, plasmonics is an interdisciplinary area of research [Bozhevolnyi08]
that combines interests in chemistry, biology, engineering, non-linear optics, and physics as a
variety of applications have emerged. Examples include fluorescent enhancement, bio-sensing
and -labeling, photovoltaics, nano imaging, and high-density optical data storage [Hayashil2].

Combining plasmonics and ultrafast laser pulses yields new possibilities for fundamental
spectroscopic research and applications. Since this work deals with this combination, some
theoretical background and experimental methods of both fields are introduced in Chapter 2.
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2 Introduction

An application that awakes a lot of interest is the future hybrid integration of photonic,
plasmonic, and electronic functional elements for signal processing [Zia06]. The integration
of photonic and plasmonic elements can also be termed ultrafast optical nano circuitry. For
such circuits any integrated plasmonic element has to include the conversion from optical
far field into near field modes at an input. The optical near fields then propagate and are
processed, before being converted back into photons at an output [Barnes03]. Moreover,
the elements should support a broad spectral width to allow the use of ultrashort pulses
for ultrafast signal processing. The characterization of the overall performance, i.e., the
response function, of such integrated plasmonic elements requires an optical technique with
high spatial and ultrafast temporal resolution.

In this work, a setup that meets exactly these demands is presented in Chapter 3. The setup
is termed spectral-interference microscope and is capable of measuring spatial-spectral re-
sponse functions of plasmonic structures including integrated elements. From these response
functions the group velocity and dispersion of propagating optical near fields are deduced.
Both characteristics are of particular interest in the context of integrated plasmonic cir-
cuitry where signal delays are important for the implementation of, e.g., interferometric logic
gates. Another application in which group velocity and dispersion are important is plasmonic
nanofocusing as an option to transport light energy to a single molecule [Berweger12]. Plas-
monic nanofocusing uses propagating near-field modes to concentrate optical energy at the
tip of tapered metallic nanowires. The technique could lead to background-free near-field
spectroscopy with ultrafast temporal resolution.

In Chapter 4 of this work the results of group velocity and dispersion measurements of
various nanostructures that are suitable for nanooptical circuits and other applications are
discussed. Thus, far-field characterization of propagating optical near fields is accomplished.

After this characterization part, the accumulated knowledge is used to implement control
over near fields. Controlling the spatiotemporal evolution of near-field propagation is a key
feature that will enhance the functionality of future nanooptical circuits and theoretical work
showed that coherent control concepts can be applied for this task [Stockman02, Sukharev06,
Tuchscherer09]. In these control schemes a far-field laser pulse—determined by its spectral
amplitude, phase, and polarization—excites a particular superposition of near-field modes.
Interference of these modes can then lead to light guidance and femtosecond energy local-
ization at the nanoscale. To achieve this control, coherent and quantitative superposition of
well-defined propagating near-field modes is a requirement. However, independent control
over light coupling and propagation properties for plasmonic circuits is not trivial. Therefore,
in Chapter 5, a designed nanocircuit meeting these demands is used to experimentally demon-
strate single-pulse routing and spatiotemporal control. This fundamental implementation of
the coherent control concept in the field of ultrafast plasmonics opens up new possibilities
for research and applications.
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2 Theoretical Background and
Experimental Methods

Since this dissertation deals with propagating optical near fields that are excited using femto-
second laser pulses, this chapter first introduces some general, mathematical properties of
these laser pulses (Section 2.1) and a method to characterize them (Section 2.2). Subse-
quently, the technique of confocal microscopy, which provides a basis for all experiments, is
explained (Section 2.3). The chapter closes with a discussion of fundamental properties of
propagating optical near fields in different (nano)structures (Section 2.4).

2.1 Femtosecond Laser Pulses

In the classical description of electromagnetism, Maxwell’s equations describe the behavior
of electric and magnetic fields. For a linear, homogeneous, isotropic, and nonmagnetic
medium and in the absence of external charges or current densities theses equations can be
combined to yield the so-called wave equation for the electric field E. This equation shows
that spatiotemporal electric distortions propagate as waves through the medium [Hecht02]:

2

V2E(F, t) — gouogﬁé(z t) = 0. (2.1)
The permittivity and permeability of vacuum are denoted &y and g, respectively. The
permittivity of the medium is described by . Usually, the permittivity is a complex number
and a decomposition into the real-valued refractive index n and extinction coefficient x is
defined by [Maier07]

VE=n+ik. (2.2)

A possible solution of Eq. (2.1) is a monochromatic plane wave with a polarization de-
pendent amplitude Ey whose spatial propagation and temporal evolution is characterized by
a complex-valued wave vector k and the oscillation frequency w, respectively:

—

E(7, t) = Eycos(kF + wt) = % ellkrset) 1 c ¢ (2.3)
Here, the +-sign defines the propagation direction as parallel or anti-parallel to the wave
vector k and “c.c.” refers to the complex conjugate. Because the electric field is real valued,
the term that is written out in the exponential notation determines the field unambiguously
and, thus, is sometimes used alone. Similar to the oscillation frequency that defines the time
T = 27 /w it takes for the electric field to pass through its cycle, the wave vector specifies the
wavelength, i.e., dimensions of spatial oscillations, via A = 27/ Re[k], where Re[ | denotes
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4 Theoretical Background and Experimental Methods

the real part. The imaginary part of the wave vector accounts for possible absorption upon
propagation. For wavelengths between approximately 400 nm and 750 nm (i.e., for oscillation
frequencies between 4.7 rad/fs and 2.5rad/fs) the electromagnetic waves are called visible
light.

The monochromatic waves described so far are continuous in time. However, pulsed
near-infrared radiation from a home-built Ti:Sapphire laser is used in this dissertation. In
the following discussion, partly based on [Langhojer09], [Tuchscherer12], and the references
therein, some mathematical aspects of these ultrashort pulses are presented.

Representation in Temporal and Frequency Domain

In contrast to an ideal plane wave, a laser beam does not extend infinitely perpendicular to the
propagation direction, which is, e.g., defined along the z axis. Often, the transverse profile
has a Gaussian shape that is accounted for with a space-dependent amplitude é,(x, y,0). The
propagation of this profile can be described with Gaussian beam optics [CVI09]. However,
to describe femtosecond laser pulses it is instructive to consider a fixed point in space and
neglect any spatial dependency as well as the vector character of the field. Then, the pulse
duration in which the fast temporal oscillations of the field at the so-called carrier frequency
wp occur, can be encoded into a temporal envelope 2A(t) and the scalar electric field is
written as

E(t) = 2A(t) cos[p(t)] = A(t)e“® + c.c. (2.4)
= E*(t)+ c.c
= ET(t)+ E(t).

Here, a temporal phase ¢(t) = wot + ¢(t) has been introduced. It is separated into the
carrier frequency part wot and a temporally varying term ¢(t) that allows to model, e.g., a
variation of the momentary frequency of a laser pulse [Wollenhaupt07]. Again, the function
E*(t) describes the field unambiguously because the electric field is real valued.

The temporal intensity /(t) of a laser pulse is proportional to the temporal average of the
squared electric field and can be computed via

t+T/2
1

I(t) = eocn(E?(t)) = focn— / E?(t))dt’ = 2g9cnA?(t), (2.5)

t—T/2
where ¢ = 1/,/2o/10 is the speed of light in vacuum and n is the refractive index of the
medium in which the measurement takes place [cf. Eq. (2.2)]. To calculate the integral in
Eq. (2.5), the slowly varying envelope approximation has been used, which assumes that
the amplitude of the laser pulse envelope is almost constant during one oscillation cycle

[Diels06]. For the simple laser pulses used in this dissertation, the pulse duration is defined
as the full-width at half-maximum (FWHM) of the temporal intensity:

At = FWHM{/(t)}. (2.6)

Femtosecond laser pulses can also be described in the frequency domain. An equivalent
expression to ET(t) can be given by applying a Fourier transform to this complex-valued
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2.1 Femtosecond Laser Pulses 5

function: .
1 .
Ef(w) = — / ET(t)e “tdt. 2.7
@)= | B0 @7)

The temporal electric field can be recovered by an inverse Fourier transform, which basically
shows that a laser pulse can be decomposed into monochromatic waves:

E*(t):\/%_ﬂ / Et(w)e™“! dw. (2.8)

It can be shown that E™(w) is the positive frequency part of the Fourier transform of the
real-valued electric field [Diels06], i.e.,

v\ JEW) if w>0,
g (w)_{o if w<o, (2:9)

with
1 i —iwt _ 1 7 iwt
E(w) = E_/ E(t)e @tdt, and E(t) = \/7_/ E(w)e“tdw.  (2.10)

In analogy to Eq. (2.4), the field can be separated into a real-valued spectral amplitude A(w)
and a spectral phase p(w)
Et(w) = Alw) e @) (2.11)

The finite width of spectral amplitudes is a direct consequence of the temporal envelope
function, i.e., the temporal finite duration of a pulse manifests itself in a spectral bandwidth.
The spectral intensity is calculated analogously to the temporal intensity

I(w) = 2g9cnA?(w), (2.12)

and the spectral bandwidth is defined as the full-width at half-maximum of the spectral
intensity
Aw = FWHM{/(w)}, (2.13)

which again is only sensible for the simple pulses as used in this dissertation.

Propagation and Dispersion

Having introduced the spectral representation of a laser pulse, the spatial dependency that
has been neglected so far can be reconsidered. For this purpose, the wave equation [Eq. (2.1)]

is transferred to the frequency domain by plugging in the corresponding description of the
electric field [Eq. (2.10)]:

V2E(F,w) + —¢e(w)E(7,w) = 0. (2.14)
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6 Theoretical Background and Experimental Methods

This choice of representation has two advantages. First, the description inherently deals with
monochromatic waves and their superposition. Second, it contains the frequency dependent
permittivity £(w) of materials that can be measured experimentally, e.g., with spectroscopic
ellipsometry [Fujiwara07], whereas an instantaneous response is assumed in the time domain
representation [cf. Eq. (2.1)]. A straightforward solution of Eq. (2.14) is a monochromatic
propagating plane wave and reads

E(F,w) = E(R, w) e, (2.15)

where the magnitude of the wave vector is given by the so-called dispersion relation

2
2= I+ K+ K = %g(w), (2.16)

as can be deduced easily when plugging the plane wave solution in Eq. (2.14).

In order to discuss propagation and dispersion effects, a linearly polarized laser pulse prop-
agating along the z axis is considered. Again, only the positive frequency part [cf. Eq. (2.11)]
is used to yield

E*(z,w) = E*(0,w) &%) = A(0, w) e ¥z« (2.17)

Here, the propagation factor k,(w)z has been included into the spectral phase ¢(z,w). By
using the dispersion relation [Eq. (2.16), with k, = k, = 0] and Eq. (2.2) the spectral phase
can then be written as

o(z,w) = 0(0,w) — k(w)z = (0, w) — %[n(w) +in(w)]z, (2.18)

and can be viewed as a transfer function for pulse propagation in a medium. The extinction
coefficient x(w) can be included into a real-valued amplitude A(z, w) = A(0, w) e *“)? and
the remaining real-valued spectral phase can be expanded into a Taylor series. This expansion
is done around the carrier frequency wp, which is usually defined at the center of the spectral
amplitude and, therefore, is often called center frequency:

= b; , , do(z,w)
o(z,w) = JE:O ﬁ (w — wo) with b; = . B (2.19)
The coefficients b; of this expansion can be written as
(0, w) z/.097n(w)  dn(w)
= Y20 200 ) 22
! dw/ w:wo+ ¢\ OQwi-t T Owd 7 lw=wy (220)

Hence, for a pulse with a constant spectral phase at z = 0 the propagation in vacuum (n = 1)
yields only the coefficient by = z/c, i.e., a linear spectral phase. The value of b; corresponds
to the time At that the maximum of the temporal pulse envelope needs to propagate the
distance z. Thus, a linear spectral phase corresponds to a shift of the temporal profile. This
interrelation can also be deduced from the Fourier shift theorem applied to Eq. (2.10), but
was introduced here via the spectral phase modulation upon propagation.

If the pulse propagates in a different medium, the spectral dependency of the refractive
index n(w) will lead to a higher-order spectral phase, i.e., b; # 0 for j > 1. This is called
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2.2 Spectral Interferometry 7

dispersion and usually elongates the pulse duration. For further information on temporal pulse
shape manipulation via control of the spectral phase (and spectral amplitude) the reader is
referred to the literature, e.g., [Wollenhaupt07] or [BrixnerOla].

On the other hand, if the spectral phase of a laser pulse before entering and after exiting an
element can be measured, the spectral phase transfer (or response) function of this element
can be determined. For that, it is elementary to be able to measure spectral phases of
femtosecond laser pulses, which is discussed in the next section.

2.2 Spectral Interferometry

It was shown in the last section that an ultrashort laser pulse is defined uniquely by E*(t)
or Et(w). One of these quantities has to be determined for a complete characterization
of a laser pulse. This is not a trivial task. To satisfy the Nyquist theorem in the time
domain, the fast oscillations of E(t) or E%(t) would have to be resolved by a device with
a response time faster than T /2. For the pulses used in this dissertation this time is on
the order of femtoseconds. On the other hand, /(w) can be measured easily. A calibrated
spectrometer can directly determine /(\) and the spectral intensity can be computed via the
Jacobi transformation [Wollenhaupt07]

2wc, 2mc

Lo(w) = (_)FIA(T)v (2.21)
where the minus sign indicates that the direction of axes changes. The spectral bandwidth
in A-space is defined analogously to Eq. (2.13): AX = FWHM{/(\)}. However, the phase
information gets lost if intensities are measured. Nevertheless, there are many advanced
measurement techniques that give access to the spectral phase of ultrashort pulses. A
popular technique is frequency-resolved optical gating (FROG). It employs a delayed copy
of the pulse (autocorrelation), a nonlinear process, spectrally resolved detection, and an
iterative algorithm to reconstruct the phase (and amplitude) of an unknown laser pulse
[Kane93, Trebino93, Trebino02]. A comprehensive overview of other techniques can be
found, e.g., in [Dorrer01].

For the purpose of response function characterization of plasmonic elements in this dis-
sertation, it is sufficient to employ a technique that yields the difference phase pgir(w) =
©(w)—pref(w) between a signal and a reference pulse. One of these techniques is called spec-
tral interferometry [Lepetit95]. The phase evaluation in this method is noniterative and the
detection scheme is linear in intensity. Therefore, spectral interferometry offers robustness
and high sensitivity. This is essential to characterize weak signals emitted by nanostructures.
Furthermore, complete characterization of the signal pulse is possible if the (usually more
intense) reference pulse is characterized with a different technique, such as FROG. Then, the
spectral phase of the signal pulse can be computed easily, as shown in the following.

The experimental setup for spectral interferometry used in this dissertation is shown in
Fig. 2.1 and consists basically of an interferometer and a spectrometer. In the case discussed
here, the spectral phase that a laser pulse accumulates upon traversing a microscope objective
(cf. Section 2.3) twice is considered in order to introduce the technique. For this task the

linearly polarized input pulse is divided into a reference pulse E(w) = Af(w) e () and
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8 Theoretical Background and Experimental Methods
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Figure 2.1: Schematic setup for a spectral-interferometry measurement in a microscope. The input
pulse is split into a reference and signal pulse at BS;. The reference pulse is guided via a delay stage
to BSy, where it is collinearly recombined with the signal pulse, which was reflected in the sample
plane of the objective. Both pulses are focused into a spectrometer and both intensities can be
measured independently by using automated shutters (S1,Sz). Due to dispersion upon traversing
the objective (and one beam splitter more than the reference pulse) the signal pulse accumulates
more higher-order spectral phase than the reference pulse, i.e., it is temporally stretched (cf. Section
2.1). The interference of both pulses at a fixed time delay 7 results in fringes in the detected spectral
intensity. In the inset, the simulated spectral interference pattern (solid gray) for a typical input
pulse used in the experimental part of this dissertation (A9 = 800 nm, AX = 46 nm), a time delay of
7 = 600fs, and a second-order spectral phase of by /2 = 1500 s /rad? [cf. Eq. (2.19)] for the signal
pulse is shown. Due to the nonlinear spectral phase, the fringe spacing A\ginge of the interference
pattern varies significantly with wavelength. The corresponding spectral intensities of the reference
and signal pulse are shown with black lines (dotted and dashed, respectively).

a signal pulse E*(w) = A(w) e () at the first beam splitter (BS;). The reference pulse can
be delayed or accelerated by a variable path length. The signal pulse is transmitted through to
the objective and reflected back in the sample plane. Afterwards it is recombined collinearly
with the reference pulse at the second beam splitter (BS,) and subsequently focused into a
spectrometer. The delay 7 is kept fixed during the measurement.

Even though both pulses do not overlap in time, a spectral interference pattern can be
recorded with the spectrometer, as shown in the inset (solid gray curve). The fringe sepa-
ration depends on the temporal delay 7 [AMfinge = (A\?/c)(1/7)] and the difference phase
@airf(w). For a constant or linear spectral difference phase and spectral bandwidths used in
this dissertation, AMginge is almost constant along the wavelength axis. In Fig. 2.1, the exam-
ple difference phase has a quadratic dependence on the frequency, with b, /2 = 1500 fs? /rad?
[cf. Eq. (2.19)]. Therefore, the fringe separation significantly varies with wavelength. In the
following, the general theoretical principle of spectral-interference data evaluation for phase
retrieval is discussed. A more specific and experimental description for spectral-interference
microscopy is given in Section 3.3.
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2.2 Spectral Interferometry 9

Mathematically, the recorded interference pattern in the frequency domain can be expressed
as the squared superposition of the two complex-valued electric fields. By omitting the
proportionality factors of Eq. (2.12) for the sake of simplicity, the expression can be written

as

2

Isi(w) = |EL(w) + ET(w) e ™7|". (2.22)

Here, the relative separation of the pulses is encoded in the delay term —w7 that is added
to the spectral phase of the signal pulse [cf. Eq.(2.19), b; = 7; the constant term Twy is left
out for clarity]. The delay term can also be included in the definition of ¢(w) but is written
separately here. The spectral intensities /(w) = A?(w) and her(w) = A%(w) are measured
independently with the help of automatic shutters (S;, S, in Fig. 2.1) and can be subtracted
from the interference pattern to yield the interference term

SWw) = lsi(w) = 1(w) = hes(w) (2.23)
= [Ei(w)] EN(w) e +EL(w) [ET(w)]" e T (2.24)
= 2/ lef(w)l(w) cos [pref(w) — p(w) — wT], (2.25)

which contains the desired difference phase. Here, the star denotes complex conjugation.
Equation (2.25) also illustrates the sensitivity of the technique: The absolute modulation
depth of the interference pattern is a factor 41/ /f(w) larger than the amplitude //(w) of
the signal field. This holds also in the wavelength domain and can be seen in the inset of
Fig. 2.1, where the reference intensity (dotted) is four times larger than the signal intensity
(dashed) and the modulation depth of the spectral interference signal (gray) is eight times
larger than the signal intensity.

The direct evaluation of Eq. (2.25) via the arc-cosine function can lead to large phase errors
in spectral regions where the cosine approaches unity [Lepetit95]. Therefore, a Fourier trans-
form filtering method that allows to replace the unwanted cosine function with a complex-
valued relation is explained in the following. This procedure is much less sensitive to noise
than the direct evaluation. An intuitive access to the method can be deduced from Eq. (2.24):
The inverse Fourier transform of the physically observable and, thus, real-valued interference
term must result in two parts that carry the same information. The main oscillation fre-
quency of S(w), which is proportional to 7, is encoded in both inverse Fourier transformed
parts with a shift from the DC position by +7 (cf. Figs. 3.5¢,d):

S(t) = \/%/S(w)eimdw

1 jw(t—T
- \/271'/ ref E+() =) duy

+ iw(—t—7) W
e / )] B et
= E(t—7)+5*(—t—7), (2.26)
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with
S(t) = / *Et(w) et dw
( ) \/ﬂ ref ( )
1 7 | .
= | Ar(w)A(w) eleer @)@l givt g, 207
= [ A1) (227)

Hence, all information is contained in, e.g., the positive temporal part of S(t) and similarly
to the spectral electric field definition of Eq. (2.9), the quantity

SH(t) = 5(t — 7). (2.28)

can be defined and isolated with a filter function.

The width of S*(t) depends on two things [cf. Eq. (2.27)]. First, it depends on the spectra
Aref(w) and A(w) of both pulses, i.e., the bandwidth-limited pulse durations. Here, it should
be noted that the reference pulse must have at least the same bandwidth as the signal pulse
in order to obtain interference fringes over the whole spectral range of interest. Second, the
width of ST(t) depends on the spectral difference phase between both pulses, i.e., the range
of oscillation frequencies contained in the spectral interferogram (cf. inset of Fig. 2.1). In
order to apply a filter function and isolate S*(t) from its counterpart the separation 7 of the
pulses has to be (much) larger than the width of S*(t). Furthermore, if the signal intensity
I(w) is not subtracted from the interference pattern [Eq. (2.23)], it will show up as a DC
component in S(t), which requests an even higher threshold for 7. On the other hand, a
large separation 7 yields closely spaced fringes in the interferogram that eventually cannot
be resolved by the spectrometer (Nyquist limit). Therefore, 7 has to be chosen according to
the experimental parameters for good results (see also Section 3.3).

The possibility of isolating S*(t) is the condition that allows to transfer the cosine function
of Eq. (2.25) into a complex-valued relation, the Fourier transform of S*(t):

ST(w) = \/—_/§t—7 Je wtdt
= [E&4w)] Ef(w)e™”

=V het(w)(w) eleer@) (@) el (2.29)

The difference phase is now directly given by

Pait(w) = p(w) — ref(w) = —arg { ST (W)} — wr. (2.30)

As mentioned at the beginning of this section, the phase of the reference pulse ¢yef(w)
has to be measured additionally with a self-referencing technique if the phase of the signal
pulse is to be determined. Furthermore, if the temporal separation 7 is not known, it can be
deduced by the linear coefficient of a polynomial fit of arg {S™(w)}. However, as discussed
in Section 3.3, for a detailed analysis of the temporal separation other techniques are better
suited.
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2.3 Confocal Microscopy 11

2.3 Confocal Microscopy

The experimental method used in this work to launch optical excitations on nanostructures
and collect their emission is called confocal microscopy. In the current section, the confocal
principle is described with a ray-tracing model. Since this model is not sufficient to explain
details of image formation in microscopes, the angular spectrum representation of optical
fields is introduced subsequently. With the help of the angular spectrum framework, spatial
resolution in microscopes and focusing of fields is discussed. Parts of this section are based
on [Hecht06].

Ray-Tracing Model of Confocal Microscopy

Lenses and combinations of lenses have been used for a long time for imaging purposes, e.g.,
to magnify distant objects like stars (using telescopes) and to enlarge small structures in the
vicinity, such as biological cells (using microscopes). In the so-called two-stage microscope,
consisting of two focusing lenses, the first lens (called objective) produces an inverted real
image of the object, which is then further magnified by the second lens (called eyepiece
or ocular) [Tragerl2]. Because of various aberrations that occur upon imaging (chromatic
and spherical aberration, coma, astigmatism, field curvature, and distortion) a microscope
objective usually consists of multiple lenses, so that the combination of them corrects most
of the aberrations, even for large acceptance angles 6 (cf. Fig. 2.2a) [Demtroder04].

In modern microscopes the objectives are corrected for infinity, i.e., an almost aberration
free image is produced at an infinite distance from the objective if the object is placed
exactly in the focal plane. Therefore, a so-called tube lens has to be used to produce a
real image, e.g., on a detector. Only the combination of an objective and an appropriate
tube lens positioned within a compatible distance produces an image magnified by the factor
imprinted on the objective. The magnification of such a system can simply be calculated as
[Enderlein00, Hecht06]

M = fu/fob;, (2.31)

where f;; and f,,; denote the focal length of the tube lens and objective, respectively. These
infinity-corrected optical systems have the advantage that auxiliary components, such as
beam splitters, deflection mirrors, or polarizers, can be introduced “into the parallel optical
beam path between objective and tube lens with only a minimal effect on focus and aberration
corrections.” [Nicon13|

A ray-tracing model of such an infinity optical system is illustrated in Fig. 2.2a. Radiating
ideal point sources (circle, star, rectangle) are imaged via an objective, a 45° deflection mirror
and a tube lens to a detector. In wide-field microscopes the entire sample area is illuminated
and the detector records the complete image at once. Contrary, in confocal microscopy a
locally restricted volume around the objective's focal spot is excited only, as indicated by
the light-gray ellipse in Fig. 2.2a (a way to achieve this is discussed later), and a sensitive
detector without spatial resolution is used. The detector can, e.g., be an avalanche photo
diode (APD) that records only intensities. Then, an image of the sample can be obtained,
e.g., by raster scanning the sample plane through the excitation volume. In this case, a
pinhole positioned confocal to the excitation volume, i.e., in the conjugated sample plane
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Figure 2.2: (a) Ray-tracing model of the confocal-microscopy principle. The radiation of ideal
point sources (circle, star, rectangle) is collected by the objective within its opening angle 26 and
transformed into parallel rays that are redirected towards the tube lens via a 45° deflection mirror.
Since the rays originating from off-axis positions (star, dashed lines) propagate at an angle o with
respect to the optical axis (dotted line), the pinhole in the detection plane rejects them (open
star). Intensity from out-of-sample-plane positions (rectangle) is reduced because the image focus
is not in the detection plane (open rectangle). Figure based on [Hecht06]. (b) Principle of Fourier
Imaging (conoscopy). Emission directions k; of a point source (circle) are encoded in positions r;
in the back focal plane of the objective.

(detection plane in Fig. 2.2a) and on the optical axis, can be used to increase image sharpness
by reducing unwanted intensity from out-of-focal-spot positions, as explained in the following.

An ideal point source in the focal plane and on the optical axis of the objective is indicated
in Fig. 2.2a as a circle. The objective collects all radiation within its opening angle 26 and
transforms it into a collimated beam that propagates parallel to the optical axis (solid lines).
This beam is consecutively focused by the tube lens into the image plane on the optical axis
(open circle) where a pinhole is positioned. Thus, all intensity is collected by the detector
behind the pinhole.

On the other hand, the collimated beam of a point source in the focal plane but slightly
displaced from the optical axis (star) propagates at an angle o with respect to the optical
axis (dashed lines). Note that « is determined by the focal length f,; and the displacement
via simple trigonometry, see also Section 3.4. Consequently, the tube lens focuses the beam
next to the pinhole in the image plane (open star) and, thus, light emerging from the star's
position in the sample plane does not reach the detector.

Suppression of recorded intensity from a point source located on the optical axis but not in
the focal plane of the objective is also achieved with the confocal concept. Light from such a
point (rectangle) is not collimated by the objective (dashed-dotted lines). In the case shown
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2.3 Confocal Microscopy 13

here, the beam is slightly converging and is focused in front of the detection plane (open
rectangle). Hence, the beam is partly blocked by the pinhole and the recorded intensity of
that position is reduced.

In summary, the confocal principle improves image sharpness for raster scanning micro-
scopes that use detectors without spatial resolution and locally restricted illumination.

An interesting aspect of lenses that is relevant for confocal microscopy and the next sub-
section can also be deduced from Fig. 2.2a: Lenses are sometimes referred to as Fourier
transformers between real (7) and reciprocal (/?) space. In the ray optics approximation, dis-
placements in the focal plane with respect to the optical axis (7) are encoded into propagation
directions of collimated beams, i.e., E—vectors, and vice versa. Hence, also the deflection mir-
ror can be used to raster scan the sample plane: A tilt of a;/2 with M as center of rotation
redirects emission from the position denoted with a star towards the pinhole. This concept is
used in the spectral-interference microscope (Chapter 3). In this context it is interesting to
note that the field of view, i.e., the lateral size of the sample plane that is correctly imaged
into the detection plane, is, in principle, given by the objective (design). However, as can be
anticipated from Fig. 2.2a, the size of the deflection mirror can limit the field of view further
since beams originating from point sources displaced far from the optical axis are clipped.

Another application of a lens acting as (inverse) Fourier transformer is called Fourier
imaging or conoscopy [Curtol0] and is illustrated in Fig. 2.2b. Here, it is assumed that a
point source on the optical axis (circle) radiates only in two different directions (k; and k),
which is illustrated by solid and dashed collimated beams, respectively. After passing the
lens, the direction of each collimated beam is encoded in a specific position r;, now in the
image-sided back focal plane of the objective. Note that, in contrast to the object-sided
focal plane, the back focal plane is usually located within the housing of an infinity corrected
objective. However, by imaging this back focal plane onto a detector, the angular emission
of, e.g., single molecules [Lieb04], propagating plasmons [Grandidier08] or optical antennas
[Curtol0] can be characterized.

Angular Spectrum Representation of Optical Fields

In the ray-tracing model used above, a collimated optical beam is described by parallel rays.
This model is sufficient to discuss the confocal principle. However, in contrast to reality,
focal sizes in this model are infinitesimal small. Therefore, the model lacks an explanation
for, e.g., the pinhole size that has to be chosen in a given microscope system. In order to
tackle this question and provide an overview of basics in high-resolution imaging and strong
focusing, the angular spectrum representation is briefly introduced in the following. This is
done without presenting a detailed treatment or all intriguing facets of this concept.

“The angular spectrum representation is a mathematical technique to describe optical fields
in homogeneous media.” [Hecht06] The idea of the technique is to Fourier transform the
known electric field E(F) at a given point 7 = (x, y, z) in a two-dimensional plane transverse
to an arbitrary axis z. In analogy to the description of femtosecond pulses in the frequency
domain rather than in the time domain (cf. Section 2.1), the resulting Fourier spectrum

+oo
A 1 - .
E(k, ky; z) = o) ff E(x,y, z) e iyl dxdy (2.32)
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14 Theoretical Background and Experimental Methods

is convenient to describe propagation of optical fields. Mathematically, the variables k, and
k, are so-called spatial frequencies, or reciprocal coordinates, corresponding to the Cartesian
transverse coordinates x and y. According to the Fourier theory, high spatial frequencies
correspond to small variations in real space. However, the spatial frequencies also determine
the propagation direction of constituent waves via the wave vector k = (K, ky, k.), as shown
in the following.

In principle, the transverse x—y plane located at z = 0 can be the sample plane of a
microscope. Upon illumination, structural data of this plane is imprinted on the light field.
For instance, the information of a tiny hole in an otherwise opaque sample is then contained
in E(X,y, z = 0), as the field is only present within the hole. The Fourier spectrum of this
field [Eq. (2.32)] evolves along the z axis [Hecht06]:

=

E(ky, ky; z) = E(ky, k,; 0) e™7 | (2.33)

This can be shown by using the wave equation [Eq. (2.14)] and the definition

k, = \/(k2 —k2—k2),  with  Im[k] >0, (2.34)

where k is defined via the dispersion relation [cf. Eq. (2.16)]. From Eq. (2.33), it can be
deduced that the Fourier spectrum in an arbitrary plane (e.g., an image plane) located at
z can be calculated from a simple multiplication of the Fourier spectrum at the known
plane (e.g., the sample plane) at z = 0 with the so-called propagator in reciprocal space,
etikz Here, the +-sign refers to wave propagation into the positive or negative z direction,
respectively.

By applying the inverse Fourier transform to Eq. (2.32) and inserting Eq. (2.33), one
arrives at the so-called angular spectrum representation:

-

+oo
E(x,y, z) = ﬂ E(ky, k,; 0) elbothyEhzl g g (2.35)

For dielectric media without losses the dispersion relation [Eq. (2.16)] reduces to k = (w/c)n,
with the real and positive refractive index n [cf. Eq. (2.2)]. Therefore, depending on the point
in the k,—k, space, i.e., the reciprocal sample space, the wavenumber k, can be either real or
imaginary. Hence, the propagator in reciprocal space, e**?  is an oscillatory or exponentially
decaying function, respectively, and two different solutions of Eq. (2.35) exist:

ailkocthyy] gobilk|z for K2+ ky2 < k% and (2.36)
ellkothl gliellel  for K2 k2 > 2, (2.37)

Thus, in the angular spectrum representation, a superposition of plane [Eq. (2.36)] and
evanescent [Eq. (2.37)] waves “propagate” the Fourier spectrum. Both kind of waves are
solutions of Maxwell's equations. In the paraxial limit, where the wavevector k = (ky, ky, k,)
is almost parallel to the z axis and k,, k, < k, the angular spectrum representation becomes
identical with the framework of Fourier optics [Hecht06].

It is interesting to discuss the different constituent waves of the angular spectrum repre-
sentation. Plane waves that propagate along the z axis, with k, = k, show no transverse
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2.3 Confocal Microscopy 15

oscillations (k2 + kf = 0) and extend infinitely in the x—y plane. Thus, no variation of

—

E(x,y,z = 0) can be encoded into them and they carry no information about any structural
data in the x—y sample plane. On the other hand, plane waves that propagate perpendicular
to the z axis naturally have large oscillations in this transverse plane (k2 + kf = k?) and no
dependence on the z coordinate, i.e., they extend infinitely along this coordinate. Due to the
large oscillations within the sample plane, variations of E(x, y,z = 0) are encoded into these
waves and they carry information about structural data in the sample plane. Evanescent
waves [cf. Eq. (2.37)] cover even higher spatial frequencies in the transverse plane they are
propagating in, i.e., they carry highly resolved information about spatial variations. However,
this is at the expense of exponentially decaying fields along the z direction.

Thus, the propagator in reciprocal space is a low pass filter: Spatial frequencies k2 + kf >
k? of the original field in the transverse sample plane get lost upon propagation since they
are exponentially damped out. Furthermore, each aperture in an imaging system, e.g., a
lens, is also a low pass filter that rejects spatial frequencies corresponding to propagation
directions of uncaptured plane waves. Therefore, they cannot contribute to image formation.
For instance, for the example with a tiny hole in an otherwise opaque sample (cf. above),
capturing only the plane wave that propagates along the z axis results in an image that shows
a completely transparent sample, i.e., no structural data of the sample plane is obtained.

Spatial Resolution

As a direct consequence of the spatial frequency filtering explained above, even the image
of a point source has a finite size. Mathematically, such a source is described by a delta
function in space and is represented by an infinite bandwidth of spatial frequencies k,, k,.
In a confocal microscope, the evanescent components [Eq. (2.37)] are always lost. For the
propagating components [Eq. (2.36)] an objective can only capture plane waves within its
opening angle 26, cf. Fig. 2.2a. A mathematical treatment in the angular spectrum framework
shows that an electric dipole, which is a physical representation of a point source, situated in
the sample plane of a confocal microscope and oriented within the transverse plane is imaged
to an intensity distribution that is, along a transverse axis in the image plane, proportional
to an Airy pattern [Hecht06]. The Airy pattern is well-known from diffraction problems and
sketched in Fig. 2.3 in the context of focusing (cf. next subsection).

The function that maps a point source from the sample plane to the image plane is also
called point-spread function since it describes how a point source spreads out to a finite
size upon imaging. The radial distance for which the point-spread function in the image
plane becomes zero the first time is usually defined as the Airy disk radius AXimage. This
radial distance naturally depends on the magnification M [cf. Eq. (2.31)] of the microscope
[Hecht06]:

M Xq
NA '
Here, \q is the vacuum wavelength and n is the refractive index in the object space. Fur-
thermore, the so-called numerical aperture (NA) of the objective was introduced.

From Eq. (2.38) it can be deduced that, even for a magnification of M = 1, the image size
of a point source is finite and depends on the effective wavelength Ao/n of the light and the

AXimage = 0.6098

NA = nsin(0). (2.38)
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intensity

Figure 2.3: Schematic of focusing. Sev-
eral plane waves impinge under different
angles 6 with respect to the z axis on the
transverse focal plane. Constructive and
destructive interference in this plane yields
L a spatially restricted intensity distribution

in form of an Airy pattern. Figure adapted
from [Rewitz09].

focal plane

opening angle of the objective. This allows a sensible determination of the minimal pinhole
size in a confocal microscope: Choosing the pinhole radius according to Eq. (2.38) ensures
that almost all the intensity of a single dipole is detected.

In order to estimate the maximal sensible pinhole size, a criterion for the distinction of
the images from two closely spaced point sources in the sample plane is needed. Different
approaches exist to formulate such a spatial resolution criterion. They all have in common
that the point-spread functions of two point sources are examined, but differ in details,
such as the orientation and relative intensities of the two dipoles [Hecht06]. However, by
requesting that the maximum of one point-spread function coincides with the first minimum
of the other one, and using Eq. (2.38) one arrives at the Abbe criterion for the minimal
resolvable separation Axypject Of two point sources in the sample plane:

AXopject = 0.6098%\—0. (2.39)
nsin(0)

Therefore, the confocal pinhole radius chosen above is also a sensible maximal radius since
it corresponds to the resolution limit of the optical system. To enhance the resolution of an
optical system for a given vacuum wavelength immersion-oil or water between the cover slip
and the objective can be used to increase n above the vacuum level of 1. In this case, the
objective corrections are optimized for a certain cover slip thickness, i.e., the sample plane
(cf. Fig. 2.2a) is located exactly at the air-sided interface of the cover slip.

An even more optimistic formula for the resolution limit results from the simple argument
that the entire spectrum of spatial frequencies within the numerical aperture of the objective
contributes to the image formation [Hecht06]: Axopject = 7r>|\\l_0A' Going beyond this limit
requires to sample higher spatial frequencies, also those associated with evanescent waves.
This is possible with near-field optical microscopes. A comprehensive discussion of this

technique can be found in [Hecht06].

Diffraction-Limited Focusing

An infinity corrected objective in a confocal microscope is often also used to focus excitation
light into the sample plane in order to realize locally restricted excitation (cf. Fig. 2.2a,
excitation volume). The principle of focusing can be seen as the inverse problem to the one
discussed so far. In Fig. 2.3 a two-dimensional situation is sketched. Now, the interference of
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propagating plane waves with different in-plane components k, = k sin 6 but equal intensities
yields a distribution proportional to the Airy pattern. When using high-NA objectives, a
linearly polarized and collimated excitation beam can be focused down to this intensity
distribution and a focal size according to Eq. (2.39) can be defined [Hecht06]. However,
the spot will be elongated in the direction of polarization. In order to reach this so-called
diffraction-limited focal size, the back aperture of the objective has to be overfilled by the
collimated beam, i.e., the beam diameter has to be larger than the diameter of the back
aperture. This ensures that all wave vectors k allowed by the numerical aperture are present
with (ideally) similar intensity.

2.4 Propagating Optical Near Fields

In the last section, evanescent waves were mentioned as solutions of Maxwell's equations and
used in the angular spectrum representation. In homogeneous media these optical fields do
not propagate but decay exponentially away from the source and are, therefore, often called
near fields. However, propagating optical near fields do exist. They “are electromagnetic
excitations propagating at the interface between a dielectric and a conductor, evanescently
confined in the perpendicular direction.” [Maier07] Since they originate from the coupling
of electromagnetic fields in the dielectric to oscillations of the conductor’s electron plasma,
they are also called surface plasmon polaritons (SPPs) or simply plasmons.

Starting with the wave equation, this section shows that plasmons are special solutions,
i.e. modes, of the planar interface problem (Section 2.4.1) and that important characteristics
can be deduced on this basis. Subsequently, more complex geometries such as multilayer
structures (Section 2.4.2) and nanowires (Section 2.4.3), which form the basis of the nano-
structures investigated in Chapters 4 and 5, are described. The discussion closes with an
overview of possible excitation schemes (Section 2.4.4) and follows [Maier07], [Han13], and
[Hecht06].

2.4.1 Electromagnetic Waves at a Planar Interface
Basic Equations and Discussion of Field Characteristics

In Section 2.1 the wave equation in the frequency domain [Eq. (2.14)] was introduced as the

central equation that describes the propagation of monochromatic electric fields in a linear,

homogeneous, isotropic, and nonmagnetic medium in the absence of any external charges or

current densities. Now, the fields at an interface between two different homogeneous media

are discussed. Consequently, the permittivity depends on the space coordinate 7. By defining
w 2

ko =% = S as magnitude of the wave vector in vacuum (g is the wavelength of light in

vacuum), the wave equation simplifies to the homogeneous Helmholtz equation
V2E(F,w) 4 k2e(F, w)E(F,w) = 0. (2.40)

For the next steps, it is instructive to proceed with a two-dimensional geometry, in which
the waves propagate in x direction and the dielectric constant only depends on the z co-
ordinate, i.e., e(r) = €(z) and 0/Jy = 0. The propagating waves can then be written
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as E_(x,y, z) = E(z)e”‘sppx, where kspp is the propagation constant of the plasmons, i.e.,
the projection of the wave vector onto the propagation direction. With these assumptions,
a system of equations for the electric and magnetic field components can be derived from
the Helmholtz equation using Maxwell's curl equations [Maier07]. There exist two sets of
self-consistent solutions with different polarization properties: For TM (transverse magnetic)
modes only E,, E, and H, are non-vanishing, whereas for TE (transverse electric) modes only
H,, H, and E, are nonzero. In the following, expressions for the electric field components of
the TM modes are given [Maier07]:

1 OH
E, = —i——% 2.41
stoe 0z ( )
kspp
E, = — H. . 2.42
L (2.42)

Furthermore, the wave equation of the TM mode's magnetic component reads [Maier07]

0*H,
0z2

+ (kje — képp)H, = 0. (2.43)

With these formulas at hand, one can now look at the single interface problem between
a non-absorbing dielectric and a metal, as sketched in Fig. 2.4a. The half space for z > 0
(light gray) is described by a positive real-valued dielectric function £4(w). The conducting
half space for z < 0 (dark gray) is modeled with a permittivity function e, (w). Here, it
should be noted that the metallic character requires a negative real part of the complex
permittivity, i.e., Re[e(w)] < 0. Now, by assuming solutions confined to the interface, i.e.,
with evanescent decay in the direction normal to the interface (o< e %:?), the TM modes in
both half spaces can be written as [Maier07]

Hy(z >0) = Aqelksrrxehaz (2.44)
k .
Ei(z>0) = iAg—— elksprx g haz (2.45)
WEDEY
k .
E(z>0) = —Ag—r glkspex g—hiz, (2.46)
WEPEY
and
H,(z <0) = A,e’srxeknz (2.47)
ke
E(z<0) = —iA,—— elksrrx ghmz (2.48)
WEQEm
k .
EN(z<0) = —Ap— giksepx ghnz (2.49)
WEQEmM

In these equations Ay and A, are proportionality factors. The component of the wave
vector perpendicular to the interface (k,) has been replaced by kg and ki, for the dielectric
(z > 0) and metallic (z < 0) half space, respectively. It should be noted that the requested
confinement perpendicular to the interface requires Re[km], Re[k4] > 0.
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The solutions in both half spaces have to satisfy continuity conditions. The continuity of
H, requires A, = Aq4, whereas from the continuity of E, it follows that

kq Kk

—_— = - 2.50

i (2.50)
Furthermore, H, has to fulfill the wave equation [Eq. (2.43)], yielding

Combining the last three equations yields the dispersion relation of propagating optical near
fields, i.e., a relation between the propagation constant (the momentum) and the angular
frequency (the energy), an important equation for waves at the interface between a dielectric
and metallic [Hecht06],

kepp = ko | —md \/ () (2.53)

€m—|—€d —|—€dw

Since the demanded propagation along the interface requires that Re[kspp] > 0, it follows
together with Re[kn], Re[k4] > 0 that

Re[em] < —é4 (2.54)

has to hold, a condition that is satisfied for most metals and dielectrics in the long-wavelength
part of the visible and in the infrared [Han13]. Furthermore, the fields can now be written
as [Han13]

E(z>0) = (E° 0 EY) ek exp(—z\/kZpp — cak?) (2.55)
E(z<0) = (E° 0 EM)-e > exp(z\/k2op — emk?), (2.56)
where the normal and tangential field components are related to each other via

ikspp

FEo— ke po (2.57)
V képp — €4k
ik
Em = — k2' SPP k2EX°, and (2.58)
Spp — €mKp
iky ikm
E°0 — — _ 2.59
X WEQEY WEOEm ( )

It is worthwhile to note that from connecting the solutions in each half space [Egs. (2.44)
to (2.49)] for the TE modes it follows that A, = Ay = 0, i.e., at a planar single interface,
only TM modes exist for surface plasmon polaritons [Maier07].

In Fig. 2.4b the sign-sensitive magnitudes [|E;| - sign(Re[E;])] of the two electric field
components in each half space are plotted versus the distance z normal to the interface
located at z = 0. Since some of the nanostructures investigated in this dissertation are
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Figure 2.4: (a) Two-dimensional geometry of the interface between a metal (dark gray) and a
dielectric (light gray). The double arrows indicate the orientation of different electric field compo-
nents. (b) Shown are sign-sensitive magnitudes of the electric field components [|E;| - sign(Re [E;])]

as a function of distance to a gold-silica interface (vertical line, z = 0) at the free space
wavelength of Ao = 800nm (= 1.55eV = 374-10'2Hz = 2.35rad/fs). The values were cal-
culated using Egs. (2.55) and (2.56) with €a,(2.35rad/fs) = —24.0 4+ 1.5i [Johnson72] and

£si0,(2.35rad/fs) = 2.25 [RI13]. As indicated in (a), the black-dotted, black dashed-dotted, light-
gray dashed, and dark gray curves show the exponential decay of the field components E¢, E9, E,
and EJ", respectively. The field decay length normal to the interface is LT = 1/ Re[km| = 25 nm in
gold and LY = 1/ Re[kg] = 265 nm in silica (vertical dashed lines).

made of gold and are situated on microscope glass cover slips (Section 4.3 and Chapter 5),
an interface between gold and fused silica is chosen as the exemplary system and the vacuum
wavelength is Ao = 800 nm, which is the center wavelength of the excitation spectrum used
in this work. The field components were calculated using Egs. (2.55) and (2.56). A lot of
information is already at hand in this representation. First of all, the energy is mostly located
in the dielectric as can be inferred from the relative amplitudes for z > 0 (in the dielectric)
and z < 0 (in the metal). Furthermore, in the dielectric half space, the normal component
(E4, black dotted) is dominating. Therefore, mostly a “photonic” TEM mode is present. On
the other hand, in the metal the parallel component (E", dark gray) has the larger amplitude,
implying that the collective electron (plasma) oscillation is mainly longitudinal, i.e., along
the propagation direction. Thus, the combined surface plasmon polariton is a hybrid mode
and any excitation light must provide the lateral electric field component. Therefore, only
p-polarized light can be used for excitation at a planar interface (see also Section 2.4.4).
Second, both components in one material follow the same exponential decay away from the
interface. As indicated by the vertical dashed lines in Fig. 2.4b, the 1/e field decay length in
the metal is L™ = 1/ Re[ky,] = 25 nm, whereas it is L9 = 1/ Re[kg] = 265 nm in the dielectric.
Note that the intensity decay length is calculated as L, = 1/(2Re[k]). The fact that the
decay length normal to the interface in the metal is shorter than in the dielectric is always
true and is already visible in Egs. (2.51) and (2.52) together with Eq. (2.54), assuming a
positive dielectric constant (g4 > 0), i.e., kn, > kg always holds. However, the decay lengths
and, thus, also the degree of field confinement depend on the propagation constant of the
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Figure 2.5: (a) Normalized amplitudes of the four field components as a function of lateral x
coordinate, the propagation direction. The same geometry and calculation details as in Fig. 2.4
apply. The effective index of refraction of this geometry for the plasmon mode can be defined via
neff = kspp/ko and is 1.57 in the present case (cf. with index of dielectric nsjp, = 1.5). (b) Sketch
of the geometry with momentary field directions, relative amplitudes, and charge accumulation in
the metal.

plasmon, as will be discussed later (Section 2.4.2).

Furthermore, Fig. 2.4b shows that the z components in each half space point into op-
posite directions. Figure 2.5a shows the normalized amplitudes in planes 10 nm away from
the interface as a function of lateral x direction. From the black-dotted (E¢) and light-
gray dashed (E") curves it can be deduced that there is a phase shift of 180° between
these two components. An oscillatory behavior, i.e., propagation along the interface, can
be seen in all four components. The oscillation period, i.e., the effective wavelength,
Aspp = 27/ Relkspp] = 508 nm naturally is the same for all components. The compari-
son of this effective wavelength with the wavelength of light in silica (Asjo, = 533 nm) for the
same vacuum wavelength (Ao = 800 nm) illustrates the reduction for the plasmonic wave.
In other words, the propagation constant for the plasmon is increased. From its definition
[Eq. (2.53)] it can further be concluded that a change of each interface constituent—metal or
dielectric—alter the propagation constant and thus characteristics of the propagating optical
near field.

In Figure 2.5a, the black dashed-dotted (E¢) and dark gray (E™) curves are overlayed,
i.e., no dephasing of the longitudinal components appears (in the shown region). The phase
difference between the longitudinal (E¢™) and normal (E&™) components in each medium
is £90°, because the energy alternates between them. The plasmon amplitude propagation
length for the shown case is L, = 1/Im[kspp] = 25 um. Thus, no damping is visible for
the propagation distance of 1000 nm. This propagation length is mainly determined by the
(positive) imaginary part of the metal permittivity [cf. Eq. (2.53)] that is responsible for
ohmic losses. Therefore, the loss mainly arises from the lateral electric field component in
the metal (E"). If non-ideal systems are treated, additional loss channels, e.g., radiative
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losses via surface roughness, come into play.

Figure 2.5b combines all the information gathered so far into a sketch of momentary
field directions and relative amplitudes at the interface. It also indicates that charges are
accumulated in certain regions of the metal.

Dispersion Relation and Propagation Velocities

The discussed characteristics so far were for a single wavelength only, even though the
dispersion relation that connects propagation constant and frequency [Eq. (2.53)] was already
at hand. Usually, the refractive index of a dielectric, e.g., fused silica, is almost constant from
the visible to the infrared region of the electromagnetic spectrum, whereas the permittivity
of metals has a strong dependency on frequency and is, in the optical regime, governed by
the response of free and bound electrons [Hecht06, Maier07]. However, for the discussion
presented here both dependencies are included, i.e., the permittivities' real and imaginary
parts of metals are modeled as explained in Appendix A.1 and for the dielectric function of
fused silica the Sellmeier dispersion formula with appropriate coefficients is used [Bass95].
All data is calculated in a broad frequency range around the center frequency of the laser
used in this work (wo = 2.35rad/fs).

The dispersion relation for photons in vacuum reads w = ckgy and, thus, is a straight line
(often called light line in vacuum) in a plot of frequency versus the real part of the propagation
constant (Fig. 2.6, black dotted). In a dielectric, w = c(g4)*?k holds and the dispersion
relation has a smaller slope (Fig. 2.6, black dashed dotted). In the case of planar-interface
plasmons the relation reads w = C(%)_l/2kspp and is plotted for a gold—air (dark-gray
dashed), a silver—air (light-gray dashed), a gold-silica (dark gray), and a silver—silica interface
(light gray) in Fig. 2.6. From the comparison with the respective light lines (black dotted and
black dashed dotted) it can be deduced that the already mentioned increase of propagation
constant is true for the complete frequency range that is shown, with a tendency of higher
increase towards higher frequencies. In other words, the propagation constant of a plasmon
is always equal or larger than that of a photon in the adjacent dielectric [kspp(w) > k(w)].
This has consequences for the confinement of energy to the interface (cf. Section 2.4.2) and
for excitation schemes (cf. Section 2.4.4). However, the difference of propagation constants
becomes smaller towards lower frequencies. This fact can be explained by the permittivity of
the metals. Compared with the visible frequency region, the permittivity has an even larger
negative real part at lower frequencies (cf. Fig. A.1). Therefore, metals behave more like ideal
conductors in the low frequency region, i.e., the electromagnetic field hardly penetrates into
the metal and, thus, scarcely couples to the conductor's electron plasma. Consequently, the
modes are almost plane waves with kspp(w) = k(w) and extend infinitely into the dielectric
half space, transverse to the propagation direction. This can be generalized: Whenever
the dispersion relation of a plasmon approaches that of the light line, the plasmon mode
is hardly confined to the surface and resembles a photonic mode. For other plasmonic
waveguide structures this also happens for certain geometric parameters and must not be
confused with a cut-off (cf. Sections 2.4.2 and 2.4.3). If a mode is cut off, the propagation
constant is purely imaginary [Novotny94] and the mode does not propagate [cf. Egs. (2.55)
and (2.56)].

Other interesting properties of plasmons, in particular in the context of this work, can also
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be deduced from the dispersion relation: the phase and group velocities. The phase velocity
describes the speed at which phase fronts of a single-frequency oscillation propagate in space
and is defined as v, = “;—3 [Hecht02]. The propagation speed of a pulse, which is composed
of several frequency components [cf. Eq. (2.8)], is given by the group velocity that is defined
by vy = 92|, [Hecht02]. Hence, the group velocity is relevant for information transport and
is given by the slope of the dispersion relation. For photons in a medium these relations can

be rewritten as

Photon __ c o w
Vp ton — _5d = E, (260)
—-1/2
VPhoton _ f o Cka(gd / )

—= 2.61
& k Ok (261)
Thus, depending on the spectral characteristic of the dielectric permittivity, the group velocity
can be slightly different than the phase velocity (but not larger than ¢).

For planar-interface plasmons, the velocities can be written as

Cc w

Plasmon
% = = , 2.62
P /emea  kspp (262)
Emted
0 (<_5m5d )1/2>
VPIasmon — L -+ Ckspp B (2 63)
¢ kspp Ok ' '

Since the propagation constant kspp of a plasmon is larger than that of a photon in the
corresponding dielectric (k), the phase velocity of a plasmon is always smaller than that of a
photon. For the group velocities the relation obviously depends on the spectral characteristics
of both the metallic and dielectric permittivity. In systems more complex than a single
planar interface the dispersion relation also becomes more complex and the group velocity
depends on geometry details as well (see next Section). In general, however, the group
velocity for plasmons is smaller than for photons in the adjacent dielectric, as can be deduced
from the slopes of the curves in Fig. 2.6. For a vacuum wavelength of 800 nm, the group
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Figure 2.7: Schematic representation of electric field vector components’ amplitudes for a MIM
(metal-insulator-metal) double interface. (a) Shows the symmetric combination of the parallel
component (Ey) and (b) illustrates the anti-symmetric combination. In the symmetric case the
mode is called quasi-TM because the component of the electric field perpendicular to the inter-
faces (E;) has a node in the dielectric gap (black dotted). For the anti-symmetric combination,
the parallel component in the gap (black dashed dotted) has a node, whereas the perpendicular
component (E,) always points in the same direction within the dielectric gap (black dotted). Thus,
the mode is called quasi-TE or gap-SPP. In the inset all components at the two interfaces are
indicated together with the layer thickness t.

velocities of the plasmons at the gold—silica and silver—silica interfaces (slopes of dark-gray and
light-gray curve, respectively) are vj'smengeld=siica — 1 73.108m/s and v, @smonsilversilica —
1.79-108m/s, compared to the velocity of a photon in silica (slope of black dashed-dotted
line) of vhorensiica — 2.04.10%m/s.

2.4.2 Three-Layer Structures

After introducing basic field characteristics and the dispersion relation of plasmons at a
single planar interface, the discussion now advances to symmetric structures with two planar
interfaces. There are two possibilities for three layers: metal-insulator-metal (MIM) and
insulator—metal—insulator (IMI) structures. If the separation t between the two interfaces
is large, i.e., larger than the perpendicular decay lengths (L,) in the respective materials,
each interface supports an independent mode. However, if the separation becomes smaller
(in the few-nanometer region), both identical modes couple and, just as for the combination
of atomic orbitals in a molecule, a symmetric and anti-symmetric combination of the two
independent modes is possible. As a result the propagation constants of the new modes are
different.

In the following, symmetric structures and their mode combinations are discussed in detail.
However, it should be noted that in this section only special cases of the fundamental bound
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modes are discussed. Other modes do exist. For instance leaky, i.e., radiating modes in IMI
structures or oscillatory modes in MIM structures with a sufficient thickness of the dielectric
core. Furthermore, different modes exist for non-symmetric structures, i.e., if the sub- and
superstrate differ [Prade91]. If analytic solutions, e.g., for the dispersion relations, cannot be
provided, simulations are often used to characterize modes or field distributions for a given
geometry. Most commonly used algorithms, e.g., the finite-element or the finite-difference
method (cf. Appendix A.1), find numerical solutions of Maxwell's equations by discretizing
the simulation area into a fine mesh of unit cells [Chiang94].

Metal-Insulator—Metal (MIM)

Schematic representations of the field components’ amplitudes in a MIM structure are shown
in Figs. 2.7a and 2.7b for the symmetric and anti-symmetric combination of the parallel field
components (E,), respectively. The symmetric combination in E, is anti-symmetric in E,,
i.e., the perpendicular field component has a node between the two interfaces (Fig. 2.7a,
black dotted). Since the main electric field components in the dielectric are, therefore, along
the interface and, hence, along the propagation direction, this combination is called the
quasi-TM mode. On the other hand, the anti-symmetric combination in E, features a node
of the parallel field component (Fig. 2.7b, black dashed dotted). Thus, the perpendicular field
component in the dielectric (E¢) always points in the same direction and this combination is
called the quasi-TE mode. Interestingly, this mode has no cut-off for a vanishing core layer
thickness (lim;_,o), i.e., contrary to the quasi-TM mode, the quasi-TE mode propagates for
all layer thicknesses [Prade91]. This mode is also called gap-SPP, because most of the fields
are indeed located in the dielectric gap between both metal layers [Han13].

For the double interface it is possible to apply the same mathematics as for the single in-
terface. However, only implicit expressions for the dispersion relations are possible [Maier07].
For the gap-SPP, an approximation of the dispersion relation can be given, where t is the
dielectric layer thickness (cf. Fig. 2.7) [Han13]:

2 ~ <m
w\/sd 4 ZdVid T Em (2.64)

esee S T et
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Figure 2.9: Schematic representation of electric field vector components’ amplitudes for a IMI
(insulator-metal—insulator) double interface. (a) Shows the symmetric combination of the parallel
component (Ey) and (b) illustrates the anti-symmetric combination. In the symmetric case, the
fields are tightly bound to the metal film, whereas an almost pure photonic mode exists for the
anti-symmetric combination (parallel component in the metal has a node, fields are forced outside
of the metal). In the inset all components at the two interfaces are indicated.

As already mentioned, the dependence of the plasmon propagation constant on the per-
mittivities is more complex than for a single interface [cf. Eq. (2.53)]. In Fig. 2.8 the
dispersion relations of gap-SPPs in a gold—silica—gold structure are plotted for layer thick-
nesses of t; = 100 nm (light gray), to = 50nm (dark gray) and t; = 20 nm (black dotted)
together with the light line in silica (black dashed dotted). The propagation constants of the
g-SPP modes are larger than for a SPP on a gold-silica interface (cf. Fig. 2.6) and increase
with decreasing silica-layer thickness. Indeed, lim;_ Re[ks_spp] = oo holds [Han13]. The
increased plasmon propagation constant directly implies a high confinement of the fields,
as can be seen by looking at Egs. (2.51) and (2.52): The decay length away from the
interfaces (L™9 = 1/kpnq4) becomes smaller as the gap of the MIM structure decreases.
Unfortunately, for the imaginary part of the propagation constant the same relation holds:
lim¢_o Im[kg_spp] = oo [Hanl3]. Therefore, high confinement always is accompanied by
high losses (L, = 1/Im[kspp]). This is a general trade-off in plasmonics, which might be
solved with amplification techniques, see, e.g., [Liul3]. Regarding the group velocities, the
same trend as before remains: The more the fields are confined in the transverse direction,
i.e., the larger the propagation constant is, the slower is the lateral propagation, as can be
inferred from the slopes of the curves in Fig. 2.8, e.g., at 800 nm vacuum wavelength.
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Insulator—Metal-Insulator (IMI)

In the case of insulator—-metal—insulator structures the same combinations of single-surface
modes as in the MIM situation are possible. In the symmetric case (Fig. 2.9a) the new mode
is called short-range SPP because the propagation constant increases infinitely in its real
and imaginary part in the limit of very thin metal films [Maier07]. Therefore, the fields are
tightly bound to the metal film. Again, the strong confinement is at the expense of high
losses because the lateral field in the metal has no node (E)", dark gray). This means ohmic
damping of the longitudinal electron plasma oscillation is strong.

For the anti-symmetric combination (Fig. 2.9b), the mode is called long-range SPP: In the
limit of very thin metal films the dispersion relation approaches the light line in the dielectric
[Han13]. Thus, an almost pure photonic mode is formed that exhibits low losses but also
poor confinement (cf. discussion of Fig. 2.6). In other words, the plasmon is forced out of the
metal because the parallel component (E", dark gray) has a node between both interfaces.
In the dielectric, the perpendicular components (EY, black dotted) of both side of the metal
film are in phase, which is close to the situation of a plane wave supported by the dielectric.

2.4.3 Single Nanowires

In the systems treated so far, the fields are only confined in the direction perpendicular
to a two-dimensional interface. The propagation is discussed for one direction but can, in
principle, take place in the complete plane. Hence, the systems are two-dimensional plasmonic
waveguides. In order to allow propagation into one dimension only, one can think of rolling
up a single metal-dielectric interface into a thin cylinder [Takahara97]. This results, e.g., in
a metallic nanowire in a homogeneous dielectric surrounding.

For this system, it is sensible to solve the Helmholtz equation [Eq. (2.40)] in cylindrical
coordinates. By obeying the periodicity in the azimuth angle, the solutions turn out to be
proportional to modified Bessel functions and, hence, different orders of bound modes are
possible. Furthermore, the solutions depend on the diameter of the nanowire [Novotny94,
Takahara97]. The lowest order mode (TMg, m = 0) is purely transverse-magnetic and implies
lateral electron plasma oscillations along the nanowire axis. In Fig. 2.10a the simulated m = 0
mode profile is plotted for a silver nanowire with diameter d = 100 nm embedded in fused
silica, i.e., glass. The intensity has no azimuthal distribution and is bound to the nanowire
as can be seen from its nonlinear decay away from the surface. Just as short-range SPPs in
an IMI structure (cf. Section 2.4.2) the TMj nanowire mode shows no cut-off for decreasing
diameters and the propagation constant diverges [Han13]. Hence, the nanowire is an almost
ideal one-dimensional waveguide for the fundamental m = 0 mode. However, the propagation
length is much shorter than for a planar-interface plasmon (L = 1/Im[krm,] = 6 um at
Ao = 800 nm and d = 100 nm, cf. with 34 um on a planar silver—silica surface) and decreases
with smaller diameters since most of the power is then located in the metal.

Figures 2.10b,c show the simulated profiles of the modes m = +1, respectively (nanowire
in glass, d = 100 nm). The intensities have azimuthal distributions but still are symmetric in a
plane through the center of the nanowire. In contrast to the m = 0 mode, higher order modes
do show a cut-off for decreasing diameters. The cut-off diameter of each mode depends on
the metal, the surrounding and the wavelength. As discussed in Section 2.4.1, the cut-off
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Figure 2.10: Simulated mode profiles (cf. Appendix A.1) for Ay = 800 nm on infinitely long silver
nanowires (white circular outlines). Depicted is the near-field intensity (|Ex|? + |E,|*> + |E-|?). The
m =0, m= 41, and m = —1 modes of a d = 100 nm nanowire embedded in glass are shown
in panels (a), (b), and (c) respectively. In panel (d) the nanowire is situated on top of a glass
substrate. In this situation, the mode is mostly confined within the gap between the nanowire and
the substrate and located in the substrate. Since the intensity in all panels is normalized to the
mesh cell with the highest intensity, the different scaling further emphasize the strong localization
of the mode in the case with substrate. Thanks to Gary Razinskas for the simulations.

criterion in simulations is also the transition from a complex-valued to a purely imaginary
propagation constant. For silver nanowires embedded in a homogeneous glass surrounding
and a vacuum wavelength of \y = 633 nm the minimal diameters for the modes m = +1, £2
are ca. 50nm and 400 nm, respectively [Zhangll]. For silver nanowires embedded in glass
and \g = 800 nm simulations show that the minimal diameters are ca. 100 nm and 620 nm,
respectively.

For an inhomogeneous surrounding, e.g., a silver nanowire situated on a substrate, a
configuration used in Section 4.2, symmetry breaking yields different modes such that, e.g.,
the lowest-order bound mode has quasi-TM character. Similar to the homogeneous case,
higher order modes show a minimal cut-off diameter for the inhomogeneous surrounding. In
the case of an air—glass interface, the dispersion relation of the fundamental mode crosses
the light line in glass for decreasing frequencies (or increasing diameters) and, thus, evolves
into a photonic mode (cf. discussion of Fig. 2.6). Therefore, the simulated profile of this
mode for a vacuum wavelength of A\g = 800 nm is depicted in Fig. 2.10d for a nanowire with
d = 100 nm, the maximal diameter. Most of the intensity is confined within the gap between
nanowire and substrate and located in the substrate. For the nanowire on a substrate the
simple inverse relation between propagation constant and mode localization [cf. Egs. (2.51)
and (2.52)] breaks down: Despite of the strong localization (Fig. 2.10d), the real part of the
propagation constant of the fundamental mode is smaller than the corresponding value for
a nanowire in a homogeneous glass surrounding with less localization (Fig. 2.10a).

This can also be deduced from the dispersion relations shown in Fig. 2.11 by comparing the
rectangles (glass substrate) and crosses (homogeneous glass surrounding). The dispersion
relation of the nanowire on a substrate is situated in between the case of air (circles) and
glass surrounding. Consequently, the same holds for the group velocities, i.e., the slopes of
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dispersion relations. Experimental results on the environment-dependent group velocity are
presented in Section 4.2. However, the group velocity also strongly depends on the nanowire
diameter. As has been shown theoretically, the plasmon slows down upon propagation to-
wards the tip of an tapered nanowire (adiabatically decreasing diameter) [Stockman04].
Experiments on the diameter dependent group velocity are also presented in Section 4.2.

As a last aspect in this section, it has to be noted that, here, characteristics of plasmonic
modes on single nanowires are discussed for circular cross sections. However, most of the
characteristics also hold for other shapes of the nanowire cross section (cf. Section 4.3.1).
For instance, a rectangular nanowire on a substrate also features high field localization at
the edges that are attached to the interface and the group velocity also depends on the
cross-sectional area.

2.4.4 Excitation Schemes

Everything discussed so far in Section 2.4 is based on modes, i.e., solutions of the wave
equation in the absence of excitation. As already mentioned, the propagation constant of
a plasmon is always larger than that of a three-dimensional light beam in the respective
dielectric medium (cf. Figs. 2.6, 2.8, and 2.11). Due to this mismatch of momentum, direct
excitation of plasmons with light is usually not possible. However, some techniques that
provide the lacking momentum exist and are discussed briefly in the following.

Prism and Grating Coupling for Two-Dimensional Propagation

For excitation of plasmons at the planar interface between a metal and a dielectric with
low dielectric index the fact that light in a high-index dielectric always has a larger wave
vector (cf. light lines in Figs. 2.6 and 2.11) can be exploited. The in-plane momentum
of light in the high-index dielectric k, = k,/gqsinf), where 0 is the angle to the surface
normal under which the beam is impinging, can be matched to the plasmon momentum
kspp by varying 6. In the planar-interface case, p-polarized light has to be used because a
longitudinal electric field component along the propagation direction must be provided to
drive the electron plasma oscillation of the fundamental mode (cf. Section 2.4.1). Usually a

Christian Rewitz: Far-Field Characterization and Control of Propagating Ultrashort Optical Near Fields
Dissertation, Universitat Wirzburg, 2014



30 Theoretical Background and Experimental Methods

prism in total internal reflection mode is used as high-index dielectric and depending on the
details the configuration is named Otto or Kretschmann [Hecht06]. In both cases excitation
of plasmons is detected via a dip in the reflectivity at angles above the critical angle 6. of total
internal reflection. However, plasmons that are excited using prism coupling are inherently
leaky, i.e., upon propagation they also radiate to the far field via the same mechanism of
momentum matching.

The in-plane momentum mismatch can also be overcome with the help of gratings.
Additional momentum can be provided by a grating imprinted, e.g., in the metal sur-
face. Depending on the lattice constant a, momentum matching takes place whenever
kspp = ksin@ & m - 27/a holds, with m being an integer [Maier07]. Also, scattering defects
on a surface, e.g., discontinuities of subwavelength size, can provide the missing momentum
components. They can act as local couplers that can be addressed with focused light. The
defects can also be produced on purpose, e.g., as lithographically designed protrusions in
form of discs or ridges [Ditlbacher02] or as slit-like perforations in metal films [Schouten05].
However, for a single defect the excitation efficiency is usually quite low.

Mode Matching for One-Dimensional Propagation

A method closely related to the excitation of plasmons via defects on a surface is the launch-
ing of lateral guided modes in structures that have subwavelength transverse dimensions. For
modes existing on metallic nanowires in a dielectric surrounding (cf. Section 2.4.3) local sym-
metry breaking at a nanowire end is sufficient to allow excitation with strongly focused light
impinging normally to the nanowire axis [Han13]. In addition to the local symmetry breaking,
two aspects play a role for this method. First, for high-NA objectives, the angular spread of
incoming angles is quite large (cf. Section 2.3), which offers lateral propagation constants
not available in unfocused or weakly focused beams. Second, the transverse subwavelength
dimensional nanowire can also be regarded as a defect that provides large momentum com-
ponents as well. In Chapter 3, Section 4.2, and Section 4.3.1 strongly focused light is used to
excite propagating modes on nanowires. In these cases, the input polarization with respect to
the nanowire [Zhangl1] as well as the end facet shape of the nanowire [Li10] determine the
excitation efficiencies of different modes. Typically, optimal excitation of the fundamental
mode is obtained for a polarization parallel to the nanowire. This also implies maximum
emission intensity at the far end of the nanowire [Li10].

Furthermore, optical antennas [Miihlschlegel05, Agiol3] can provide a link between the
field profile of the focused excitation beam and the modal profile of a waveguide struc-
ture, thereby enabling efficient launching of guided plasmons. In this case, the antenna
impedance has to match the waveguide impedance to transfer power to a specific mode
[Alu08, Huang09, Wen0Q9], just as in classical transmission line theory. Optical antennas are
used in Section 4.3.2 and Chapter 5 to enhance the coupling of high-NA focused laser light
with so-called two-wires transmission lines.
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3 Spectral-Interference Microscopy

After introducing some theoretical background on femtosecond laser pulses and propagating
optical near fields as well as discussing experimental methods in the last chapter, the tech-
nique that was developed in this dissertation for characterizing plasmonic nanostructures is
presented and explained in detail in the current chapter. The basic idea of the experimen-
tal design (Section 3.2) is to combine the two methods described in the previous chapter:
confocal microscopy and spectral interferometry. To investigate propagating plasmons with
this spectral-interference microscope a special kind of data acquisition and data evaluation is
necessary (Section 3.3). Furthermore, careful analysis of geometrical path differences within
the microscope is necessary to reveal time delays of signals that would hinder the correct de-
termination of plasmon group velocities (Section 3.4). Finally, the accuracy of the technique
is discussed (Section 3.5).

The work presented in the current chapter was supported by the work group of Bert Hecht!.
Regular discussion meetings advanced the project and scanning electron microscope (SEM)
characterization of silver nanowires was performed by members of this group.

Parts of this chapter have been published in [Rewitz12a] and [Rewitz12b], as detailed on
page iv.

3.1 Motivation

The fundamental plasmonic waveguide structures introduced in Sections 2.4.2 and 2.4.3
offer subwavelength confinement of guided light fields, while miniaturization and packag-
ing density of integrated optics purely based on dielectrics is limited by the wavelength-
scale modal profiles of conventionally guided modes [Yariv89]. Therefore, and because
plasmonic waveguide structures can be enhanced and modified to devise well-defined func-
tional plasmonic elements [Ozbay06, Gramotnev10], they are very interesting in terms of
signal processing. In fact, integrated plasmonic circuitry is discussed as a future optical
data processing chip-scale technology [Zia06, Guol3] and many scientific works address
this issue, see, e.g., [Ful2, Panl3]. The building blocks of integrated plasmonic circuits
include optical antennas for an efficient interconversion of far-field and near-field modes
[Miihlschlegel05, Huang09, Wen09, Agiol3| as well as plasmonic waveguides with partic-
ular functions such as splitting [Bozhevolnyi06, Reisererl0Q], filtering [Bozhevolnyi06] and
switching [Reisererl0, Weilla, Weillb].

So far, much work related to the characterization of information transport properties of
suitable nanostructures relies on simulations and local near-field measurements, thus pro-
viding some insight into characteristic optical properties. However, to accurately assess the

INano-Optics and Biophotonics Group, Experimentelle Physik 5, Universitat Wiirzburg, Am Hubland, 97074
Wiirzburg, Germany
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Figure 3.1: Scenario of optically integrated plasmonic circuits and response function characteriza-
tion via spectral interferometry. A pulsed far-field light source excites propagating plasmons (A)
that are processed by a functional plasmonic element (B). After propagation the pulses are con-
verted back into a far-field detectable signals (C) and full characterization (amplitude and phase)
is facilitated via spectral interferometry (D) (cf. Section 2.2). Figure taken from [Rewitz12a].
(© (2012) Optical Society of America.

overall function and performance of plasmonic elements, it is important to investigate relevant
parameters such as the speed of plasmon propagation in a work environment. In Fig. 3.1 such
a setting is sketched. It includes a pulsed far-field light source that locally excites guided
plasmons (A), a functional plasmonic element that processes the guided waves (B), and
an outcoupling region where guided plasmons are converted back into far-field propagating
photons (C).

An approach to this setting without using high spatial resolution or pulsed excitation has
been the spectral analysis of white light transmitted through plasmonic metal films with slit—
groove pairs yielding the group velocity of two-dimensional surface plasmons [Temnov07].
Furthermore, interference of plasmons in nanowires acting as resonators has been detected at
the distal and the input end of these nanowires to determine plasmon losses and group veloc-
ities [Ditlbacher05, Allione08]. However, both methods rely on self-interference of plasmons
and, hence, are limited, e.g., with respect to the geometry of the nanostructure.

In contrast, the heterodyne technique of spectral interferometry (cf. Section 2.2) employs
a reference pulse together with spectrally resolved detection for full characterization (ampli-
tude and phase) of electric fields, e.g., transmitted through a periodic nanoslit/-hole array
using weakly focused fields [Ropers06]. In a related heterodyne technique the interference is
detected without spectral resolution and the delay time between signal and reference pulse
has to be scanned. This technique has been used previously to characterize propagation
of plasmon pulses on the surface of a nanostructured metallic film [Rokitski05]. A combi-
nation of this technique with near-field microscopy has been implemented to characterize
the propagation of pulsed near fields in photonic [Balistreri01l] and plasmonic waveguides
[Sandtke08].

In this chapter, a technique is presented where a confocal microscope is combined with
spectral interferometry. The excitation and detection positions can be chosen independently,
which enables optical excitation of a certain structure at one spot while monitoring its emis-
sion at another spot. Thus, the setup is capable of measuring spectral response functions
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Figure 3.2: Scheme of the spectral-interference microscope setup. BS = beam splitter,

S = shutter, L = lens, PH = pinhole, FM = flip mirror, APD = avalanche photodiode. The
linearly polarized excitation beam is split into a part for excitation and a reference. Signals from
the sample plane are redirected by a piezo tip-tilt mirror to pass the confocal pinhole (PH2). The
reference beam is dispersion compensated by traversing two prisms before being recombined with
the signal for spectrally resolved heterodyne detection. The part in the dashed frame is discussed
in Fig. 3.6. Figure adapted from [Rewitz12a]. () (2012) Optical Society of America.

with spatial resolution. This allows, e.g., to characterize the group velocities of propagating
plasmons in optically integrated nanostructures (Fig. 3.1).

3.2 Experimental Setup

The laser source used in all experiments in this work is a home-built Ti:Sapphire oscillator
with a peak wavelength of Ay = 800 nm and a spectral full-width at half-maximum (FWHM)
of typically AX = 46nm. Details on the properties and alignment of this particular laser
system can be found in [Voll97, Schramm00, KeitzI11, Goetz12]. The spectral-interference
microscope is based on the setup used to explain spectral interferometry (cf. Fig. 2.1) and
an early version is also described in [ReisererQ9].

As shown in the scheme of the spectral-interference microscope setup (Fig. 3.2), the
incoming femtosecond laser pulses first pass a Keplerian telescope (L1:f = 35mm and L,:f =
75mm) with a pinhole (PHy; d = 15um) in the common focal plane. This combination
expands the beam diameter to ensure overfilling of the microscope objective’s back aperture
(cf. Section 2.3) and enables reproducible coupling of the laser beam to the setup on a
daily basis, which is achieved by maximizing the transmitted power. A subsequent polarizer
ensures that the excitation polarization is linear. The first beam splitter BS; reflects 8% of the
incoming s-polarized light towards an immersion-oil objective (Nikon Plan Apo, 100x /1.40)
in order to excite nanostructures in the sample plane. An xyz-piezo stage (P-517.3CL, PI,
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Germany) moves the sample relative to the excitation beam—thereby defining the excitation
position and adjusting the focus.

The same objective is also used to collect light emitted from arbitrary positions of the
sample plane within its field of view. Most of the collected signal is transmitted through
BS: (T, = 99% and T, = 92%) and is redirected via a piezo tip-tilt mirror (5-334.2SL,
PI, Germany) towards a second telescope—pinhole combination (L3:f = 200 mm and L4:f =
50 mm, PHy:d = 30 um). Applying the confocal principle (cf. Section 2.3), this combination
allows selection of particular (diffraction-limit sized) spots from the field of view, independent
on the excitation position. To facilitate differentiation between excitation spot reflection or
scattering and emitted light from the nanostructure, an analyzer can be oriented to select the
polarization component of the emission signal that is orthogonal to the excitation polarization,
thus realizing a crossed-polarizer scheme. Via a flippable mirror (FM;) the signal can also
be directed to an avalanche photo diode (APD;, Perkin Elmer, SPCM-CD 2801) without
passing the pinhole and the analyzer, i.e., the reflection and emission from the sample plane
is then detected without extra spatial or polarization selection. This allows easy acquisition of
images when the sample is raster scanned with the xyz-piezo stage (cf. Fig. 3.4a, “excitation
scan"). A different avalanche photo diode (APD;, Perkin Elmer, SPCM-AQR-13) is used as
detector when the piezo tip-tilt mirror is scanned while the excitation position is fixed (e.g.,
Figs. 3.4b and 3.4c, “emission scans”). Details of the data acquisition are discussed in the
next section.

The part of the excitation beam transmitted by BS; is used as reference. It also passes
a telescope (Ls:f = 220mm and Lg:f = 50mm) in order to match the signal-beam di-
ameter. A combination of \/2-plate and the analyzer acts as a variable attenuator for the
reference beam intensity and ensures the same detection polarization for the reference and
signal beams, which is important for spectral interferometry. The optimal reference inten-
sity can be calculated for each measurement separately, see [Goetz12]. The reference beam
then traverses two NBK-7 prisms in total-internal-reflection mode in order to introduce ap-
proximately the same second-order dispersion [cf. Eq. (2.19)] as caused by the microscope
objective. This improves the signal-to—noise ratio of the amplitude and phase reconstruction
process, which is described in the next section.

Signal and reference beams are recombined at the second beam splitter (BS,; equivalent
to BS;), which exhibits high transmission for the signal beam. The second flippable mirror
(FM,) allows switching between APD, and a spectrometer [spectrograph (Princeton Instru-
ments, Acton SpectraPro 2500i) and charge-coupled device (e2v, CCD42-10 in Princeton
Instruments, Acton Pixis2kB)] as detector. The spectrometer is used to record spectral in-
terferograms at specific positions within “emission scans” (e.g., Figs. 3.5a and 3.5b). Signal
and reference path lengths are chosen to be equal. One of the prisms is mounted on a
micrometer translation stage, which makes it possible to adjust the time delay 7 between
signal and reference pulse.

3.3 Experimental Procedure

To demonstrate the capabilities of the spectral-interference microscope and introduce the
basics in data acquisition and evaluation, chemically grown silver nanowires (PlasmaChem
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Figure 3.3: (a) Scanning electron micrograph of a representative silver nanowire with diameter
d = 115nm and length /| = 4.5um. (b) Principle of the plasmon propagation experiment. A
propagating plasmon pulse is excited with an y-polarized femtosecond laser pulse at one end of a
silver nanowire (input). The nanowire is oriented to include a -45° angle with the y axis. After
propagating along the nanowire the plasmon pulse is radiated into a free-space propagating pulse
at the other end (output). The analyzer (yellow disk) selects the x component of the emission
signal and, thus, suppresses reflected or scattered light. The emission signal is then superimposed
with the reference beam and the resulting interferometric signal is detected by a spectrometer. The
%—plate (green disk) rotates the polarization of the reference parallel to the analyzer axis. Figures
adapted from [Rewitz12b]. (©) (2011) American Chemical Society.

GmbH, Berlin, Germany) are used. The nanowires have been drop-casted on indium tin
oxide (ITO)-covered microscope cover slips. The transparent and conductive ITO layer with
a thickness of 200 nm is required to avoid charging effects in the SEM. Figure 3.3a shows
a representative SEM image of such a nanowire. After evaporation of the solvent (H,0)
and SEM characterization the nanowires were embedded in index-matching immersion oil
(Type B, Cargille-Sacher Laboratories Inc., NJ, USA) in order to suppress reflections from
the interface between cover slip and ambient air.

Data Acquisition

The silver nanowire plasmon propagation experiment is sketched in Fig. 3.3b. It is a more
detailed example of the general scheme for response function characterization of functional
plasmonic elements shown in Fig. 3.1. Here, the linearly y-polarized femtosecond laser pulse
excites a plasmon at one end of a silver nanowire (input). The plasmon pulse propagates with
a certain group velocity v, along the nanowire and is re-emitted as a free-space propagating
light pulse at the other end of the nanowire (output). The emitted field is characterized
by collinear superposition with the reference pulse and spectrally resolved detection. As
discussed in Section 2.4.4, optimal excitation of the fundamental plasmon mode in silver
nanowires is obtained for a polarization parallel to the nanowire. However, in the present
case the nanowire's long axis is deliberately oriented with a ca. -45° and +45° angle to
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Figure 3.4: Example images of plasmon propagation experiments. All images show spatial maps
of measured time-integrated intensities. (a) An “excitation scan” that is used to locate a nanowire
is shown. (b) An “emission scan” that is recorded by scanning the piezo tip-tilt mirror is depicted.
The reflection of the excitation spot at the lower end of the nanowire (“Refl.”, black circle) and
the emission at the upper end of the nanowire ("Em.”, red circle) are visible. Both signals can be
completely characterized via spectral interferometry, see Fig. 3.5. The gray nanowire is sketched
for convenience. Since the plasmon propagates from the lower left (LL) to the upper right (UR),
this measurement is termed “LL2UR-propagation”. (c) The analog experiment for a “"UR2LL-
propagation” is shown. The insets in (b) and (c) show the excitation and detection polarizations.
The axes of (b) and (c) are labeled with respect to the center of the position-dependent pulse arrival
time (PD-PAT), which is explained in Section 3.4. Here, the labeling shows that the excitation
position (“Refl.”) is the same in measurements (b) and (c) and the nanowire is shifted with respect
to this position, as explained in the main text. Figures taken from [Rewitz12a]. () (2012) Optical
Society of America.

the excitation and detection polarization, respectively. This configuration allows to apply
the crossed-polarizer scheme, which suppresses reflected light, without severe loss of signal
strength.

In order to perform an “excitation scan” the sample is raster scanned in the x—y plane and
the time-integrated intensity of the reflected signal is recorded without any extra spatial or
polarization selection using APD; (cf. Fig. 3.2). As a result scan images as shown in Fig. 3.4a
are acquired in which the silver nanowires appear as bright elongated structures due to the
increased reflection of light in its immediate vicinity. In these images the excitation pulse is
linearly polarized along the y axis. The transmission axis of the analyzer is oriented along
the x axis for realization of the crossed-polarizer scheme in “emission scans”.

With the nanowire in the described orientation, there are two options for a plasmon prop-
agation experiment: Either the lower left end of the nanowire is excited and plasmons propa-
gate towards the upper right end (“"LL2UR"), where they can be converted back into far-field
detectable signals, or the plasmons can be launched at the upper right end and the emission
can be detected at the lower left end (“UR2LL"). In either case the respective input end of
the nanowire is placed at the position of the excitation focus. With this excitation position
fixed, the piezo tip-tilt mirror in the detection path (cf. Fig. 3.2) is used to obtain a spatially
resolved map of the time-integrated sample emission (“emission scan”) as shown in, e.g.,
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Fig. 3.4b (“LL2UR"). In such a map, the direct reflection is readily visible at the excitation
position ( “Refl.”, black circle in the lower left part of Fig. 3.4b). No leakage radiation can be
detected along the nanowire since it has very little surface roughness (cf. Section 2.4). The
radiative decay of plasmons at the output end can, however, be observed as a bright spot,
which is well separated from the reflection spot for sufficiently long nanowires (= 1.5 um).
This emission can be seen in the upper right part of Fig. 3.4b (“Em.”, red circle). The
fact that the directly reflected spot is visible at all in the crossed-polarizer scheme is due
to high-NA depolarization effects [Hecht06] and is exploited to obtain the reference starting
time of the plasmon pulse as indicated in Fig. 3.5g. The emission intensity can be optimized
by fine positioning the nanowire end with respect to the excitation position using an auto-
matic routine. Figure 3.4c shows the same experiment for the reverse plasmon propagation
direction (“UR2LL").

Spectral interferometry detection is performed by overlapping the reflected and the emit-
ted pulses after propagation (the signals in the black and red circles of Figs. 3.4b and 3.4c,
respectively) individually with the reference pulse. Both positions are measured consecutively
and the heterodyne signal is recorded with the spectrometer. Even though the amplifying
heterodyne detection technique is used, higher excitation intensities than for measurements
with the avalanche photo diodes are usually required since the signal is dispersed over many
CCD pixels and the used grating is blazed for 500 nm. The spectral interferograms corre-
sponding to the experiment shown in Fig. 3.4b are depicted in Fig. 3.5a (reflection, black)
and Fig. 3.5b (emission, red). As can be inferred from the modulation of the red line over
the complete spectrum, all spectral components of the laser pulse are transmitted through
the nanowire.

Data Evaluation

To apply the Fourier-transform scheme for amplitude and phase retrieval (cf. Section 2.2),
only the separately measured reference intensity hf(\) is subtracted from the spectral inter-
ferograms and then a first fast Fourier transform is applied. Measurement of the reference
intensity her(A) is facilitated with computer controlled shutters (by closing shutter S; in
Fig. 3.2). Because of the dispersion compensation in the reference beam, the second-order
spectral phases of signal and reference pulse are almost equal. As explained in Section
2.2, this yields narrow and, therefore, high peaks for the oscillatory part after this first fast
Fourier transform (cf. shaded areas in Figs. 3.5c and 3.5d). Hence, a relatively short delay
time between signal and reference pulse (7 ~ 600fs), which is well below the Nyquist limit
of the detector, can be used and the signal-to—noise ratio is improved compared to a mea-
surement without dispersion compensation in the reference beam. The oscillatory parts are
then isolated with Fourier windows (shaded areas in Figs. 3.5¢ and 3.5d) and inversely fast
Fourier transformed before being resampled in w-space. This yields complex-valued numbers
S:H(w) [cf. Eq. (2.29)], with i = Refl. and i = Em., from which the spectral signal intensities

l:(w) = |5 (w)]?/het(w) (which can also be measured separately by closing shutter S, in
Fig. 3.2) and the difference phases with respect to the reference pulse phase
@aifr,i(w) = i(w) — Pres(w) = —arg 5 (w) (3.1)

of both signals are calculated as can be seen in Fig. 3.5e and Fig. 3.5f.
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Figure 3.5: Data evaluation process. The left (right) column shows data from the reflection
(emission) position. (a,b) Spectral interferograms recorded at the respective positions of Fig. 3.4b
(black and red circle) are shown. (c,d) The amplitudes after the first fast Fourier transform are
depicted. Since the spectrometer detector provides 2048 pixels for the wavelength-space sampling,
the non-oscillatory part is centered around pixel number 1024. The shaded area depicts the Fourier
window that is used for the second (inverse) fast Fourier transform. From this transformation the
reconstructed intensity /;(w) and difference phase @gifr,i(w) = wi(w) — ref(w) can be deduced
(e,f). Employing a third fast Fourier transform using the data of (e) and (f) yields the temporal
envelopes depicted in (g). The separation time At is deduced from the maxima and has to be
corrected for the position-dependent pulse arrival time (PD-PAT, see Section 3.4) to yield the

plasmon propagation time tpop. Figures taken from [Rewitz12a]. (©) (2012) Optical Society of
America.
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The spectral-phase response function of the plasmonic element can then be calculated by
subtracting the retrieved phase of the reflected pulse from that of the emitted pulse, thereby
eliminating the reference pulse phase:

@response(w) = (;OdifF,Em.(w) - deifF,Refl.(W) (32)

In the case of silver nanowires, this spectral-phase response function does not seem very
interesting at first glance since it is mostly linear. As can be seen from Figs. 3.5e and 3.5f,
both phases @gir,i(w) have a strong linear slope according to 7 ~ 600fs but show little
curvature. However, the linear slope of the response function indicates the difference in
arrival time of the reflected and the emitted signal. For a detailed analysis of this separation
time taking the linear term of a polynomial fit is too error-prone because multiple param-
eters that influence the result have to be chosen by hand (e.g., polynomial order or fitting
region). Instead, a third and final fast Fourier transform is employed using the measured
signal amplitude \//;(w) and the reconstructed spectral difference phase pgifr.i(w), both zero
padded at high frequencies, of the reflection and the emission signal to obtain the temporal
envelopes shown in Fig. 3.5g. The arrival time of the reflection pulse at ca. 600fs (black)
indicates the adjusted delay of the signal pulse with respect to the reference pulse. Because
of plasmon propagation, the emission (red) arrives at a time At later. This time can easily
be evaluated by subtracting the temporal positions of the maxima of both envelopes. In the
case of multiple reflections of the propagating plasmon wave inside the nanowire multiple
signal pulses are expected. These pulses will show up as additional (though much lower)
peaks in the temporal envelopes and will not affect the data evaluation because only the
global maximum is evaluated.

Miscellaneous

There are two reasons for the triple fast Fourier transform evaluation. First, reconstruction
of li(w) and @gi,i(w) is necessary to calculate the spatial-spectral response function of
a plasmonic element [cf. Eq. (3.2)]. Second, it is not possible to retrieve exact timing
information from the first fast Fourier transform, which starts in A-space and, hence, does
not yield time-domain information. Therefore, the abscissae in Figs. 3.5c and 3.5d are termed
“pseudotime”. It would be necessary to resample the spectral interferogram in the w-space
to directly yield time-domain information. This introduces errors due to interpolation of the
highly modulated data [Dorrer00], while resampling the filtered data after the second Fourier
transform does not introduce significant interpolation errors.

Due to the fact that the plasmon propagation time for the investigated micrometer-long
structures is in the range of tens of femtoseconds it is important to carefully consider time
offsets that may be acquired within the setup due to different optical paths. As shown in
the next section, path differences due to the different detection positions in the sample plane
(cf. "Refl.” and “Em.” circles in Figs. 3.4b and 3.4c) translate into a position-dependent
pulse arrival time (PD-PAT) at the detectors and can indeed not be neglected. Consequently,
the separation At of the maxima in Fig. 3.5g have to be corrected by the PD-PAT to yield
the plasmon propagation time t,.,. This correction is discussed in the next section.
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3.4 Position-Dependent Pulse Arrival Time (PD-PAT)

Time delays due to geometrical path differences that are acquired in the spectral-interference
microscope because of the different detection positions in the sample plane (cf. “Refl.” and

“Em.” circles in Figs. 3.4b and 3.4c) translate into a position-dependent pulse arrival time
(PD-PAT).

Definition

The time delays that occur in the present setup can be accounted for by a ray-tracing model
as depicted in Fig. 3.6. The figure shows an idealized and simplified two-dimensional scheme
of the setup’s part enclosed in the dashed frame of Fig. 3.2 and is also similar to Fig. 2.2a.
Signals (green and red lines) emerge from the sample plane, pass the objective, are redirected
by the piezo tip-tilt mirror (black dashed for tilting position 1 and black solid for tilting
position 2) and subsequently focused onto the pinhole (PH;). As explained in Section 2.3,
by scanning the piezo tip-tilt mirror around its center (M), different sample plane positions
are selected by the pinhole. The green path (1) indicates a signal emerging from the center of
the sample plane. In that case, the beam path coincides with the optical axis of the objective
and is reflected at the center of the piezo tip-tilt mirror. After this reflection the beam path
coincides with the optical axis of lens L3 and the signal is focused onto the pinhole in the
image plane. In this setting of the piezo tip-tilt mirror (dashed black) the mirror normal and
the optical axis of the objective form a 45° angle (“zero position™). On the other hand, the
red path (2) indicates a signal that emerges a distance r away from the center of the sample
plane. The angle « is connected to this distance via a = arctan (r/fy;), with fop; = 2mm
being the focal length of the objective. This can be simplified to @ = r/f,y;, since very small
angles are considered (£10um = 40.005rad). With the piezo tip-tilt mirror in its “zero
position” this signal (2) would not be imaged onto the pinhole (cf. Section 2.3). However,
by tilting the piezo tip-tilt mirror about an angle of /2 around its center as indicated (solid
black) the signal is deflected such that it passes the pinhole.

The optical path length difference between 2 and 1 (from the sample plane to the reference
plane) can be obtained via trigonometry and yields (see Appendix A.2 for a derivation and
approximations)

~ a? Al r\?

2 —1=—(Lopjnopj + D)7 =~ (E) , (33)
with ngp; being the objective’s (average) refractive index. The distances Lop; and D are defined
in Fig. 3.6. On the right hand side of the second equivalent sign the PD-PAT Amplitude
A = Lopjnop; + D was introduced. The negative sign in Eq. (3.3) indicates that path 2 is
shorter than path 1. Since the problem is rotationally symmetric, i.e., only the distance r
to the sample center within the sample plane is important, signals from an outer rim in the
sample plane arrive earlier at a detector behind the pinhole than signals that emerge from
the center.

The field of view, i.e., the part of the sample that is imaged onto the detector, is defined
by the objective. The center of the field of view is defined by the optical axis of the objective.
For an ideally aligned excitation beam that propagates along this optical axis the position of
the excitation focus is identical with this field of view center. Furthermore, in the idealized
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description of the PD-PAT origin above it is assumed that the center of rotation of the piezo
tip-tilt mirror lies on the optical axis of the objective (green path 1). If this is not the case,
and the center of rotation is shifted a distance Am in a plane perpendicular to the optical
axis, the PD-PAT center position is displaced by the amount Ax relatively to the field of view
center. In this case the focus excitation/reflection position and the PD-PAT center are not
identical. In the spectral-interference microscope setup, a distance of Am = 1 mm roughly
corresponds to a shift of Ax = 5um. In order to take this alignment factor into account,
the PD-PAT value in the sample plane is modeled as

A ((erAx)2 + (y+Ay)2>

Tpp_pat(X,y) = — (3-4)

2c fzbj

with (Ax?+ Ay?)'/? being the shift of the field of view center relative to the PD-PAT center,
and c the speed of light in vacuum. In “emission scan” images (e.g., Figs. 3.4b, 3.4c, and
3.7) the axes are labeled with respect to the PD-PAT center, i.e., the position (0,0) in these
images is the PD-PAT center.

Experimental calibration of Eq. (3.4) determines the three parameters A, Ax, and Ay. The
amplitude A = Lopjnopj+ D can be measured directly at the setup [see Fig. 3.6, Lop; = 5.5¢cm,
nop; = 1.51, and D=(39.7+0.5) cm]. This yields a value of A = (48.0+£0.5) cm. In contrast,
the PD-PAT center position does not necessarily coincide with the excitation/reflection po-
sition and the relative shift (Ax, and Ay) has to be determined with a different method,
which is outlined in Appendix A.3. The development of this method was a challenging task.
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However, with all three parameters at hand Tpp_pat(X, y) can be calculated for all positions
within the sample plane and the PD-PAT correction can be applied to the separation time
At from the plasmon propagation experiment (cf. Figs. 3.4 and 3.5). This is done by calcu-
lating a correction time t o from the PD-PAT values at the reflection and emission positions
[tcor = Tpp_PAT(XRefl., YRefl.) — TPD—PAT (XEm., YEm.)]. The corrected propagation time is then
defined as

tprop = At + teorr- (35)

For the calculation of the plasmon velocity

V="1/toop (3.6)

the separation of the reflection and emission position is the wire length /.

Demonstration and Verification

In order to demonstrate, visualize, and verify the PD-PAT model, the sample plane has to
be illuminated in a quite large area (e.g., 20 x 20 um?). Extensive studies [KeitzI11] revealed
that the best option for this purpose is a convex lens inserted in front of the polarizer
(cf. Fig. 3.2). The focal length and position of this lens is chosen to focus the excitation
beam in the back focal plane of the objective (cf. Fig. 2.2b). This yields a large focal spot
in the sample plane. The reflection of this large focal spot is then imaged onto the pinhole
plane (PH;). Some annotations regarding this configuration can be found in Appendix A.4.
The sample for this experiment is a plain microscope cover slip and the analyzer is set to
the same orientation as the polarizer since the direct reflection of the glass—air interface is of
interest. By applying the data evaluation method (cf. Fig. 3.5) to every position within the
sample plane (here, “reflection” = center of scanned area, “emission” = all other positions),
the measured position-dependent pulse arrival time (PD-PAT) can be visualized as shown in
Fig. 3.7a. Note that compared to Figs. 3.4b and 3.4c the scan area now is 20 x 20 um? and
the color code represents relative arrival time rather than intensity.

As expected from the model [Eq. (3.4)], a rotationally symmetric dependence is visible
and signals emerging further away from the center of the scanned area arrive earlier at the
detector. Fitting the measured data with Eq. (3.4) results in an amplitude of A = 47 cm with
a confidence interval of 1 cm, which agrees with the value used for calculating Tpp_pat(X, ¥)
[A = (48.0£0.5) cm]. Furthermore, the difference of the measured and fitted time-correction
data has a standard deviation of about 1fs, indicating that no additional parameters have to
be considered in Egs. (3.3) or (3.4).

In this demonstration experiment, the lateral positioning of the additional lens in front
of the polarizer modifies the beam path towards the objective and determines the center
position of the measured PD-PAT [the position of the minimum pulse delay in Fig. 3.7a is
not centered at (0,0)]. Therefore, this center position has to be determined in a different
fashion as discussed in Appendix A.3. Then, the PD-PAT can be calculated with Eq. (3.4).
The result is shown in Fig. 3.7b for the same area as measured in Fig. 3.7a. For the
calculation the parameters A = 48.0cm, Ax = 0.68 um, and Ay = 1.13 um are used.
As a consequence, the position of minimum pulse delay is centered at (0,0). Comparing
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Figure 3.7: Visualizations of the PD-PAT. Note that the area size is 20 x 20 um? and the color
code represents relative arrival time. (a) The measured data that is acquired by illuminating
the complete area is depicted. (b) The calculated data according to Eq. (3.4) is shown. The
parameters A = 48.0cm, Ax = 0.68 um, and Ay = 1.13um are used. The measured and
calculated data agree very well, thereby verifying the PD-PAT model and indicating the stability
of the spectral-interference microscope. In order to connect this visualization to the plasmon
propagation experiment shown in Fig. 3.4, the reflection and emission positions from that figure
are marked here with white and black crosses, respectively. Figure adapted from [Rewitz12a].
(©) (2012) Optical Society of America.

the measured (Fig. 3.7a) and calculated (Fig. 3.7b) data reveals the very good agreement.
In Fig. 3.7b the reflection and emission positions of the plasmon propagation experiment
(cf. Fig. 3.4) are marked with white and black crosses, respectively. As can be seen, the
PD-PAT center (0,0) does not coincide with the excitation/reflection position and different
corrections have to be applied for both measurement directions.

3.5 Error Analysis

As discussed in the previous two sections, group velocities of plasmons propagating along
nanostructures can be experimentally determined with the spectral-interference microscope
by a rather complex procedure, which combines data acquisition, data evaluation, and PD-
PAT correction. In the current section, the accuracy of results is discussed by considering
the errors of several steps in this procedure.

First of all it should be mentioned that measurements of nanostructures that show strongly
distorted emission spots together with low emission intensities have to be discarded. For these
nanostructures, which surprisingly often show no defects in scanning electron micrographs,
either the launching, the propagation or the radiative decay of plasmons does not work
properly. The distortion argument is qualitative but for the ratio of emission intensity and
optimal reference intensity a lower threshold of 3-1073 should be used. The errors of
determined plasmon group velocities can be calculated according to formal error propagation,
as discussed in detail in the following.

Recording several (e.g., nine) spectral interferograms at both positions ( “Refl.” and “Em.”
in Figs. 3.4b and 3.4c) for each measurement results in an average separation time (At).
The standard error of this ensemble is usually below 1fs and can be taken as the absolute
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error of the mean separation time [A(At)]. However, empirical studies showed that details
of the measurement procedure (e.g., time difference between reflection and emission mea-
surement) and details of the data evaluation procedure (e.g., position and size of the Fourier
windows) influence the mean separation time. An analysis of these influences can be found
in [Goetz12] together with a comprehensive and systematic how-to guideline for the lab in
order to minimize errors. From this analysis, it can be concluded that it is more sensible
to use the estimated value of 2 or 3fs as absolute error for all measured separation times
instead of the value determined separately for each measurement.

Formal error propagation treatment of the PD-PAT formula [Eq. (3.4)] yields the abso-
lute error of the PD-PAT value. Here, a position inaccuracy of Ax; = Ay; = 0.1um is
assumed. The parameters of Eq. (3.4) are determined (see also Appendix A.3) to have errors
of A(Ax) = A(Ay) = 0.3um, and AA = 1cm. The total error of the correction time
depends on the separation / of the reflection and emission position (cf. Figs. 3.4b,c) and is
around At = 1fs for | =5 pum. Thus, the accuracy of the setup-inherent signal-delay cali-
bration is better than that of the measured separation times and the error of the propagation
time can be taken as Aty, = 3fs [cf. Eq. (3.5)]. Due to thermal and mechanic influences,
the PD-PAT should be re-calibrated regularly in order to obtain best results [Goetz12].

For calculation of the plasmon group velocity [Eq. (3.6)], the inaccuracy of the propagation
length /, which is defined as the separation of the reflection and emission position, is assumed
to be A/ = 0.15um. It is not sensible to use more accurate values determined by scanning
electron microscopy because the position from which the timing information is derived in
“emission scans” can only be evaluated with this precision.

For typical parameters (/ = 5um,v = 1-10%m/s) the complete procedure yields final
calculated errors of plasmon group velocities of Av = 0.07 - 108m/s. Since the largest
contributions to this inaccuracy stem from the random errors of the measured separation
time [A(At)] and length (A/), it can easily be reduced by averaging multiple measurements,
e.g., both measurement directions (“LL2UR" and "UR2LL").

Apart from the geometrical correction (PD-PAT), no additional phase or amplitude effects
of the setup have to be considered since the relative change between reflection and emission
signals is determined and such effects cancel out automatically. Regarding the reference
starting time, apart from the reflection at the input end any reflection of the nanostructure
as well as other reflections exactly in the sample plane (cf. Section 4.3) can also be used:
The important information is the temporal position at which the input pulse reaches the
sample plane. In the case of silver nanowires, the reflection signal is due to a non-resonant
(instantaneous) scattering process at the input end. The complex-valued reflection coefficient
of this process is constant within the laser pulse spectrum. Therefore, the temporal position
of this reflection is the correct starting time of the silver nanowire plasmon mode. An unlikely
photon—plasmon conversion time is discussed in Section 4.2. Furthermore, possible phase
offsets (i.e., zero-order Taylor coefficients) that may occur upon reflection do not matter
for the determination of plasmon group velocity or dispersion of the plasmon mode upon
propagation. As a last aspect, it can be verified that the nanostructures are indeed attached
to the planar substrate surface by comparing the temporal position of reflected signals at
different positions along the nanostructure, e.g., from both ends and the center.
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3.6 Summary and Conclusion

In this chapter, an optical technique for characterization of functional plasmonic elements was
introduced. It combines confocal microscopy that facilitates independent excitation/detection
positioning with spectral interferometry using ultrashort pulses. The technique enables char-
acterization of propagation properties of plasmons and is not limited to nanowires but can be
applied to a large variety of nanostructures that support propagating plasmons (cf. Chapters
4 and 5). Since the method provides full amplitude and phase information of the propa-
gated signal, the spatial and spectral response functions of plasmonic functional elements
such as splitters, multiplexers, switches or logic gates can be determined. With this far-field
microscopy approach, the scenario of optically integrated plasmonic circuits—as depicted in
Fig. 3.1—is implemented.

In order to retrieve timing information of the plasmon pulses, time delays due to geometrical
path differences within the setup are important. A model for the position-dependent pulse
arrival time (PD-PAT) together with experimental calibration is used to achieve an accuracy
of about 1fs in time corrections. This facilitates the determination of group velocities of
propagating plasmons. For other applications or further developments of the technique,
position dependent amplitude or higher-order phase contributions of the setup might be
interesting.

The setup can also be used to investigate non-linear effects on plasmon propagation as
a result of ultrashort pulses exciting appropriate nanostructures. Moreover, as shown in
Chapter 5, the technique can also be applied to control optical excitations in nanostructures.
The far-field laser pulse can be shaped in order to focus the plasmonic energy in space and
time as already shown theoretically [Sukharev06, Tuchscherer09].

In future applications, the presented technique might be combined with nonlinear spec-
troscopy schemes, such as transient grating or coherent 2D spectroscopy [Mukamel99], to
determine the third order response function with a spatial resolution down to the diffraction
limit.
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4 Characterization of Plasmon Group
Velocities

In the previous chapter, the spectral-interference microscope was introduced. It has the
capability of measuring spatial-spectral response functions of plasmonic structures, including
the group velocities of propagating plasmons in optically integrated nanostructures. In the
current chapter, the technique is applied to characterize the group velocity and dispersion of
plasmon propagation in different nanostructures. In the first part, the geometry dependence
of bottom-up, i.e., chemically grown, silver nanowires is characterized and the dependence
on the local nanowire environment is demonstrated (Section 4.2). In the second part, two
types of top-down, i.e., focused-ion-beam (FIB) milling produced, gold nanostructures are
introduced and characterized: single nanowires and two-wire transmission lines (Section
4.3). The findings of this section are of relevance for the design and implementation of
nanoplasmonic signal processing and in view of control applications, as shown in Chapter 5.

The work presented in the current chapter resulted from a close collaboration with the
work group of Bert Hecht!. Regular discussion meetings advanced the project and all pre-
sented near-field simulations were done in this group. Furthermore, the production of gold
nanostructures as well as scanning electron microscope (SEM) characterization of all nano-
structures were performed by members of this group.

Parts of Sections 4.1 and 4.2 have been published in [Rewitz12b].

4.1 Motivation

As already mentioned in Section 3.1, plasmonic waveguides are very interesting in view of
applications in the field of integrated optical communication. For signal processing, the prop-
agation of ultrashort pulses representing bits of information is of fundamental importance
and needs to be characterized in detail. Of particular interest for the design and imple-
mentation of plasmonic nanocircuits is the speed of propagation, i.e., the plasmon group
velocity, and the dispersion. The plasmon group velocity for nanowires, i.e., the slope of
the plasmon dispersion relation, is expected to depend strongly on the nanowire geometry
[Novotny94, Takahara97]. This encompasses peculiar effects such as the vanishing group
velocity in adiabatic focusing [Stockman04, Gramotnev05]. Similar behavior is not known
for electronic integrated circuits and can lead to characteristic signal delays in information
processing systems and in future background-free near-field spectroscopy techniques with
ultrafast temporal resolution [Berweger12).

INano-Optics and Biophotonics Group, Experimentelle Physik 5, Universitat Wiirzburg, Am Hubland, 97074
Wiirzburg, Germany
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Usually, nanowires are used in single mode operation. However, an enhanced functionality
of nanooptical circuits could be derived from the control of propagating plasmons based on
the interference of multiple near-field modes [Sukharev06, Tuchscherer09]. In this context,
the group velocity of multiple well-defined modes existing on appropriate nanostructures is
also of high relevance.

4.2 Bottom-Up Silver Nanowires: Dependency on
Geometry and Local Environment

Chemically grown silver nanowires are candidates for building blocks of future plasmonic
nanocircuits and have been studied extensively in this context [Ditlbacher05, Sanders06,
Fangl0, Yan09, Weilla] and in the context of controlling plasmon propagation [Caol0,
Chengl0]. They also have been used to study fundamental properties of plasmons [Akimov07,
Kolesov09].

In the following, an experimental size-dependent characterization of light that is emitted
at one nanowire end due to the conversion of propagating plasmons, which have been excited
by a laser pulse at the other nanowire end, is carried out. See Fig. 3.3 for a representative
scanning electron image of a nanowire and a sketch of the experiment.

Dependency on Geometry

The commercially available silver nanowires were prepared and characterized in the spectral-
interference microscope exactly as explained in Section 3.3. In particular this means that
they were situated on indium tin oxide (ITO)-covered microscope cover slips and immersed
in index-matched oil. The experimental procedure (cf. Section 3.3) was applied to investi-
gate a set of nanowires with various lengths and diameters determined by scanning electron
microscopy. The range of investigated nanowire diameters was d = 70 — 260 nm, whereas
the lengths varied from / = 1.9 yum to / = 6.2 um. As expected, the plasmon group velocity
shows no systematic dependence on the nanowire length. However, since the data set spans
a large range of diameters, a pronounced dependence of the plasmon group velocity on the
nanowire diameter is observed (blue crosses in Fig. 4.1). In particular, a drastic decrease
of the group velocity for nanowire diameters below d = 100 nm as well as a saturation for
larger diameters is visible. In the presented data, the velocity varies from 44% (for the largest
diameter) to 22% (for the smallest diameter) of the velocity of light in vacuum. This depen-
dence is expected from theory [Stockman04], but has not been experimentally determined
before. An intuitive interpretation of the group velocity saturation for increasing nanowire
diameters is that the fundamental mode is effectively located within the gap between the
metal nanowire and the substrate (cf. inset in Fig. 4.1) and larger diameters do not alter the
mode significantly. In contrast, for small nanowire cross sections the intensity distribution of
the mode, and thus the dispersion relation, is strongly affected by a change of the diameter.

For comparison, the dispersion relation was also simulated for a two-dimensional system
(see Appendix A.1 for simulation details and used refractive indices). Due to the well-known
reactivity of silver at ambient conditions [Elechiguerra05] the possibility of corrosion was
included. This was modeled by replacing a thin outer shell of the nanowire by silver sulfide
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Figure 4.1: Plasmon group velocity as a function of the total silver nanowire diameter. Blue
crosses indicate experimental results (error bars are calculated individually for each nanowire using
the average separation time (At) and different measurement directions are averaged, cf. Section
3.5). Simulation results are represented by diamonds connected by lines. Results of simulations
without corrosion layer, a 5nm, and a 10 nm corrosion layer of silver sulfide are indicated with red
dotted, black and green dashed lines, respectively. Inset: Fundamental plasmon mode profile for a
silver nanowire in immersion oil on a 200 nm thick ITO layer on top of glass. The nanowire diameter
is d = 100 nm including a 10 nm silver sulfide corrosion layer. Since the index mismatch between
oil and ITO is small (cf. Appendix A.1) and because of the corrosion layer, the mode localization
in the gap is less than in Fig. 2.10d (note the different scaling), which shows a nanowire in air on
a glass substrate. Figure adapted from [Rewitz12b]. (©) (2011) American Chemical Society.

or silver oxide. The inset of Fig. 4.1 shows the simulated geometry and the modal profile
of the fundamental propagating plasmon mode. Even though the nanowire is embedded in
immersion oil, the environment is inhomogeneous since the refractive indices of oil and ITO
differ (the oil matches the refractive index of the glass substrate). Therefore, the fundamental
mode has quasi-TM character (cf. Section 2.4.3). The plasmon group velocity was obtained
as the slope of the simulated dispersion relation of this fundamental mode at the laser pulse
center wavelength of \y = 800 nm.

The red dotted line in Fig. 4.1 indicates the simulated group velocities for pure silver
nanowires, i.e., without a corrosion layer. The trend of the experimental results (blue crosses)
is confirmed: Below d = 100 nm the plasmon velocity decreases strongly. However, the ex-
perimental data seem to systematically deviate towards lower group velocities. This behavior
can be attributed to the influence of a thin silver sulfide corrosion layer as depicted in Fig. 4.1:
The shaded area covers changes in the group velocity for up to 10 nm thick shells. The black
and the dashed green lines indicate simulated group velocities for 5nm and 10 nm thick
silver sulfide shells, respectively. A silver oxide shell has a similar, although slightly less pro-
nounced, effect due to its lower refractive index (cf. Appendix A.1). There are also other
factors that could conceivably affect the plasmon mode and its properties. However, further
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careful analysis of geometrical aberration influences, such as ellipticity or a (more realistic)
pentagonal cross section of the nanowire [Ni05], ITO layer thickness and refractive index as
well as uncertainties in the permittivity of silver [Laroche07], shows that a shell with a high
refractive index is the only simulation parameter that yields good agreement of simulation
and the experimental data.

The fundamental quasi-TM mode has been chosen for the simulation because it is ex-
pected to be the only mode with a sufficient propagation length to reach the output end
of a nanowire. As discussed in Section 2.4.3, for sufficiently small nanowire diameters all
other (higher-order) modes run into cut-off, i.e., they are damped out so quickly (purely
imaginary propagation constant) that they do not propagate far enough to be experimentally
detected. Much more costly full three-dimensional simulations (cf. Appendix A.1) of pulse
propagation in a silver nanowire (d = 100 nm) that include the excitation geometry (polar-
ization and focal-spot size) confirm that only the fundamental mode is excited and verify the
group velocities determined by the two-dimensional simulations. The mode overlap of this
mode with mode patterns obtained from the two-dimensional simulations is roughly 95%.
Therefore, the assumption is confirmed that for the largest part of the data set indeed only
one (fundamental) propagating mode is observed. However, for large nanowire diameters
(d > 200 nm) simulations indicate the occurrence of a second mode with an even slightly
higher group velocity and a larger propagation length than the fundamental mode. Such a
mode with the intensity mostly localized at the upper side of the nanowire has been observed
by others as well [Shegaill] and might explain the shift to higher propagation velocities of
the experimental data point at d = 263 nm.

The three-dimensional simulations also confirmed that, as expected, any photon—plasmon
conversion time is shorter than 1fs, i.e., no linear spectral phase effects due to insertion or
extraction at the nanowire ends have to be considered separately. Furthermore, incorporating
such a (hypothetical) constant conversion time t,,, in the data evaluation and calculating
the group velocity as v = [/(tpop — teonv), Cf. Eq. (3.6), results in diameter dependent
propagation velocities that do not follow the simulated trends (lines in Fig. 4.1).

In addition to measuring the group velocity, which is connected to the first-order Taylor
coefficient of the spectral phase [Eq. (2.19)], the spectral-interference technique also allows
to analyze higher-order phase terms, i.e., the dispersion of propagating plasmon pulses.
However, as already discussed briefly in Section 3.3, in the case of silver nanowires the
dispersion is very low, i.e., the plasmon pulse is not significantly broadened in the time domain
while it propagates along the nanowire. An upper limit of the experimentally determined
dispersion per propagation length is 50 fs?’rad~1m~! for all investigated nanowires. This is
in good agreement with values obtained from the second derivative of the simulated dispersion
relation.

Dependency on Local Environment

In order to experimentally determine the dependency on the local environment, the plasmon
group velocity of a nanowire with a nominal diameter of d = 100 nm was measured in
two different surroundings: before and after adding the index-matched oil. In contrast to
the previous experiments, the microscope cover slip used for this sample was not covered
with an ITO layer. Therefore, in the case with oil immersion, the simulation incorporated a
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Vglassfair [108 m/s] Vglass [108 m/s]
experiment 1.424+0.03 1.14 4+ 0.02
simulation 1.45 1.00

Table 4.1: Dependency of the plasmon group velocity on the local nanowire environment. Two
cases, a nanowire on a glass substrate in air (vg|ass_a;r) and in an homogeneous glass surrounding
(Vglass), are compared. The nominal diameter of the nanowire according to the manufacturer was
d = 100nm. The simulation geometry models the same diameter including a 5nm silver sulfide
corrosion layer. Since no ITO layer is present, the simulated value for vgjass differs from the one in
Fig. 4.1.

homogeneous local environment with the refractive index of glass (fused silica). On the other
hand, in the inhomogeneous case without oil, air was assumed in the upper half space. In
fact, the fundamental mode profile and dispersion relation differ for both cases, as discussed
in Section 2.4.3. Nevertheless, for each case the mode can be launched and characterized
with the spectral-interference microscope.

The results are shown in Tab. 4.1. Experimental and simulated values agree reasonably well
and emphasize the strong dependence of the plasmon group velocity on the local nanowire
environment. The plasmon propagation is approximately 25% faster if the upper half space
consists of air compared to the case of index-matched oil. This is in complete accordance
with the simulated dispersion relations of Fig. 2.11. The inhomogeneous case with substrate
(rectangles) is situated in between the homogeneous cases of air (open circles) and glass
(crosses) surrounding, and the slopes of the dispersion relations at A\g = 800nm, i.e. the
group velocities, follow this trend. Even though the intensity in the inhomogeneous case is
partly located in the substrate and in the air (cf. Fig. 2.10d), the dispersion relations confirm
that only one single pulsed mode propagates along the nanowire (although one could think
that each contribution propagates at a different speed). This is also confirmed by the
experiments since only one dominant peak in the temporal emission envelope is detected.

4.3 Top-Down Gold Nanostructures

Since the silver nanowires are chemically grown, their size distribution cannot be controlled
very well. Thus, the nanowires with varying diameter used in the last section had to be
located by a search within a dispersed ensemble. Furthermore, each nanowire had a different
length and structural uncertainties as the shape of the end facets influence the excitation and
emission characteristics (cf. Section 2.4.4). Even though networks of these bottom-up silver
nanowires have been used as first implementations of plasmon routers [Fangl0] and logic
gates [Weilla, Weillb], the variety of possible circuit designs naturally is limited. In contrast,
top-down methods such as focused-ion-beam (FIB) milling have the advantage that almost
arbitrary structures can be patterned into metallic films. However, evaporated metal films
usually are multicrystalline and, hence, structural details and plasmon propagation are limited
by grain boundaries. To overcome this limit, the work group of Bert Hecht? has developed

2Nano-Optics and Biophotonics Group, Experimentelle Physik 5, Universitit Wiirzburg, Am Hubland, 97074
Wiirzburg, Germany
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a technique to produce FIB-milled nanostructures for plasmonic nanocircuitry from single-
crystalline gold flakes [Huangl0]. The large (> 100 um?) but thin (< 80nm) chemically
grown gold flakes are immobilized on a desired substrate and the plasmonic structures are
then patterned into the flakes by cutting away undesired gold with a focused gallium-ion
beam. This fabrication technique results in “high-definition ultrasmooth gold nanostructures
with superior optical properties and reproducible nanosized features over micrometer-length
scales.” [HuanglOQ] In Chapter 5, a nanoscale directional coupler that was produced with
this technique is used for control experiments. The structures investigated in this section—
single nanowires and two-wire transmission lines—were produced by Peter Geisler? and Enno
Krauss? from gold flakes deposited on microscope cover slips. After immobilization of the
flakes, a 10 nm thick gold layer was evaporated on the cover slip to obtain electric contact
of the sample and the SEM.

For the characterization of gold structures in the spectral-interference microscope, a slightly
different data acquisition process compared to the one described in Section 3.3 is employed.
First, the reference starting time is obtained from a reflection at an unstructured gold flake
surface. This procedure is more reliable than using the reflection at the input end of a
nanostructure since the spot profile of a gold flake reflection is independent on structural
details of the plasmonic element. Hence, the spot is always undistorted, which often allows
a more accurate definition of the excitation position and reference starting time compared to
an input reflection (cf. Section 3.5). For silver nanowires such a reflection is not available.
Second, the crossed-polarizer scheme is not used. Contrary to earlier expectations, it is not
necessary to use the analyzer with its transmission axis oriented perpendicular to the input
polarization in order to distinguish between the input reflection and the output emission. The
spatial separation of both spots is sufficient for the discrimination. However, the analyzer
has be used to define a common linear polarization between reference and signal for spectral
interferometry. In the following, the analyzer is oriented parallel to the input polarization if
not stated otherwise.

4.3.1 Single Nanowires: Dependency on Geometry

Since the gold nanostructures were used for the first time in pulsed propagation experi-
ments, the primary goal was to verify the performance of the structures in the spectral-
interference microscope (cf. Fig. 3.1) and determine the plasmon group velocities for single
gold nanowires, the simplest possible geometry. A scanning electron micrograph of a gold
nanowire sample is shown in Fig. 4.2a. As described above, the nanowires were cut out of
a gold flake of which the remainders are visible at the borders of the image (gold shows up
bright). Two sets of nanowires with different lengths are visible. In each set three different
nanowire widths are available. The longer nanowires have a functionalization in form of a
transverse cut at the left end, which should act as a simple input antenna for excitation light
polarized along the nanowire.

Experimentally determined plasmon group velocities of gold single nanowires as a function
of nanowire width are indicated with blue crosses in Fig. 4.2b. Since the crossed-polarizer
scheme was not used, the excitation polarization was set parallel to the long axis of the
nanowires in order to maximize the output emission and excite exclusively the fundamental
quasi-TM mode (cf. Section 2.4.4). The gold single nanowires were used to study influences
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Figure 4.2: (a) Scanning electron micrograph of an example gold single nanowire sample. The
nanowires were produced by focused-ion-beam (FIB) milling of a single-crystalline gold flake
[Huangl0]. Remainders of the flake are visible at the borders of the image. In spectral-interference
microscopy measurements, the reference starting time of plasmons is determined by a reflection
of the focal spot at such a flat gold surface. (b) Plasmon group velocity as a function of the
gold nanowire bottom width. Blue crosses indicate experimental results (error bars indicate the
typical value of Av = 0.07-108m/s, cf. Section 3.5). Simulation results (cf. Appendix A.1) for
rectangular, trapezoidal, and the most realistic cross section with rounded upper corners (see inset)
are represented by green dashed, black dashed dotted, and black lines, respectively.

of experimental procedure details, cf. [Goetz12] and Section 3.5. Therefore, several (partly
different) plasmon group velocities were measured for each nanowire. Nevertheless, the values
shown in Fig. 4.2b result from averaging over all available measurements of each nanowire
and both nanowire lengths. The averaging over several measurements of one nanowire is
motivated by a clear presentation of data and justified by the pronounced differences in width-
dependent results, which is discussed in the following. Averaging over different lengths is
justified by the fact that the functionalization of the longer nanowires has no impact on the
group velocity (within the experimental error).

As expected from the silver nanowire results (cf. Fig. 4.1), also for the gold nanowires the
velocity decreases with a reduced cross section and seems to saturate for larger widths. This
can be also seen from the simulated results (cf. Appendix A.1) of the fundamental propagating
mode (lines in Fig. 4.2b). The green dashed line illustrates results for a rectangular cross
section of the gold nanowires. However, the cutting process in focused-ion-beam milling
is not perfect. Detailed scanning electron and atomic force micrographs revealed that the
top of the structures often is smaller than the bottom, which is attached to the substrate,
because the beam waist of the focused ion beam is located at the substrate—gold interface.
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Therefore, the black dashed-dotted line in Fig. 4.2b shows simulation results of a trapezoidal
cross section (top width 80 nm smaller than bottom width) and the black line indicates
the simulated dependence for the most realistic profile with rounded upper corners (radii of
60 nm, see inset). Similarly to the corrosion layer in the silver nanowire case (Section 4.2),
these modifications of the simulation parameters yield reasonable agreement of simulation
and experimental data.

In summary, single mode plasmon propagation in top-down gold nanowires was successfully
investigated. In the next section, full advantage of the fabrication process is taken to produce
more complex waveguides that support two modes and feature an input antenna as well as
a so-called mode detector.

4.3.2 Two-Wire Transmission Lines: In Situ Analysis of Multimode
Plasmons

A logical extension of the single-nanowire (Section 2.4.3) and the MIM/IMI concept (Section
2.4.2) is a two-wire transmission line (TWTL) consisting of two parallel metallic nanowires
with a nanometer-sized dielectric gap between them [Krenz10, Schnell11]. Figure 4.3a shows
a representative scanning electron micrograph of a 5um long TWTL with a linear dipole
antenna at the left input end (circle) and a so-called mode detector at the right output end
(ellipse). Both features are explained below. In analogy to the MIM and IMI structures, the
hybridization of both single-wire fundamental modes gives rise to a symmetric (quasi-TM) and
an antisymmetric (quasi-TE) eigenmode [Hungl2, Geisler13]. Thus, TWTLs combine true
subwavelength one-dimensional guiding of propagating optical near-fields with multimode
operation. Single nanowires with similar dimensions only support one mode and the possible
field confinement and enhancement is not as strong as in TWTLs. The symmetric eigenmode
of a TWTL features a symmetric charge distribution across the gap and the near-field intensity
is mostly located at the outer edges of the two nanowires (Fig. 4.3b). Hence, this eigenmode
is similar to the fundamental mode of a single large-width nanowire without a gap. In
contrast, the opposite charges across the gap for the antisymmetric eigenmode yield a near-
field intensity that is highly confined within the gap (Fig. 4.3c). This eigenmode features
a lower effective wavelength, a shorter propagation length, and a smaller plasmon group
velocity compared to the symmetric eigenmode, which is consistent with the higher field
confinement [Geisler13]. In experiments presented so far, only the antisymmetric mode is
considered [Ly-Gagnon12, Krenz10, Schnelll11].

For TWTLs, the efficiency of light in- and outcoupling can be tailored with optical anten-
nas (cf. Section 2.4.4). In Fig. 4.3a a linear dipole antenna is attached to the left input end of
the TWTL (circle). In fact, the Hecht group has shown within the collaboration mentioned
at the beginning of this chapter that quantitative selective excitation of pure eigenmodes can
be achieved by engineering the input-antenna geometry and using polarized excitation light
focused on the center of the input antenna [Geisler13]. For a polarization parallel (perpen-
dicular) to the transmission line the symmetric (antisymmetric) eigenmode is launched, as
indicated in Figs. 4.3b,c. As a consequence, any other excitation polarization state creates
a superposition of both eigenmodes.

In order to spatially separate the emission spot of each eigenmode, the TWTL in Fig. 4.3a
features a so-called mode detector at its right output end (ellipse): The gap terminates
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Figure 4.3: Two-wire transmission line eigenmodes and mode detector emission properties.
(a) Scanning electron micrograph of a TWTL produced by focused-ion-beam milling. An input
antenna is attached to the left side (circle) and a mode detector terminates the structure on the
right side (ellipse). (b,c) The modal profiles (cf. Appendix A.1) for the symmetric (b) and antisym-
metric (c) eigenmode of an infinitely long TWTL situated on glass elevations above a glass sub-
strate are shown (the elevations are another approach to account for fabrication details, cf. Section
4.3.1). Instantaneous charge distributions are symbolized by “+" and “-" signs. (d,e) Simulated
time-averaged far-field projections (cf. Appendix A.1) with a superimposed TWTL outline (white).
Shown are the cases for a pure symmetric (d) and antisymmetric (e) mode propagating along the
TWTL. The pure modes are excited by illumination of the incoupling antenna with focused light
polarized parallel (d, black arrow) and perpendicular (e, blue arrow) to the transmission line. The
emission of each mode is polarized along the input polarization (red and green arrow). The inten-
sity scale is normalized to the reflected intensity at the glass—air interface. Figures adapted from
[Geisler13]. (© (2013) American Physical Society.

1 um before the structure ends. Since the symmetric eigenmode has an intensity node in the
gap, an ending of this gap does not affect it and it is reflected and radiated at a complete
termination of the structure (far end). On the contrary, the antisymmetric eigenmode with
its intensity maximum in the gap is reflected and radiated at the end of the gap. The
spatially separated emission of each eigenmode can be seen in the simulated far-field images
of Figs. 4.3d,e in which a focused laser beam polarized parallel (Fig. 4.3d, black arrow)
and perpendicular (Fig. 4.3e, blue arrow) to the transmission line excites the symmetric
and antisymmetric eigenmode, which are subsequently radiated at the far end and the gap
termination, respectively. Importantly, the emission from the mode detector has the same
polarization as the input as indicated by the red and green arrow for the symmetric and
antisymmetric mode emission, respectively.

Experimental verification of the aspects mentioned above was accomplished by exciting
such a TWTL with laser pulses that were linearly polarized at 45° with respect to the trans-
mission line axis. For the correct input antenna size, this ensures excitation of a multimode
plasmon pulse with equal intensity in both eigenmode contributions [Geisler13]. Since the
linear excitation polarization in the spectral-interference microscope is fixed along the y axis
in “emission scans” (cf. Figs. 3.4b,c), the structure is oriented along the cross diagonal in
Fig. 4.4a (white outline) to implement the 45° excitation polarization. As expected, both
emission spots in the mode detector area, which is located in the lower right corner (yellow
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Figure 4.4: Multimode plasmon-pulse propagation experiment. (a) Shows an “emission scan” of
a TWTL (white outline) excited with 45° polarized pulses at the input antenna (upper left). Since
both modes are excited and the analyzer is oriented parallel to the excitation polarization (inset),
both outputs of the mode detector (yellow rectangle) light up in the time-integrated intensity map.
In contrast, only the far end lights up if the analyzer is oriented parallel to the transmission line
(b, symmetric mode emission), whereas gap-end emission can be seen for an analyzer orientation
perpendicular to the TWTL (c, antisymmetric mode emission). (d) Shows results of group velocity
measurements for a set of five TWTLs with varying input-antenna lengths. Red squares (green
circles) indicate the symmetric (antisymmetric) mode contributions (multiple measurements of each
mode on each TWTL were averaged to improve accuracy). The results agree quantitatively with
simulated values (dashed red line for symmetric mode, green line for antisymmetric mode). Panels
(a-c) based on [Goetz12], panel (d) adapted from [Geisler13]. (©) (2013) American Physical Society.

square) of the time-averaged intensity map, light up with about equal intensities if the ana-
lyzer axis is oriented parallel to the input polarization (see inset). However, if the analyzer
axis is rotated parallel to the transmission line, mainly emission from the far end of the struc-
ture is observed (Fig. 4.4b, high resolution image of mode detector area), which confirms
that emission of the symmetric eigenmode is detected. On the other hand, for an analyzer
orientation perpendicular to the TWTL (Fig. 4.4c, high resolution image of mode detector
area) light emission is mostly observed at the gap termination, thereby indicating detection
of the antisymmetric eigenmode emission.

Each contribution of the multimode plasmon pulse propagates with a certain group veloc-
ity along the transmission line. In time-averaged “emission scans”, any temporal separation
of emissions cannot be resolved. In order to illustrate the power of both—the nanostructure
design and the spectral-interference microscope—group velocities of the symmetric and an-
tisymmetric contribution of the multimode plasmon pulse have been determined selectively.
To minimize the error in spectral phase reconstruction, the emission at each output was op-
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timized by fine positioning the input antenna with respect to the excitation focus (using an
automated routine) and subsequently recording the spectral interferometry signal at the op-
timized output. Nevertheless, both outputs were emitting intensity, thereby confirming that
for each measurement position a multimode plasmon pulse was excited. The slightly different
optimal excitation position for each eigenmode is attributed to fabrication imperfections of
the nanostructure.

The results from multimode-plasmon group-velocity measurements of five TWTLs are il-
lustrated in Fig. 4.4d with red open squares and green circles for the symmetric and antisym-
metric mode contribution, respectively. Each transmission line has a different input-antenna
length, which changes the excitation efficiency of each eigenmode. As expected, no system-
atic dependence of the group velocities on the antenna length is observed. However, the
difference between the symmetric and antisymmetric mode is clearly resolved. The symmet-
ric mode is 8 % faster than the antisymmetric mode. Furthermore, quantitative agreement
between the experimental results within the error margin and simulated data is obtained, as
can be inferred from the red dashed and green line that represent the simulated antisymmet-
ric and symmetric plasmon group velocities for realistic structure geometries (cf. Fig. 4.3),
respectively.

In summary, multimode plasmon pulse operation on two-wire transmission lines has been
experimentally implemented and group velocities of different eigenmode contributions have
been measured quantitatively. In the next step, the phase relation of these eigenmodes is
employed to control plasmon propagation.
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5 Control of Near-Field Propagation in
a Nanocircuit

Up to here, this dissertation dealt with far-field characterization of propagating optical near
fields. In Chapter 3 the experimental technique of spectral-interference microscopy was
introduced and Chapter 4 included the in situ analysis of multimode plasmon pulses on
two-wire transmission-lines. In the current chapter, both—the experimental technique and
the nanostructures—are developed further in order to achieve control of propagating optical
near fields. First, enhancements of the setup necessary for control experiments are discussed
(Section 5.2). Next, the design of a nanoscale directional coupler is introduced and simulated
manipulation of near-field propagation is shown (Section 5.3). Then, experimental results on
single pulse routing and spatiotemporal control are presented (Section 5.4). On top of that,
alternating routing is performed (Section 5.5), before the potential of polarization-shaped
laser pulses is illustrated (Section 5.6).

The work presented in the current chapter resulted from the same collaboration that is
described in Chapter 4. Again, the Hecht group provided near-field simulation data and gold
nanostructures. Furthermore, the experimental idea was conceived in the regular meetings
and all data was discussed.

Parts of this chapter have been published in [Rewitz14].

5.1 Introduction

In the field of plasmonics, nanooptical elements with well-defined built-in passive functionality
[Ozbay06, Gramotnev10] such as splitting or filtering [Bozhevolnyi06] have been presented.
Furthermore, active coherent control of femtosecond optical energy localization in nanoscale
random structures and V-shapes [Stockman02] as well as coherent control of plasmon routing
has been proposed [Sukharev06, Tuchscherer09]. Control of nonpropagating near-fields was
achieved experimentally [Aeschlimann07, Aeschlimann10].

In all these coherent (nanooptical) control schemes a far-field laser pulse—determined by
its spectral amplitude, phase, and polarization—excites a particular superposition of near-
field modes, which then evolves into a desired state, e.g., a local field enhanced by orders of
magnitude [Stockman02]. Mathematically, the local electric field in the frequency domain

Eiocal(F, w) = A(F, w) Eexe () (5.1)
depends on both, the tensorial linear response function of the (nano-)system A(7,w) and the
external field E.(w) [Tuchscherer09]. Usually, the response function is fixed and control is

exerted by manipulating the above mentioned coherent properties of the excitation light to
influence the interference of the available near-field modes [Rewitz09, Tuchscherer12]. This
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often yields very complex excitation pulse shapes Eqy(t) in the time domain [cf. Eq. (2.10)],
which have to be determined with closed-loop learning algorithms in the experimental imple-
mentations [Aeschlimann07, Aeschlimann10].

In the current chapter, a different approach is employed to coherently control propagating
optical near fields. Not the optimal Eext(t) is tried to be obtained for a given system but
rather the system response A(7,w) is designed so that a given control field yields the desired
result. Routing of plasmons is then based on the controlled interference of multiple well-
known propagating modes that exist in the designed system, similar to concepts used in
dielectric waveguides for diffraction-limited routing of optical energy [Liu05]. In contrast
to closed-loop experiments that use networks of chemically grown silver nanowires [Fangl0,
Lill, Weilla, Weillb, Singh12, Weil2] or slot-less gold nanostructures [Kénenkamp12] for
the manipulation of plasmon propagation, quantitative selective excitation of at least two
well-defined propagating eigenmodes, as discussed in the preceding chapter, is a fundamental
requirement for this controlled interference.

In the next sections, it is shown that it is possible to design, simulate, fabricate, and
experimentally characterize a plasmonic nanoscale directional coupler, i.e., a nanocircuit
with a single input port and two output ports, in which efficient ultrafast coherent control of
propagating optical fields that are confined below the diffraction limit is achieved with the
simplest possible control field. Due to the intuitive design of the nanocircuit, which is based
on a two-wire transmission line with input antenna and mode detector (cf. Section 4.3.2),
varying the linear polarization of the excitation light is sufficient to route plasmons and, thus,
the use of closed-loop learning algorithms is avoided.

In contrast to classical electronic circuits, where a symmetric bifurcation inevitably causes
an equal splitting of any input current pulse towards the two output ports, a fundamentally
different behavior is induced in the plasmonic nanoscale directional coupler by exploiting the
existence of multiple eigenmodes and coherence—both not accessible in classical electronics.
Therefore, the potential and importance of optical control in the design and operation of
plasmonic nanocircuitry is demonstrated.

5.2 Setup Enhancements

As mentioned briefly at the end of the last chapter and in the previous section, control in
the nanoscale directional coupler relies on active polarization and phase manipulation of the
input field. Therefore, the experimental setup was enhanced by a Mach—Zehnder delay line
(Fig. 5.1, dashed frame) to produce two collinearly propagating pulses. The polarization in
one arm of the delay line is rotated by 90° using a half-wave plate (green) in combination with
an x polarizer (yellow). The optical path length in the other arm can be controlled with a piezo
stage to adjust the temporal separation A7 between both pulses. It was carefully checked that
both pulses have the same focal size, focal position, and excitation power in the sample plane.
Hence, two orthogonally polarized excitation pulses, termed x-polarized and y-polarized,
according to the orientation in “emission scans”, with an arbitrary temporal separation can be
generated. This includes the possibility of temporal overlap, yielding more complex temporal
polarization patterns. In the temporal overlap region the polarization state depends on the
relative phase A® between the two pulses. If the relative phase is, e.g., scanned from A =0

Christian Rewitz: Far-Field Characterization and Control of Propagating Ultrashort Optical Near Fields
Dissertation, Universitat Wirzburg, 2014



5.2 Setup Enhancements 61

sample . 2bccD Il
r - — — — — memssssmn X POlarizer
| analyzer
| reference beam
attenuator — >

X-polarized

| y-polarized N f_spatially
| 2. Unselected signal § analyzer

detectors

|_A11_ v Jtip-tiltmirror

Figure 5.1: Setup enhancements for control experiments. In one arm of the Mach—Zehnder delay
line (dashed frame), the polarization of the pulse is rotated by a half-wave plate (green). Together
with an x polarizer (yellow), matching of both pulses’ excitation power in the sample plane is
possible. The optical path length of the other arm can be adjusted with a piezo stage to manipulate
the separation A7 of both excitation pulses. The spectral-interference microscope (solid frame) is
sketched with important elements only. See Fig. 3.2 for a detailed schematic. Compared to this
schematic the first beam splitter (BS;) is exchanged and transmits 20% (50%) of the intensity in x
(y) polarization. An x polarizer is located behind this beam splitter to ensure the existence of only
one reference pulse, which is derived from the arm of the Mach—Zehnder delay line with constant
optical path length. On the detection side (outside of frames), a two-dimensional charge-coupled-
device (CCD) camera can be employed to image the sample in one shot. In this case, the spatially
unselected signal of the spectral-interference microscope is used and a precisely situated beam
attenuator in the focal plane of a Keplerian telescope suppresses strong reflections and scattering
of the excitation spot.

to 7/2, the resulting polarization state changes from linear (at 45°) over elliptical (with the
principle axis still at 45°), to circular. Using the delay line, the separation of the two pulses
can be controlled with 0.1fs accuracy (experimentally determined via spectral-interference
measurements). This corresponds to a relative path-length difference of 30 nm, or a relative
phase of A® = 0.0757 at 800 nm wavelength. Therefore, precise manipulation of the relative
phase between both pulses, i.e., the polarization state of the excitation field is feasible.
Compared to polarization pulse shaping based on a zero-dispersion compressor and spatial
light modulator [Brixner01b], the Mach—Zehnder setup avoids complications originating from
space—time coupling [Wefers96, Frei09, Brinks11] that become especially relevant with high-
NA focusing and excitation position sensitivity. The experimentally observed control effects
(Sections 5.4 to 5.6) are, therefore, indeed due to spectral phase properties only and not due
to spatially modified excitation.

In addition to the “emission scan” option that uses the piezo tip-tilt mirror for image for-
mation (Section 3.3), the setup was further enhanced by a two-dimensional charge-coupled-
device (CCD) camera in order to image the sample without the need of raster scanning.
When using this visualization option, the piezo tip-tilt mirror is bypassed (Fig. 5.1, spatially
unselected signal) and the image is relayed via a Keplerian telescope. This telescope adjusts
the image size on the CCD chip and allows to insert a circular beam attenuator (optical
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Figure 5.2: (a,c) Calculated modal profiles and (b,d) time-averaged near-field intensity distribu-
tions, cf. Appendix A.1. (a) The superposition of both eigenmodes of a two-wire transmission line
yields an asymmetric profile. (b) For +45° polarized light (white arrow) focused at the optimized
incoupling antenna, such a superposition of the symmetric and antisymmetric eigenmode is created.
As both modes travel along the transmission line their relative phase changes and the interference
gives rise to a beating pattern along the propagation direction. (c) Similar to the two-wire case in
(a), the modal profile of a four-wire transmission line, which supports four eigenmodes, can also be
asymmetric. (d) For a four-wire transmission with identical excitation as in (b) a similar beating
pattern as in the two-wire case can be observed: Starting from the input antenna, the near-field
intensity first oscillates to the topmost (high intensity) and then to the lowest wire (damped inten-
sity). The near fields in (b,d) are recorded in a plane 10 nm below the glass—air interface on which
the nanostructures are situated. Panels (b) and (d) adapted from [Rewitz14].

density of 2) in the focal plane that suppresses most of the strong reflection and scattering
of the excitation spot at the input end of the nanostructure.

In all experiments an analyzer with its transmission axis oriented perpendicularly to the
symmetry axis of the designed nanostructure is used. Thus, only the dominating emission of
the antisymmetric mode at the output ports is detected (cf. Fig. 4.3e and next section).

5.3 The Nanoscale Directional Coupler: Design,
Simulation and Fabrication

The nanocircuit used in this chapter is based on the two-wire transmission line that was
introduced in Section 4.3.2. As discussed in this section, pure eigenmodes of such a two-wire
transmission line can be excited with equal amplitude if an appropriate incoupling antenna
is attached to it and is illuminated by a well-positioned linearly polarized laser spot. For a
focused laser beam positioned on the center of the incoupling antenna, the symmetric mode is
excited if the polarization is parallel to the transmission line, whereas the antisymmetric mode
is launched with perpendicular polarization (cf. Figs. 4.3b-e). Consequently, for any other
polarization state of the input field a coherent superposition of both eigenmodes is created
and the initial phase difference between both eigenmodes depends on the input polarization.
For such a superposition, the modal profile can be asymmetric as shown in Fig. 5.2a. Here,
both eigenmodes are superimposed with a phase difference of 7, which leads to a localization
of the near-field intensity at the right wire. Accordingly, the near-field intensity is localized
at the left wire if the phase difference is zero.

As both modes propagate along the transmission line, their relative phase changes due to

the different effective wavelengths of the symmetric and the antisymmetric eigenmodes (A%"
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Figure 5.3: The nanoscale directional coupler: near-field and far-field simulations (cf. Appendices
A.l and A.5). (a) The simulated steady-state near-field intensity distribution in a plane 10nm
below the glass—air interface for excitation with +45° input polarization (white arrow) demonstrates
routing to the upper branch of the directional coupler. The standing wave pattern is due to reflection
at the termination. (b) In the corresponding far-field projection only output port A lights up. Figures
adapted from [Rewitz14].

=517nm and /\:?Ftisym = 471 nm, respectively, for 800 nm vacuum wavelength). Thus, a beat-
ing pattern is formed along the propagation direction. Figure 5.2b shows the simulated S-like
near-field intensity distribution obtained for a +45° polarized excitation (white arrow) focused
on the optimized incoupling antenna at the right end. An alternative approach for the expla-
nation of this beating pattern is to consider the two-wire transmission line as two strongly
coupled single-wire waveguides supporting identical modes [Gramotnev08, Kriesch13]. How-
ever, for the two-wire transmission line with an optimized incoupling antenna, the phase of
the beating pattern and, thereby, the position of field maxima and minima, can be controlled
by the polarization of the excitation light. In the following this observation is used for the
design of the nanocircuit.

In order to realize a branching region for the two-wire transmission line and to achieve
phase-sensitive directional coupling, two additional wires are added on both sides of the
two-wire transmission line. These four wires then split up to form a set of two uncoupled
parallel two-wire transmission lines, each of them being terminated with a mode detector
(cf. Section 4.3.2). This creates a nanoscale directional coupler that supports the same
eigenmodes at its single input and two output ports. The four-wire region supports four
eigenmodes. Similar to the two-wire case, localization at a single (outermost) wire occurs
for a specific phase-sensitive combination of these modes (Fig. 5.2c).

To illustrate the principle of directional control in the designed nanoscale coupler, in
Fig. 5.2d the evolution of the beating pattern into the four-wire region is shown for the
case of +45° input polarization. After about 2300 nm propagation a maximum appears at
the topmost wire. According to the goal of simple rather than complex control fields, this
observation is exploited to optimize the geometry of the nanoscale directional coupler such
that a 45° linear input polarization results in emission of light at one output port only. Details
about this optimization can be found in Appendix A.5.

Figure 5.3a displays the resulting simulated near-field intensity distribution for excitation of
such an optimized nanoscale directional coupler with +45° polarized light. Indeed, the near-
field intensity is successfully routed to the upper branch. Thus, only output port A lights up
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Figure 5.4: (a-c) Simulated far-field projections (cf. Appendices A.1 and A.5). (a) Compared to
Fig. 5.3b, the -45° input polarization (white arrow) demonstrates switching of the routed signal to
output port B. (b,c) For excitation polarizations parallel (b) and orthogonal (c) to the symmetry
axis of the directional coupler the energy is split equally at the branching position and identical
far-field intensities at both output ports are obtained since pure eigenmodes are excited. (d)
A representative scanning electron micrograph shows the complete nanoscale directional coupler
fabricated by focused-ion-beam milling [Huang10]. Figures adapted from [Rewitz14].

in the simulated far-field image (Fig. 5.3b). Due to the symmetry of the nanostructure only
output port B emits light for an input polarization of —45° (Fig. 5.4a). If, on the other hand,
the input polarization is parallel or perpendicular to the symmetry axis of the nanostructure,
i.e., only a single eigenmode is excited, the plasmonic energy splits up equally to the two
branches and both output ports light up simultaneously and with identical intensity (Figs. 5.4b
and 5.4c, respectively). Note that beyond the branching region, the modal composition of
the propagating optical near field is dominated by the antisymmetric mode (cf. Fig. 5.3a),
which is localized in the gap and, therefore, radiates at the gap-end of the nanostructure
(cf. Figs. 5.3b and 4.3e).

The spectral behavior of the nanocircuit is discussed in Appendix A.6. As all gold nano-
structures described in this dissertation, the nanoscale directional coupler is fabricated by
focused-ion-beam (FIB) milling from a single-crystalline gold flake deposited on a microscope
glass cover slip [Huangl0]. Figure 5.4d shows a representative scanning electron micrograph
of the nanocircuit.
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5.4 Single-Pulse Routing and Spatiotemporal Control

Single-Pulse Routing

To experimentally demonstrate single-pulse routing for the designed nanoscale directional
coupler, the cover slip with the nanocircuit was mounted onto the enhanced spectral-
interference microscope so that the symmetry axis coincided with the diagonal of the coordi-
nate system spanned by the two orthogonal polarizations. In this configuration an x-polarized
pulse is expected to excite the superposition of eigenmodes that leads to far-field emission
only at output port A (Fig. 5.5a). On the other hand, excitation with the y-polarized pulse
should route the plasmons to output port B (Fig. 5.5b).

Figures 5.5c and 5.5d show “emission scans” recorded around the output port region of the
nanoscale directional coupler. As predicted, only output port A emits light for the x-polarized
excitation (Fig. 5.5c), while only output port B lights up for a y-polarized excitation pulse
(Fig. 5.5d). To quantify the control performance the spatial contrast, sc, is defined as

o — E(A) — E(B) (5.2)
E(A) + E(B)
where the emitted energy E in each output port is determined by the background-corrected
integral in 1 x 1um? regions as indicated by the yellow squares in Figs. 5.5c,d. In the
experiments, sc = 0.79 and sc = —0.88 are obtained for x- and y-polarized excitation
pulses, respectively.

It is important to note that even though in these experiments spectrally broad ultrashort
laser pulses are used, for which the beating wavelength (cf. Fig. 5.2b) varies across the
spectrum, these spatial contrast values are very close to scsm = #0.90 obtained from the
simulations for the design wavelength of 800 nm (cf. Appendix A.6).

Therefore, the experiment successfully implements coherent control over plasmon propaga-
tion for a system in which the light-matter interaction responsible for the control is spatially
separated from the decisive branching region, as first proposed by Sukharev and Seideman
[Sukharev06]. As discussed in Section 5.1, the response function A(7,w) in coherent control
schemes is usually fixed and control is exerted by manipulating the coherent properties of
the excitation light, i.e., amplitude, phase, and polarization. For instance, in the prototype
quantum control problem for chemical reactions [Assion98], a complex external electric field
Eext(t) is required that excites a particular wavepacket, which preferentially evolves from the
initial state into a selected final state. In the case studied here, an appropriate coherent
control field yields surface plasmon polariton propagation to a selected output port. There-
fore, the experiment is a very intuitive classical analogue to quantum control, even though,
here, the system response A(F,w) was designed such that a given control field (varying linear
polarization) vyields the desired result (cf. Section 5.3). Thus, the simple pulse shape that
leads to control is not a sign of an incoherent control scheme but it is rather a specific feature
that was implemented.

Furthermore, it should be noted that although the behavior of the directional coupler
appears to be similar to that of a polarizing beam splitter, the physics behind it is different
since it involves coherent electron plasma oscillations. The deceptively simple, polarizer-like
behavior only occurs due to the specific design of both the incoupling antenna as well as the
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X-polarized input

y-polarized input

counts (x103)

Figure 5.5: Single-pulse routing. (a,b) Sketches show the routing of plasmon pulses for x-polarized
(a) and y-polarized (b) excitation pulses. (c,d) Spatial maps show the measured time-integrated
sample emission (“emission scans”) upon excitation with the x-polarized (c) and y-polarized (d)
pulse. Due to the orientation of the directional coupler (white outline), the x-polarized pulse
constitutes the +45° polarization and causes routing to output port A (c). The y-polarized pulse
represents the -45° polarization and results in routing of the plasmon pulse to output port B (d).
Figures adapted from [Rewitz14].

length of the four-wire coupling region of the nanocircuit. For example, by an appropriate
choice of the four-wire coupling region length, routing with right versus left circularly polarized
light could be obtained easily. By additionally detuning the antenna, and thereby the weight
of both eigenmodes, corresponding elliptical polarization states would be required as input
fields.

Spatiotemporal Control

Now, the discussion proceeds to the manipulation of temporal light emission evolution in
each output port. So far, the nanostructure was excited either by the x- or the y-polarized
pulse. If pulses of both polarizations are incident with a fixed time delay, both output ports
emit light successively (Fig. 5.6a). The result of the experimental implementation is shown
in Fig. 5.6b, where the time-integrated spatial map of the output region shows that both
output ports of the nanostructure light up.

The time delay between the emission of both outputs is not resolved in such a time-
integrated “emission scan”, but spectral-interference microscopy (cf. Chapter 3) provides a
way to experimentally characterize it. Figure 5.6¢c shows the reconstructed temporal envelope
of the signal in output port A (green solid) together with that in output port B (red dashed).
The temporal signature corresponds to the scheme of Fig. 5.6a and confirms that the light at
the two output ports is indeed emitted successively. In the case shown here, the y-polarized
excitation pulse arrives later than the x-polarized excitation pulse at the input port. This
can be inferred from the temporal envelopes of the x- (black solid) and the y-polarized
(blue dashed) input pulses (Fig. 5.6d) that were measured using the reflections from an
unstructured gold flake (cf. Section 4.3). The temporal separation of their maxima (A1 =
210fs) indicates the starting time difference of the plasmons launched by the respective
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Figure 5.6: Spatiotemporal control. (a) Two orthogonally polarized excitation pulses are incident
on the nanostructure with a temporal delay leading to the emission of separate pulses at each
output port at different times. (b) The spatial map of measured time-integrated sample emission
(“emission scan") shows light emission from both output ports, as expected. (c) The reconstructed
temporal envelopes of emission in output port A (green solid) and B (red dashed) indicate the arrival
time of each signal pulse. (d) The reconstructed temporal envelope of the input field shows two
peaks. The time trace below 900 fs (black solid) represents the x-polarized pulse, whereas the part
above 900fs (blue dashed) is attributed to the y-polarized pulse. The contribution above 900 fs
was multiplied by a factor of 2.0 to account for the polarization-dependent transfer function from
the sample plane to the detectors (i.e., the ratio of separately measured integrated spectra). In
this measurement, the x-polarized pulse was delayed by 800 fs with respect to the reference pulse
(cf. Section 3.2). Figures adapted from [Rewitz14].

pulses. Since the plasmons propagate with a certain group velocity from the input port to
the output ports (cf. Chapter 4), the signals in output port A (Fig. 5.6¢c, green solid) and B
(Fig. 5.6¢, red dashed) both peak at a time At = 34fs after the maxima of the respective
launching pulses. Due to the symmetry of the nanoscale directional coupler the value of
At is the same for both output ports. The PD-PAT correction for this measurement is
teorr = 0.5fs and, thus, the measured propagation time [tyop = At + teorr, Eq. (3.5)] is in
good agreement with the simulated value of 5™ = 30 fs, considering fabrication uncertainties

prop
and the inaccuracy of the measured separation time At (cf. Section 3.5).

To quantify the control performance, the temporal contrast, tc, for a given output port is
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defined as

A A

c= £ = Elt) (5.3)
E(t) + E(t2)

where the energy E(t;) is the integral under the green solid (output port A) or red dashed
(output port B) curve in the respective shaded areas in Fig. 5.6c. The obtained values are
tc = 0.94 for output port A and tc = —0.86 for output port B. These values confirm the
successful implementation of spatiotemporal control. Note that the temporal separation of
the excitation pulses can be adjusted at will so that almost arbitrary temporal sequential
routing of plasmon pulses is possible with femtosecond resolution. This would allow ultrafast
pump—probe experiments with nanometer resolution [Brixner05].

Sensitivity to Excitation Position

Apart from the input polarization, the excitation efficiency of each eigenmode also depends on
the exact position of the focus [Geisler13]. In particular, it is possible to excite the symmetry-
forbidden mode for each polarization by displacing the focus by less than half of its size from
the antenna gap. The antenna of the nanoscale directional coupler is designed in such a
way that both eigenmodes are excited with similar efficiencies (cf. Appendix A.5). In the
ideal case this means that equal intensities of the input polarizations yield equal intensities
of the eigenmodes if the focus is placed at the antenna gap. Thus, for the experiments
on single-pulse routing and spatiotemporal control (Figs. 5.5 and 5.6, respectively), the
spatial contrast should be best for an excitation with +45° polarized pulses at this excitation
position. However, the fabrication process is not perfect and it is difficult to orient the
symmetry axis of the nanocircuit precisely along the diagonal of the images. Therefore,
similar to the experiments in Section 4.3.2, an excitation spot position for each polarization
was found separately by maximizing the emitted energy E at the respective output port
using an automated routine. Then, a position exactly in between was chosen for the shown
experiments, which remained constant during the experiments. In particular, it was constant
between the measurements in Figs. 5.5c and 5.5d.

5.5 Alternating Routing

So far, the two orthogonally polarized excitation pulses were well separated in time and
each linearly polarized laser pulse excited a coherent superposition of near-field modes by
itself. Now, the reference frame is changed by reorienting the nanoscale directional coupler
so that the x polarization is parallel to its symmetry axis (Fig. 5.7a). In this case, each far-
field polarization separately excites the corresponding pure eigenmode (symmetric for the x
polarization and antisymmetric for the y polarization). By design this leads to equal splitting
of each eigenmode’s intensity towards the two output ports of the nanoscale directional
coupler. As a result, each polarization causes simultaneous emission at both output ports
with equal intensity (cf. Figs. 5.4b,c).

Thus, if the excitation pulses are well separated in time, both output ports emit a corre-
sponding pair of pulses (Fig. 5.7a). In time-integrated measurements this case cannot be
distinguished from the case of Fig. 5.6, where each output port emits a single pulse (but
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Figure 5.7: Alternating routing. (a) The sketched excitation scheme indicates a changed ref-
erence frame in which the x-polarized pulse is parallel to the symmetry axis of the directional
coupler. (b,c,d) Spatial maps show the measured time-integrated sample emission (using the
two-dimensional CCD, cf. Section 5.2) at different temporal separations A7 of the two excitation
pulses. Superimposed are outlines of the nanostructure (white) and of the circular beam attenuator
(green, cf. Section 5.2), which suppresses most of the excitation spot reflection and scattering. (b)
For excitation pulses well separated in time (A7 = —107.8fs) both output ports emit about the
same intensity. (c) At A7 = 0.0fs the pulse exits the directional coupler at output port A, while
at A7 = 1.3fs the pulse is routed towards output port B (d). (ef) The spatial contrast curve
[cf. Eq. (5.2)] as a function of the time delay (e) and a zoom into the temporal overlap region (f)
are depicted. The position of the spatial contrast maximum was defined as A7 = 0.0fs. Figures
adapted from [Rewitz14].

one after the other). For a pulse separation of A7 = —107.8fs, an example experimental
result of the configuration described here is shown in Fig. 5.7b. The time-integrated inten-
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sity (recorded with the two-dimensional CCD, cf. Section 5.2) is approximately the same in
both output ports. This is confirmed by the spatial contrast curve (Fig. 5.7¢), which has a
value close to zero [sc = —0.06, cf. Eq. (5.2)] at this separation of the pulses. Again, the
energy E emitted at each output port was determined by the background corrected integral
in 1 x 1 m? regions as indicated with the yellow squares in Figs. 5.7b,c,d.

If, on the other hand, both pulses are superimposed in time, the instantaneous polarization
of the excitation field varies as a function of the time delay A7. Using such polarization-
shaped laser pulses, it is possible to control and visualize a coherent process of alternating
routing by scanning the temporal overlap stepwise and recording the spatial map of time-
integrated sample emission for each step. As seen in Fig. 5.7¢e, the spatial contrast remains
constant with decreasing temporal separation of the excitation pulses as long as both pulses
are not superimposed in time. However, as soon as temporal overlap occurs, the light
emission alternates between both output ports with increasing spatial contrast. Near the
perfect temporal overlap (Fig. 5.7f) changing the time delay by AT = 1.3fs, corresponding
to a half of the optical field oscillation cycle, is enough to invert the spatial contrast from
sc &~ +1 to sc & —1, i.e., to switch the routed signal between both output ports. This
switching is illustrated in Figs. 5.7c (emission from A at A7 = 0.0fs) and 5.7d (emission
from B at AT = 1.3fs).

The optimal excitation position for the above described experiment was found by maxi-
mizing the emitted energy at both outputs for each polarization separately while maintaining
a spatial contrast close to sc = 0. This means a trade-off between both polarizations, since
each has a different optimal position as discussed before. It can be seen in the spatial con-
trast curve (Fig. 5.7¢) that the chosen position was almost perfect at the beginning of the
delay scan [sc(A7 = —107.8fs) = —0.06] but changed slightly during the measurement due
to stability issues [sc(A7 = 108.2fs) = —0.16].

In order to understand the shape of the spatial contrast curve as a function of time delay
between the two orthogonally polarized laser pulses (Fig. 5.7€) it is instructive to think about
the principle of the directional coupler. The projection of the excitation polarization onto
+45° and —45° (with respect to the symmetry axis of the nanostructure) is transmitted to
output ports A and B, respectively. For the experimental setting used to demonstrate the
alternating routing (Fig. 5.7) this means that the intensity measured in each output port
during a delay scan basically reproduces a linear field cross correlation of the two excitation
pulses. The shape of this cross correlation depends on the spectra and the spectral phase
difference between the two plasmonic pulses at the branching of the directional coupler.
The Fourier transform of such a field cross correlation gives access to this spectral phase
difference. The amplitude of this Fourier transform is the product of both plasmonic pulses’
spectral amplitudes. Even though both near-field pulses are excited by essentially the same
far-field pulse (cf. Section 5.2), these spectral amplitudes might differ slightly since each
eigenmode can have a different eigenspectrum.

In Figure 5.8 the phase difference obtained from the field cross correlation recorded at
output port A (green solid) is shown together with the one obtained from simulated data (blue
dashed). The simulation models a cross correlation with pulses obtained from a measured
spectrum: One pulse was attributed a flat spectral phase, the other one was assigned the
spectral phase originating from the dispersion of the half-wave plate and the polarizer in
the Mach—Zehnder delay line (cf. Section 5.2). As expected, the main phase contribution
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is a quadratic term (corresponding to the so-called group-velocity dispersion). The fact
that the phase from the field cross correlation (green solid) is consistent with the simulated
one (blue dashed) confirms (within the measurement error) that no spectral phase difference
between the two near-field eigenmodes is introduced by propagation in the directional coupler.
Additionally, the overall shape of the spatial contrast curve (Fig. 5.7¢) is explained by the
evaluated phase difference and asymmetric spectral shapes of the excitation pulses (gray
dotted line in Fig. 5.8).

5.6 Potential of Polarization-Shaped Laser Pulses

In the last section, concerning the alternating routing experiment (Fig. 5.7), mainly the
extremes of the spatial contrast curve were discussed, i.e., time delays A7 that correspond
to £45° polarized excitation pulses. Now, further potential of complex polarization-shaped
pulses [Brixner01b] is illustrated by considering time delays comparable to the bandwidth-
limited pulse length.

A quasi-3D representation of such an excitation pulse for the delay of A7 = 22.7fs (see
black open circle in Fig. 5.7e) is shown in Fig. 5.9a. It was simulated using measured
spectra and zero spectral phase for the x-polarized pulse as well as a linear spectral phase of
by = 22.7fs/rad [cf. Eq. (2.19)] for the y-polarized pulse. The pulse is approximately linearly
polarized with orientation evolving from x to —45° and finally to y polarization. Feeding this
pulse into the nanoscale directional coupler results in output pulses as shown in Fig. 5.9b:
The temporal evolution of the emission in output port B (red dashed) follows the projection
of the polarization onto the —45° axis, whereas in output port A (green solid) it follows the
projection onto the +45° axis. Consequently, output port A emits a closely spaced double
pulse in time. This example illustrates that polarization pulse shaping allows arbitrary output
pulse patterns that are only limited by the excitation pulse bandwidth.
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5.7 Conclusion and Outlook

In conclusion, successful experimental ultrafast spatial and spatiotemporal control of plas-
mon propagation in a nanoscale directional coupler was demonstrated and the results show
the potential and importance of optical control in the design and operation of plasmonic
nanocircuitry. The interference of well-characterized multiple eigenmodes was exploited to
deterministically route ultrashort plasmon pulses in a symmetric plasmonic device, thereby
inducing a fundamentally different behavior not accessible in classical electronic devices. Due
to the optimized design of the nanocircuit, which allows quantitative selective excitation of
the eigenmodes, control was achieved using simple linearly polarized ultrashort laser pulses
and pulse pairs, thus realizing light guidance [Sukharev06] and femtosecond energy local-
ization at the nanoscale [Stockman02] without the use of learning algorithms. Importantly,
switching of the emission between both output ports of the nanoscale directional coupler was
achieved without changing the location of illumination, which is highly desirable in on-chip
plasmonics. Finally, by characterizing the emitted light pulses it is shown that although
the structure was optimized for a specific wavelength, it is sufficiently broadband to enable
practically undistorted propagation of femtosecond pulses. This is important for potential
applications in data processing.

The findings open an interesting route to femtosecond pump—probe experiments on the
nanoscale [Brixner05]. The demonstrated control of spatial-temporal emission characteristics
can be further improved using a polarization pulse shaper [Brixner0Olb] providing access to
arbitrary output pulse patterns only limited by the excitation pulse bandwidth. By changing
the branching position of the nanoscale directional coupler its function can be adapted, e.g.,
to achieve switching between both output ports using right and left circularly polarized ex-
citation light. Reciprocity implies that a carefully selected superposition of near-field modes,
excited at the two output ports, can drive the linear (input) antenna such that it radiates
any far-field polarization state. Moreover, the nanoscale directional coupler can be extended
to a nanointerferometer, which might enable probing, e.g., quantum optical properties of
single plasmons [Kolesov09] or phase differences in plasmonic systems induced by optical
nonlinearities [Davoyan10, Crutcher12].
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6 Summary and Outlook

Plasmonics is an interdisciplinary research field that explores the unique properties of surface
plasmon polaritons at nanostructured metallic surfaces. These plasmons are electromagnetic
modes coupled to the oscillating surface electron density of conductors. They encompass
propagating optical near fields concentrated below the diffraction limit. By integrating plas-
monic and photonic elements, high bandwidth optical data processing at the footprint size
of nowadays nanoscale electronic circuits might be possible in the future. To characterize
the performance of integrated plasmonic functional elements, such as splitters, multiplex-
ers, switches, or logic gates, an optical technique with high spatial and ultrafast temporal
resolution is required.

In this work, modified confocal microscopy with heterodyne detection was employed to
meet these demands. The developed technique combines confocal microscopy with spectral
interferometry and employs broadband femtosecond pulses for ultrafast temporal resolution
[Rewitz12a]. The excitation and detection positions can be chosen independently, thereby
enabling optical excitation of a certain (nano)structure at one spot while monitoring its
emission at another spot. Additionally to the characterization of emission pulses, the ex-
perimental procedure includes the measurement of a reference reflection in order to extract
spatial-spectral response functions that provide the full amplitude and phase information of
propagated near-field signals in plasmonic elements.

Experimental knowledge of the structure- and environment-dependent group velocity and
dispersion of propagating optical near fields is important for the design of nanooptical cir-
cuits, in which signal delays play a major role. By using spectrally broad laser pulses in
combination with Fourier-transform evaluation, these characteristics were determined with
the developed technique of spectral-interference microscopy. For this purpose, careful anal-
ysis of geometrical path differences within the experimental setup is crucial to reveal time
delays of signals that are on the order of femtoseconds and would hinder the correct char-
acterization of group velocities. Such time delays—termed position-dependent pulse arrival
time (PD-PAT)—were analyzed and quantified using a ray-tracing model together with the
experimental calibration of free parameters in a derived formula. Furthermore, the model
was verified in a demonstration experiment.

Subsequently, the group velocity and dispersion of propagating optical near fields was
characterized for different nanostructures that vary in complexity. In the case of chemically
synthesized silver nanowires, i.e., the least complex structures, a pronounced dependence
of the group velocity on the nanowire diameter was observed and confirmed with simula-
tions [Rewitz12b]. In the presented data set, the group velocity varies from 22% to 44 %
of the speed of light in vacuum. In particular, a drastic decrease for nanowire diameters
below 100 nm was determined, while the group velocity saturates for larger diameters. This
dependence is expected from theory but has not been determined experimentally before.
Concerning the dependence on the local environment, it was shown that the propagating
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optical near field is approximately 25 % slower if the nanowire, which is situated on a glass
substrate, is embedded in index-matched oil. Furthermore, the dispersion upon propagation
was characterized to be very low. Therefore, the duration of the near-field pulses is not sig-
nificantly elongated as they propagate along the nanowire. This result is especially relevant
for non-linear nanoscale experiments.

Next, top-down fabricated single-crystalline gold nanostructures were investigated. Com-
pared to bottom-up chemical synthesis, the more costly top-down technique allows fabri-
cation of complex nanostructures. To verify the usability of the structures for near-field
propagation experiments, gold nanowires were tested and a geometry dependence of the
group velocity similar to the silver nanowires was observed. The successful characterization
with the spectral-interference microscope confirms the versatility of gold nanostructures.
Hence, more complex structures that support multiple well-known modes, a necessity for the
coherent control of near-fields [Rewitz09], can be simulated, designed and fabricated.

In this context, so-called two-wire transmission lines with mode detectors were investigated.
Simulations indicated that the structures support two propagating modes with different near-
field intensity profiles, effective wavelengths and group velocities. In experiments, quantitative
selective excitation of the modes was facilitated by positioning a linearly polarized laser focus
on appropriate input antennas. Due to the mode detector at the output end, the two modes
have spatially separated emission spots. Thus, characterization of multimode contributions
with the spectral-interference microscope is possible. For the two-wire transmission lines,
experimental determination of mode sensitive group velocities was accomplished [Geisler13].
A difference of 8% in group velocity was quantified for the two fundamental modes and
agreed with simulations.

In the last part of this work, the accumulated knowledge was used to develop a nanoscale
directional coupler with one input and two output ports. In this nanooptical circuit, the
spatial and temporal evolution of propagating optical near fields was controlled by far-field
laser pulses [Rewitz14]. This is a key requirement to expand the functionality of integrated
nanooptical circuits and take full advantage of them. Due to the intuitive and optimized
design of the coupler, varying the linear polarization of an excitation pulse sufficed to route
the optical energy between both output ports. A similar kind of open-loop control has not
been presented in the literature so far. For the experimental characterization of the nanoscale
directional coupler, the spectral-interference microscope was enhanced so that two orthog-
onally polarized excitation pulses with an arbitrary temporal separation could be produced.
Hence, single-pulse routing and ultrafast spatiotemporal control was demonstrated. The sys-
tem was stable enough to alternate the routing between both output ports by changing the
exact excitation polarization via the delay of the two superimposed ultrashort pulses.

In this dissertation, linear properties of propagating ultrashort near fields were investigated
by fully characterizing emitted pulses. Inherent to these nanooptical excitations is a strong
field localization, e.g., in the substrate, and a field enhancement. This significantly increases
non-linear optical effects, which modify the amplitude and phase of emitted pulses. There-
fore, the setup presented in this work also provides a unique opportunity to investigate the
influence of non-linear effects on plasmon propagation [Davoyanl0, Crutcher12]. In fact,
such investigations are currently prepared as part of the continued project.

Moreover, based on the near-field mode properties that were characterized in this work,
more complex nanocircuits can be designed to further enhance the light—-matter interaction,
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e.g., at specific locations within the nanostructures. Quantum optical properties of single
surface plasmon polaritons [Kolesov09] might be probed with nanointerferometers that are
based on the nanoscale directional coupler presented in this work.

The demonstrated far-field control of propagating optical near fields is a requirement
to take full advantage of future integrated plasmonic circuits. Furthermore, it opens an
interesting route to ultrafast pump—probe spectroscopy on the nanoscale [Brixner05]. In
such experiments, nanoscale energy or charge transfer processes would be investigated by
controlling the localization and timing of a pump and a probe pulse with sub-diffraction
spatial and femtosecond temporal resolution. In this context, it is interesting to note that
the control of spatiotemporal near-field localization in the nanoscale directional coupler,
which was detected by characterizing the emission, could be improved with a polarization
pulse shaper [BrixnerQO1b]. Polarization-shaped input pulses would provide access to arbitrary
output pulses, i.e., spatiotemporal near field patterns that are limited by the excitation pulse
bandwidth only.
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Zusammenfassung und Ausblick

In dem interdisziplindren Forschungsfeld der Plasmonik werden die einzigartigen Eigenschaf-
ten von Oberflichenplasmonen auf nanostrukturierten metallischen Oberflachen untersucht.
Diese Plasmonen sind elektromagnetische Moden, die mit der oszillierenden Oberflachen-
elektronendichte der Leiter gekoppelt sind. Mit ihnen einher gehen propagierende optische
Nahfelder, die unterhalb des Beugungslimits konzentriert sind. Durch die Integration von
plasmonischen und photonischen Elementen kdénnte es in Zukunft moglich werden, die ho-
he Bandbreite der optischen Datenverarbeitung auf den nanometergroBen Abmessungen von
heutigen elektronischen Schaltkreisen zu nutzen. Um die Leistung von integrierten plasmo-
nischen funktionalen Elementen wie zum Beispiel Multiplexern, Demultiplexern, Schaltern
oder Logikgattern zu charakterisieren, wird eine optische Technik mit hoher raumlicher und
ultraschneller zeitlicher Auflosung bendtigt.

In der vorliegenden Arbeit wurde eine modifizierte Version von konfokaler Mikroskopie
zusammen mit lberlagernder Detektion benutzt, um diesen Anforderungen gerecht zu wer-
den. Die entwickelte Technik kombiniert konfokale Mikroskopie mit spektraler Interferometrie
und benutzt spektral breitbandige Femtosekunden-Laserpulse, um eine ultraschnelle zeitliche
Auflésung zu erreichen [Rewitz12a]. Anrege- und Abfragepositionen kénnen unabhéngig von-
einander gewahlt werden, so dass eine (Nano-)Struktur an einer Stelle optisch angeregt und
wahrenddessen die Emission der Struktur an einer anderen Stelle beobachtet werden kann.
Zusatzlich zur Charakterisierung von Emissions-Laserpulsen wurde in jedem Experiment eine
referenzierende Reflektion vermessen, um ortlich-spektrale Antwortfunktionen zu extrahieren,
welche die vollen Amplituden- und Phaseninformationen der propagierten Nahfeldsignale von
plasmonischen Elementen enthalten.

Die experimentelle Charakterisierung der struktur- und umgebungsabhangigen Gruppen-
geschwindigkeit und der Dispersion von propagierenden optischen Nahfeldern ist fiir die
Entwicklung von nanooptischen Schaltkreisen relevant, in denen Signalverzégerungen eine
wichtige Rolle spielen. Durch die Kombination von spektral breiten Laserpulsen mit Fourier-
transformationsauswertung wurden diese Eigenschaften mithilfe der entwickelten Spektral-
Interferenz-Mikroskopie bestimmt. Dafiir ist eine sorgfaltige Analyse von geometrischen Weg-
langenunterschieden innerhalb des experimentellen Aufbaus unerlasslich. Diese Unterschiede
filhren zu Signalverzégerungen in der GroBenordnung von Femtosekunden und wiirden bei
Nichtbeachtung eine korrekte Charakterisierung der Gruppengeschwindigkeiten unmaoglich
machen. Die Signalverzogerungen, welche “positionsabhdngige Pulsankunftszeit” getauft
wurden (engl.: position-dependent pulse arrival time, PD-PAT), wurden in der vorliegenden
Arbeit analysiert und quantifiziert. Dafiir wurde ein auf der geometrischen Optik basierendes
Modell benutzt und die freien Parameter einer hergeleiteten Formel experimentell kalibriert.
Des Weiteren wurde das Modell in einem Demonstrationsexperiment verifiziert.

Im Anschluss wurde die Gruppengeschwindigkeit und Dispersion von propagierenden opti-
schen Nahfeldern fiir verschiedene Nanostrukturen, die in ihrer Komplexitat variieren, charak-
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terisiert. Fiir chemisch synthetisierte Silber-Nanodrahte, also die einfachste Struktur, wur-
de eine ausgepragte Abhangigkeit der Gruppengeschwindigkeit von dem Durchmesser des
Nanodrahtes beobachtet und mit Simulationen bestatigt [Rewitz12b]. In dem présentierten
Datensatz variiert die Gruppengeschwindigkeit zwischen 22 % und 44 % der Geschwindigkeit
von Licht in Vakuum. Insbesondere wurde ein drastischer Abfall fiir Nanodraht-Durchmesser
unter 100 nm ermittelt wahrend die Geschwindigkeit fiir groBere Durchmesser sattigt. Dieser
Zusammenhang wird von der Theorie vorhergesagt aber er wurde vorher noch nie experi-
mentell bestatigt. Fiir die Abhangigkeit von der lokalen Umgebung wurde gezeigt, dass das
propagierende optische Nahfeld circa 25 % langsamer ist, wenn der auf einem Glassubstrat
aufliegende Nanodraht in einem Immersionsdl mit dem Brechungsindex von Glas eingebettet
ist. Des Weiteren wurde die Dispersion bei der Propagation als sehr gering charakterisiert. Da-
her verlangern sich Plasmonen-Pulse nicht signifikant wahrend sie entlang des Nanodrahtes
propagieren. Dieses Ergebnis ist fiir nichtlineare Experimente von besonderer Bedeutung.

Im nachsten Schritt wurden Gold-Nanostrukturen untersucht, die durch eine Abwarts-
strukturierung von einkristallinem Gold hergestellt sind. Verglichen mit der chemischen Syn-
these erlaubt die Abwartsstrukturierung die Herstellung von komplexen Nanostrukturen. Um
die Tauglichkeit der Strukturen fiir Nahfeld-Propagationsexperimente zu testen, wurden
Gold-Nanodradhte untersucht und dabei eine dhnliche Abhangigkeit der Gruppengeschwin-
digkeit von der Geometrie wie bei Silber-Nanodrahten festgestellt. Diese erfolgreiche Cha-
rakterisierung mit dem Spektral-Interferenz-Mikroskop bestatigt die Vielseitigkeit von Gold-
Nanostrukturen. Daher konnen komplexere Strukturen, die mehrere Moden aufweisen, si-
muliert, entworfen und hergestellt werden. Die Existenz von verschiedenen, klar definierten
Moden ist eine Notwendigkeit fiir die kohdrente Kontrolle von Nahfeldern [Rewitz09].

In diesem Zusammenhang wurden so genannte Zweidraht-Wellenleiter mit Modendetekto-
ren untersucht. Simulationen zeigten, dass diese Strukturen zwei propagierende Moden mit
unterschiedlichen Nahfeld-Intensitatsprofilen, effektiven Wellenlangen und Gruppengeschwin-
digkeiten aufweisen. Im Experiment konnte eine quantitativ selektive Anregung dieser Moden
durch die Positionierung eines linearpolarisierten Laserfokus auf geeigneten Einkoppelanten-
nen gewahrleistet werden. Aufgrund des Modendetektors am anderen Ende der Struktur ha-
ben die beiden Moden ortlich separierte Emissionspositionen. Daher ist die Charakterisierung
der Beitrage einer Multimoden-Anregung mit dem Spektral-Interferenz-Mikroskop moglich.
Bei den Zweidraht-Wellenleitern konnte die Gruppengeschwindigkeit modenaufgeldst experi-
mentell bestimmt werden [Geisler13]. Ein Gruppengeschwindigkeitsunterschied von 8 % zwi-
schen den beiden fundamentalen Moden wurde quantifiziert. Dieser Wert stimmte mit Simu-
lationen iiberein.

Im letzten Teil dieser Arbeit wurde das vorher angehaufte Wissen genutzt um einen nano-
skaligen Richtungskoppler mit einem Eingang und zwei Ausgangen zu entwerfen. In diesem
Richtungskoppler wurde die ortliche und zeitliche Entwicklung von propagierenden optischen
Nahfeldern durch Fernfeld-Laserpulse kontrolliert [Rewitz14]. Dies ist eine Schliisselbedingung,
um die Funktionalitdt von integrierten nanooptischen Schaltkreisen auszuweiten und alle ih-
re Vorteile voll auszunutzen. Wegen des intuitiven und optimierten Aufbaus des Kopplers,
geniigte es die lineare Polarisation eines Anrege-Laserpulses zu variieren, um zu steuern zu
welchem Ausgang die optische Energie geleitet wird. Eine dhnliche Art von Steuerung fin-
det sich nicht in der Literatur. Fiir die experimentelle Charakterisierung des nanoskaligen
Richtungskopplers wurde das Spektral-Interferenz-Mikroskop erweitert, so dass zwei senk-
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recht zueinander polarisierte Anrege-Laserpulse mit einer beliebigen zeitlichen Separation
produziert werden konnten. Damit wurde dann Einzelpuls-Steuerung und ultraschnelle Ort-
Zeit-Kontrolle gezeigt. Des Weiteren war das System stabil genug, um die Emission zwischen
beiden Ausgangen zu alternieren, indem die exakte Anregepolarisation iiber die zeitliche Se-
paration der beiden (iberlagerten ultrakurzen Laserpulse gedndert wurde.

In dieser Dissertation wurden lineare Eigenschaften von propagierenden ultrakurzen Nah-
feldern untersucht, indem emittierte Laserpulse vollstandig charakterisiert wurden. Mit den
nanooptischen Anregungen ist eine starke Feldlokalisierung, zum Beispiel in dem Substrat,
und eine Feldiiberhohung verkniipft. Beides verstarkt nichtlineare optische Effekte, welche
die Amplitude und Phase von emittierten Laserpulsen verandern. Daher eroffnet die in die-
ser Arbeit vorgestellte Technik der Spektral-Interferenz-Mikroskopie auch eine einzigartige
Moglichkeit den Einfluss von nichtlinearen Effekten auf Plasmonenpropagation zu untersu-
chen [Davoyan10, Crutcher12]. Tatsachlich werden solche Untersuchungen zurzeit als Fort-
setzung des Projekts vorbereitet.

Dariiber hinaus konnen, basierend auf den Eigenschaften der in dieser Arbeit charakteri-
sierten Nahfeldmoden, komplexere Nano-Schaltkreise entworfen werden, welche die Wech-
selwirkung von Licht und Materie, zum Beispiel an bestimmten Positionen innerhalb der
Nanostrukturen, noch mehr verstarken. Quantenoptische Eigenschaften von einzelnen Ober-
flachenplasmonen [Kolesov09] konnten mit Nano-Interferometern untersucht werden, welche
auf dem nanoskaligen Richtungskoppler aufbauen, der in dieser Arbeit prasentiert wurde.

Die veranschaulichte Fernfeld-Kontrolle von propagierenden optischen Nahfeldern ist ei-
ne Voraussetzung, um alle Vorteile von zukiinftigen integrierten plasmonischen Schaltkrei-
sen voll ausschopfen zu konnen. AuBerdem erdffnet sie eine interessante Moglichkeit fiir
ultraschnelle Anrege-Abfrage-Spektroskopie auf der Nanoskala [Brixner05]. In solchen Expe-
rimenten konnten Energie- oder Ladungstransporte auf der Nanoskala untersucht werden,
indem die Lokalisierung und zeitliche Abstimmung von Anrege- und Abfrage-Laserpulsen mit
einer beugungsunbegrenzten ortlichen und einer zeitlichen Auflésung auf der Femtosekun-
denskala kontrolliert werden. In diesem Zusammenhang sollte auch erwahnt werden, dass
die Ort-Zeit-Kontrolle von Nahfeldlokalisierung in dem nanoskaligen Richtungskoppler, wel-
che liber die Charakterisierung der Emission detektiert wurde, durch die Verwendung eines
Polarisationspulsformers [BrixnerO1b] verbessert werden kénnte. Die Verwendung von polari-
sationsgeformten Laserpulsen als Anregung wiirde beliebige Emissionspulse ermoglichen. Das
heiBt, Ort-Zeit-Profile im Nahfeld, die nur von der Anregelaserpuls-Bandbreite limitiert sind,
waren moglich.

Christian Rewitz: Far-Field Characterization and Control of Propagating Ultrashort Optical Near Fields
Dissertation, Universitat Wirzburg, 2014






A Appendices

A.1 Details on Near-Field Simulations

Parts of this Appendix have been published in [Rewitz12b].

All near-field simulations presented in this work were performed by Gary Razinzkas and
Peter Geisler within the collaboration described at the beginning of Chapter 4. Dispersion
relations, from which the group velocities were derived, as well as mode profiles (Sections
2.4.3, 4.2, and 4.3) were simulated using the full-vectorial finite-difference frequency-domain
(FDFD) method (MODE Solutions, Lumerical Solutions Inc., Vancouver, Canada). Near-
field intensity maps with corresponding far-field projections [Lumericall2] (Section 5.3) and
full three-dimensional simulations (Section 4.2) were obtained with the finite-difference time-
domain method (FDTD Solutions, Lumerical Solutions Inc., Vancouver, Canada).

In each simulation, a uniform mesh with discretization of 0.5 nm in each direction usually
covered the complete structure and its close surrounding. To avoid spurious absorption of
the near fields all boundaries of a simulation box were set to be at least 800 nm away from
the structure.

Following refractive indices were used for various dielectrics:
nyi = 1.0000, nej = 1.5071, ngjass = nsio, = 1.5100, mro = 1.8000 [Laux98], nag,s = 2.9
[Bennett70], nag,0 = 2.25 [Pettersson95].

The permittivities of silver and gold were taken from experimental data ([Palik97] and
[Johnson72], respectively). In the case of silver the software performs a polynomial fit to
yield data points for every wavelength, whereas a fit to an analytic model [Etchegoin06] is
used in the case of gold. Figure A.1 visualizes the used data.
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Figure A.1: Permittivity data of silver and gold as used in the simulations. (a) Real part of €. (b)
Imaginary part of €. Thanks to Gary Razinskas for providing the data.
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A.2 Derivation of Optical Path-Length Difference for
PD-PAT

This Appendix has been published in [Rewitz12a].
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Figure A.2: Detailed schematic of Fig. 3.6 for trigonometric derivation of Eq. (3.3). ME is the
normal to the untilted mirror surface (dashed yellow line). Figure adapted from [Rewitz12a].
© (2012) Optical Society of America.

Here, a way of deriving the optical path differences that lead to the position-dependent
pulse arrival time (PD-PAT) as defined in Eq. (3.3) is described. The angles in Fig. A.2 are
defined as follows: § = /(AM; ME) = Z(EM; MP), a = /(BZ;ZA), ¢ = Z(PM; MK),
B = Z(CM; MP).

From Fig. A.2 the lengths of the optical paths 1 (green) and 2 (red) from the sample plane
(AB) to the reference plane (PK) can be decomposed as:

o 1= (H+ Lobj)nony + D + MP,
e 2=BZ+ZC+ CK.
The unknown length MP in path 1 can be found as follows:
e MP = MK cos ¢,
e MK = MC/cos(p + 3),
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° W = {[Lobj — (f;bj — H)]nobj + D} sin .
Thus, MP = {[Lobj — (fobj — H)]nobj + D} sin accos pp/ cos(ip + f3).

For the angles, following relations hold:

o p=5—5—19,

e (0+0-pB)+i+a=n1p5=20-T+a
Therefore, o+ =5 + 4, and

W = {[Lobj — (f;‘)bj — H)]nobj + D} sin CYCOS(% — % — (S)/COS(% + 5)

For the unknown lengths in path 2, following relations hold:

o BZ = (fopjnobj)/ cos

o ZC = {[Lob; — (fonj — H)]nop; + D} cos o,

e CK = MCtan(y¢ + B).

If all the information is combined and the optical path difference is mathematically simplified,
one gets

2-1

—D — (H + Lobj)nobj + [D + (_f;)bj + H + Lobj)nobj] cos o + fnobj/cos . (A].)

Note that this difference is independent of the angle §, implying that this angle does not
have to be 45°, which allows for a slight misalignment. In contrast, a parallel shift of the line
AM, i.e., a displacement of the center of rotation of the piezo tip-tilt mirror with respect to
the optical axis of the objective, shifts the PD-PAT center as discussed in Section 3.4 and
measured in Appendix A.3.

By taking into account that D > Loy > fop; > H [because D = (39.7 £ 0.5) cm, Lop; =
5.5cm, fopj = 2mm and H = 0.17mm)], f,5; = H = 0 can be assumed. This reduces the
optical path difference to

2 — 1 = (Lobjnob; + D)(cosa — 1). (A.2)

With the assumption that only very small angles are considered (+10 um = £0.005 rad) and
by defining A = Lopjnon; + D, this formula further simplifies to

_ _ A r\?
2-1=-2(— A.
2 (fobj) ' (A-3)

which is Eq. (3.3).

All assumptions that are made, i.e., fopj = H =0, cosa =1 — %2 and a = r/f;, create
a systematic deviation of the approximation [Eq. (A.3)] with respect to the exact formula
[Eq. (A.1)] that is equal to —0.1fs at a distance of 5 um to the PD-PAT center and, hence,
is an order of magnitude below the estimated PD-PAT error of At,,, ~ 1fs (cf. Section
3.5).

Christian Rewitz: Far-Field Characterization and Control of Propagating Ultrashort Optical Near Fields
Dissertation, Universitat Wirzburg, 2014



84 Appendices

A.3 Determination of PD-PAT Center Position

Parts of this Appendix have been published in [Rewitz12a].

As explained in Section 3.3, the plasmon propagation on nanowires can be measured
in two different directions (cf. Fig. 3.4b: “LL2UR-propagation” and Fig. 3.4c: "“UR2LL-
propagation” for the case of silver nanowires). Since the coupling to the nanowire does not
influence the propagation velocity, both measurement directions should yield the same result.
This statement was checked by measuring, e.g., a “LL2UR-propagation”, turning the sample
around 180°, and performing the same experiment again. In the case of silver nanowires,
the relative difference of the calculated velocities for both experiments, which is independent
of the PD-PAT correction, was on the order of (Vi our0c — ViL20ur180°)/(ViL2uR00) = 2 %,
i.e., within the measurement error. For comparison, the relative difference of the velocities,
calculated without applying the PD-PAT correction, for different measurement directions was
mostly (viiour — VurarL)/(Viteur) > 10 %.

This consideration yields a handle for determination of the unknown parameters Ax and
Ay of Eq. (3.4). By applying the PD-PAT correction to the determined separation times
At; [cf. Eq. (3.5)] of both measurement directions (j = UR2LL and j = LL2UR) for various
parameter pairs Ax and Ay, these two parameters can be found under the constraint that
the corrected propagation velocities for both measurement directions have to be the same.
Since in fact only the PD-PAT value at the excitation and emission position is fixed by this
procedure, one nanowire measurement is not enough. However, by fitting the data of multiple
nanowires (with preferably different lengths and—more importantly—different orientations)
the parameters Ax and Ay can be found with sufficient accuracy. Note that no a priori
knowledge of the absolute value of the plasmon group velocity is needed for this procedure.

For the results presented in Sections 3.4 and 4.2, a set of 13 silver nanowires was measured
in both directions. Subsequently, an unconstrained nonlinear optimization procedure was used
to minimize the total squared corrected velocity differences [X13, (VuroLL x — Vitaurk)] of
both directions under variation of the parameters Ax and Ay. This resulted in A x = (0.68+
0.3) um and Ay = (1.13+0.3) um. In all “emission” figures of Chapter 3 (Figs. 3.4b, 3.4c,
and 3.7) the axes are labeled with respect to the PD-PAT center, i.e., the position (0,0) is
the PD-PAT center and the excitation/reflection position is at (Ax, Ay). By applying the
PD-PAT correction the relative difference of both measurement directions was decreased to
about 2 %.

The described experimental procedure was later improved and accelerated by using a
“PD-PAT calibration sample” that was fabricated by Peter Geisler. This sample consists of
16 focused-ion-beam (FIB) structured gold single nanowires oriented like sun rays around
a center position, with orientation varying in steps of 22.5°. This sample facilitates fast
measurements of multiple nanowires in both directions and helps to re-calibrate the PD-
PAT, which was done before new group velocities measurements were made.

It should be noted that in the case that the PD-PAT center and the excitation /reflection
position do coincide (i.e., Ax = Ay = 0), both measurement directions will always yield the
same separation time (Atyra. = Atiiour) since the PD-PAT is rotational symmetric. By
the same argument this is also true if the shift vector (A} ) is normal to the characterized
nanowires. This might erroneously lead to the conclusion that no correction has to be
applied for a perfectly aligned system. However, it should be clear that the determined
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propagation velocity will always be systematically wrong if no PD-PAT correction is applied
[e.g., Tpp—_paT(bim,0) = —5fs; for Ax = Ay =0, cf. Eq. (3.4)].

A.4 Annotations to Demonstration of PD-PAT

As discussed in Section 3.4, a convex lens was inserted in front of the polarizer (cf. Fig. 3.2) in
order to focus the excitation beam in the back focal plane of the objective and, hence, obtain
a large illuminated sample area.! Using this method to get the waist of a “collimated” beam
in the sample plane is experimentally a very challenging task, i.e., a pulse-front curvature
at the reflection plane is inevitable [Klein86]. However, theoretical calculations showed that
residual curvatures contribute negligibly to the fitted amplitude A of Eq. (3.4).

Other effects, such as the radial group delay dependence in chromatic lenses [Bor88,
Radzewicz96], could slightly increase the amplitude A of the model that has to be used for
the correction: In Fig. 3.6 signals on the red path (2) encounter the lens L3 a distance p
parallel shifted with respect to signals on the green path (1). However, the measurements
(yielding slightly lower fitted amplitudes) indicate that the used achromatic lenses do not
show a significant radial group delay at distances that are of importance (r = 10um =
p =2mm).

Since an inaccuracy of the amplitude is taken into account for the error calculation (cf. Sec-
tion 3.5), neither of these two aspects plays a role.

As a last annotation, it is interesting to note that the recorded time-integrated intensity
pattern in an “emission scan" with this configuration (additional lens) differs strongly from
the reconstructed pattern of spectral-interference measurements at the dedicated temporal
separation (7 ca. 600fs, both patterns not shown). From this it can be concluded that,
additionally to the sample-plane reflection (substrate-glass—air interface), another interface
must also reflect some intensity that arrives at a different time at the detector and is added
to the pattern of the sample-plane reflection to yield the time-integrated pattern.

A.5 Nanoscale Directional Coupler Optimization

This Appendix has been published in [Rewitz14].

The nanoscale directional coupler has been designed and optimized by the Hecht group
using simulations (cf. Appendix A.1). The nanostructure, situated on a glass—air interface,
consists of gold. To mimic the experimental conditions, the nanostructure illumination was
modeled from the substrate side using a tightly focused Gaussian beam (Ao = 800nm
in vacuum, NA = 1.4) centered on the incoupling antenna gap. The far-field projections
consider the properties of the imaging system including the analyzer oriented perpendicularly
to the nanostructure's symmetry axis and the intensity is normalized to an unstructured
gold surface reflection. Only the dominating antisymmetric mode emission from the output
ports is recorded (cf. Fig. 4.3e). Therefore, the far-field projections in Chapter 5 provide a
quantitative comparison with the experimental time-integrated sample emission maps and
the recorded spatial contrast values [cf. Eq. (5.2)] in the same chapter.

1Other methods to visualize the PD-PAT that did not work out are documented in the appendix of [KeitzI11].
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To optimize the coupler for a specific function, i.e., output port switching between +45° and
—45° linear excitation polarization and high throughput, several parameters were tuned:
cross-sectional geometry of the two-wire transmission line, four-wire transmission line start-
ing position, branching position and bending angle. Furthermore, the antenna geometry
(overall length 400 nm, width 100 nm) was chosen so that it provides similar excitation ef-
ficiencies for both eigenmodes, which is important for maximal near-field interference. The
dimensions of the two-wire transmission line were chosen so that only two well-defined modes
with considerable propagation length (> 2 um) exist and the four-wire starting position was
optimized to minimize reflections due to impedance mismatch [Huang09]. The distance
between the start of the four-wire transmission line and the branching position has to be suf-
ficiently large to allow most of the fields to locate at an outermost wire of the nanostructure,
while the branching position was optimized such that the spatial contrast (sc) is maximal
for +45° linear excitation. Furthermore, a high signal throughput was achieved by keeping
the radii of curvature in the bending region as large as possible (thus reducing propagation
losses) while still being able to clearly spatially separate the two output ports by far-field
optical microscopy.

A.6 Spectral Behavior of the Nanoscale Directional
Coupler

The optimization of the nanocircuit has been performed by the Hecht group for the design
wavelength of Ao = 800nm and, therefore, the spatial contrast [cf. Eq. (5.2)] for x- or
y-polarized excitation at this wavelength is high (scsm = £0.90). Further simulations show
that the nanoscale directional coupler performs well in a sufficiently broad wavelength region
around this design wavelength. The spatial contrast is scg, = +£0.63 for Ay = 750 nm and
SCsm = 10.89 for A\g = 850 nm, even though the beating wavelength Ape.: and, thus, the
beating pattern (cf. Fig. 5.2b) is a function of the vacuum wavelength.

The beating wavelength, i.e., the distance between two intensity minima on one wire of a
two-wire transmission line (cf. Fig. 5.2b), is defined as [Hecht02]

)\sym )\antisym

eff “‘eff (A4)

)‘beat - ASYm )\antisym’
eff eff

where A" and A3"™ are the effective wavelengths of the symmetric and antisymmetric
eigenmode of a two-wire transmission line. In Figure A.3 this beating wavelength is plotted
versus the excitation wavelength. Since both eigenmodes on a two-wire transmission line
have similar dispersion relations, the beating wavelength shows a mostly linear dependence
on the excitation wavelength. In an interval of 50 nm around the design wavelength of 800 nm
Abeat Changes only by about 10 %. This explains the good performance of the nanocircuit in
a broad spectral region, as described above.

However, the input antenna determines the excitation efficiency of each eigenmode and
similar amplitudes of both eigenmodes are crucial for a perfectly modulated beating pattern
(maximal near-field interference). Furthermore, the impedance of the transition from two to
four wires might differ for each mode and wavelengths other than the design wavelength.
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Thus, the spectral dependence of the antenna incoupling efficiency and the impedance of
the transition region might explain the asymmetric dependence of the spatial contrast on the
excitation wavelength (scgm = £0.63 for \g = 750 nm and scgm = £0.89 for Ay = 850 nm).
In any case, the experimentally determined spatial contrasts for spectrally broad laser pulses
indicate a very good ultrafast performance of the nanocircuit (cf. Section 5.4).

As a last aspect related to the broadband, or better ultrafast, operation of the device, it
is interesting to note that the difference in group velocity between both pulsed eigenmodes
(cf. Section 4.3.2) becomes relevant only for very long propagation distances. For instance,
a propagation length of about 40 um is required to separate the two pulsed propagating
plasmon eigenmodes of a two-wire transmission line by a distance that is equivalent to a
pulse duration of 40 fs.
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