
Ultrafast Nonlinear Spectroscopy of Hybrid

Plasmonic Systems

Von der Fakultät Mathematik und Physik der Universität Stuttgart
zur Erlangung der Würde eines Doktors der

Naturwissenschaften (Dr. rer. nat.) genehmigte Abhandlung

vorgelegt von

Tobias Utikal
aus Neuwied

Hauptberichter: Prof. Dr. H. Giessen
Mitberichter: Prof. Dr. T. Pfau

Tag der Einreichung: 24. Januar 2011
Tag der mündlichen Prüfung: 23. Februar 2011

Physikalisches Institut der Universität Stuttgart
2011





Was wir wissen, ist ein Tropfen,
was wir nicht wissen, ein Ozean.

Sir Isaac Newton

3





Zusammenfassung

Die vorliegende Arbeit behandelt sowohl die nichtlinearen optischen Eigenschaften als
auch die ultraschnelle zeitliche Dynamik von plasmonischen Hybridstrukturen. Als Mo-
dellsystem dienen metallische photonische Kristalle, in denen sowohl lokalisierte plas-
monische Moden in einem metallischen Nanogitter als auch photonische Moden in einem
Schichtwellenleiter gleichzeitig angeregt werden können. Durch die Kopplung der Moden
kommt es zur Ausbildung von polaritonischen Eigenzuständen, die zu signifikanten Än-
derungen der linearen optischen Eigenschaften und der Dephasierungsdynamik führen.

Im ersten Teil der Arbeit wird die ultraschnelle zeitliche Dynamik auf einer Femtosekun-
den Zeitskala mithilfe einer nichtlinearen Autokorrelationstechnik untersucht. Das po-
laritonische Systems hat einen deutlichen Einfluss auf die Form der gemessenen Autoko-
rrelationsfunktion. Unter Ausnutzung eines harmonischen Oszillatormodells können die
Dephasierungszeiten aus den Autokorrelationsfunktionen extrahiert werden. Es zeigt
sich, dass die Hybridisierung zu einer deutlichen Verlängerung der Dephasierungszeiten
führt. Zusätzlich stellt sich heraus, dass die vollständige spektrale Information in Am-
plitude und Phase aus den Daten erhalten werden kann. Damit liefern die nichtlinearen
Messungen einen deutlichen Mehrwert im Vergleich zu rein linearen Messungen.

Der zweite Teil der Arbeit beschäftigt sich konkret mit den nichtlinearen optischen Eigen-
schaften von plasmonischen Hybridstrukturen. Mithilfe von Spektroskopiemethoden im
Spektralbereich der dritten Harmonischen zeigt es sich, dass sich die nichtlinearen opti-
schen Spektren in ihrer Form deutlich von den linearen Spektren unterscheiden. Durch
sorgfältige Variation sowohl der Strukturgeometrie als auch der beteiligten Materialien
kann der Ursprung des nichtlinearen Signals eindeutig aus den nichtlinearen Spektren
bestimmt werden. Verschiedene theoretische Ansätze erhärtet diese Beobachtungen.

Im letzten Teil werden die verlängerten Dephasierungszeiten schließlich ausgenutzt, um
die polaritonischen Eigenmoden kohärent zu kontrollieren. Diese werden dabei durch
einen ersten extrem kurzen Laserpuls angeregt. Je nach exakter Zeitverzögerung zum
ersten Laserpuls schaltet ein darauf folgender zweiter Laserpuls sowohl die kohärente
Anregung als auch die nichtlineare Antwort nach einigen zehn Femtosekunden aus oder
erneut an. Durch einen dritten Laserpuls ist dabei die zeitliche Auflösung des gesamten
Kontrollprozesses gegeben. Da im nichtlinearen Signal ein ausgeprägter Kontrast zwis-
chen An- und Ausschalten erzielt werden kann, eignet sich diese Methode ideal für
Anwendungen, die auf ultraschnellem plasmonischen Schalten basieren.
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Abstract

In this thesis, the nonlinear optical properties as well as the ultrafast temporal dynamics
of hybrid plasmonic systems are studied. The model system under investigation simulta-
neously provides localized plasmonic modes in a metallic nanowire grating and photonic
modes in an adjacent dielectric waveguide slab. The coupling of the modes leads to
the formation of polaritonic eigenstates and significant variations in the linear optical
spectra as well as in the dephasing dynamics.

In the first part, the ultrafast temporal dynamics on the femtosecond timescale are
studied by a nonlinear autocorrelation technique. The linear optical response of the
polaritonic system has a major influence on the shape of the autocorrelation function.
By employing a harmonic oscillator-based model, the dephasing times are extracted. Due
to the hybridization, significantly prolonged dephasing times are observed. Furthermore,
the full spectral response, i.e., amplitude and phase, is retrieved from the experimental
data which renders the nonlinear experiments distinctly different from purely linear
experiments.

The second part concentrates on the nonlinear response of the hybrid plasmonic struc-
ture. From third harmonic generation spectroscopy it is found that the shape of the
nonlinear optical spectra is completely different when compared with the linear spectra.
By carefully varying the structure geometry as well as the constituent materials, the ori-
gin of the nonlinearity can be unambiguously identified from the shape of the nonlinear
spectra. The observations are confirmed by several theoretical considerations.

In the last part, the prolonged dephasing times of the polaritonic eigenmodes are finally
utilized for coherent control experiments. Here, one eigenmode is excited by a first
ultrashort laser pulse. Subsequently, a few tens of femtoseconds after the excitation,
the eigenmode as well as its nonlinear response is either turned on or off by a second
laser pulse dependent on the exact time delay between the pulses. A third laser pulse
provides the necessary temporal resolution of the whole control process. Due to the high
signal contrast between the suppressed and the reexcited case this technique is suitable
for ultrafast plasmonic switching.
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1. Introduction

In the field of optics and light-matter interaction, plenty of research interest has been
focused on nanoscopic systems in the near past. Due to extremely sophisticated fab-
rication techniques, high quality nanostructures such as semiconductor nanowires [1],
colloidal semiconductor quantum dots [2], fullerenes [3], carbon nanotubes [4], nitrogen-
vacancy centers in diamond [5], or high-Q cavities [6] are produced nowadays. Here, the
concentration of electromagnetic radiation onto the nanoscale leads to unprecedented
optical effects.

Metallic nanostructures are of particular interest. The free electrons in the conduction
band tend to be ideal for light-matter interaction. Usually, only the optimal reflection
properties of metals are utilized in optics. However, in metallic nanostructures, which
are much smaller than the wavelength of light, a plethora of interesting effects can
occur [7,8]. The illumination by light leads to coherent collective oscillations of the free
electrons in the nanostructure, so-called plasmonic excitations, which show a distinct
resonance behavior. These plasmonic effects have already been exploited in ancient past
in the coloration of glasses, for example in church windows, although a deeper physical
understanding was lacking. The admixture of powder of noble metals into the glass and
the subsequent excitation of particle plasmons leads to the well-known colorful effects.

By exploiting these plasmonic excitations, the macroscopic optical properties of the
structures can be engineered nearly at will. This is especially object of optical meta-
material structures whose optical responses are as well dominated by plasmonic effects.
They usually contain specifically shaped nanoscopic unit cell building blocks in a periodic
arrangement, whose periodicity is much smaller than the wavelength of light. Based on
the concept of metamaterials, novel optical effects have been envisioned and presented,
such as negative refraction [9, 10], perfect lensing [11], or cloaking [12].

Besides single plasmonic systems, combined structures have recently attracted a lot of
interest as well, where plasmonic modes are hybridized with other plasmonic or photonic
modes. The concept of plasmon hybridization leads to a further degree of freedom in
order to tailor the optical responses of the systems [13]. In particular, the coupling of
plasmonic excitations to photonic slab waveguide modes in metallo-dielectric photonic
crystals structures has been object of a lot of research [14–18] in the last ten years.

Due to the rapid development of plasmonics, many applications already emerged in the
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last years. A major focus is on small volume sensing applications [19, 20]. Here, the
substance to be detected influences the dielectric function of the material surrounding
the plasmonic structure and leads to a spectral variation of the optical resonances.
In further proposals, the applicability of plasmonic structures for cancer therapy was
mentioned [21]. Stockman et al. introduced the concept of a SPASER, which is an
analog of a laser but rather for plasmonic excitations [22–24]. Recently, a plasmonic
system has been utilized even for data storage [25].

A further advantage of plasmonic nanostructures lies in the potential of concentrating the
electromagnetic radiation to much smaller volumes as it would be possible by focusing
with conventional optical elements. Especially, with plasmonic nanoantennas the goal
to overcome the Abbe diffraction limit is easily achievable [26–28]. In this manner,
plasmonic nanoantennas allow the efficient coupling of light to nanoscopic objects such
as single molecules [29] or quantum dots [30,31] which do not couple efficiently to light
themselves. The strong spatial concentration of the light further leads to high field
enhancements in the vicinity of the nanostructures, thereby rendering plasmonic systems
also interesting for nonlinear optics applications [32].

Despite of many applications and the utilization of the macroscopic optical properties,
a deeper understanding of the microscopic effects in plasmonic nanostructures is still
required. In particular, the nonlinear optical responses are hardly understood so far. In
several preliminary investigations, a variety of sources of the optical nonlinearities has
been proposed, for instance bulk and surface effects in the metal [33, 34] or plasmon-
mediated field enhancement in the vicinity of the nanostructures [35]. In addition to this,
resonance effects and the exact shape of the nanostructure seems to play an important
role [36]. Especially, in metallo-dielectric photonic crystal structures, which are subject
of this thesis, the contributions of plasmonic modes and photonic modes to the nonlinear
response have to be considered simultaneously. So far, a complete microscopic descrip-
tion of the nonlinear optical processes is still lacking. In most theoretical approaches
only effective nonlinear coefficients are determined, but their origin is still unclear. Here,
novel sophisticated experiments have to be performed in order to systematically study
the nonlinear response of plasmonic nanostructures.

Moreover, the temporal dynamics of the collective electron oscillation are highly inter-
esting properties of plasmonic nanostructures. Due to extremely short response times
down to the femtosecond scale, experiments in this direction are extremely challenging
and have been performed so far by few research groups only [37–40]. However, the ul-
trafast responses of plasmonic modes together with the electric field localization render
metallic nanostructures promising candidates for future integrated devices.

To utilize the ultrafast temporal dynamics in plasmonic systems, methods have to be
found in order to control the excitations on the femtosecond time scale. Zentgraf et
al. demonstrated how the hybridization of plasmonic and photonic modes can lead to
strong variations of the dephasing dynamics in plasmonic systems [38]. However, only
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static control is archived in this manner and variations in the temporal responses require
changes in the structure geometry. Here, a dynamic control of the excitations on the
nanoscale is highly desired where a plasmonic system could be turned on or off at any
desired time. In order to achieve plasmonic switching, coherent control methods from
semiconductor optics could be utilized [41].

For the deeper understanding of the optical responses of metallic nanostructures, chap-
ter 2 provides an introduction to metal optics on the nanoscale. Especially, the con-
tributions to the decay of plasmonic excitations are discussed. After that, the concept
of plasmon hybridization is introduced and it is shown that the main principles can
already be explained by a classical harmonic oscillator model. A special focus is on the
hybridization of localized plasmonic resonances with photonic waveguide modes within
a metallic photonic crystal structure. Since their optical properties are well understood
nowadays, they serve as model systems for the nonlinear as well as the ultrafast ex-
periments. At the end of the chapter, the fabrication techniques are presented and a
theoretical scattering matrix model is discussed in order to describe the linear optical
properties of metallic photonic crystals.

The focus of chapter 3 is on the experimental investigation of the plasmonic dephasing
dynamics. At the beginning, the concept of nonlinear autocorrelation measurements is
explained, where the plasmonic structures serve as the nonlinear medium and the exper-
imental setup is presented. With the help of the harmonic oscillator model, theoretically
obtained autocorrelation functions are fitted to the experimental ones and the dephas-
ing times of the plasmonic modes can be extracted. By using more complex plasmonic
structures, i.e., magnetic photonic crystals, the advantages of spectrally resolved auto-
correlation functions are presented. They also serve as the basis for the retrieval method
in the last section which is a further development of frequency-resolved optical gating
(FROG). It is shown how the complete optical response information of a plasmonic sys-
tem, i.e., amplitude and phase can be extracted from spectrally resolved autocorrelation
functions.

Although the nonlinear optical properties of plasmonic nanostructures are already ex-
ploited in chapter 3, chapter 4 provides a deeper understanding. After a discussion on
previous experiments in this direction, a modification of the metallic photonic crystal
structures is presented which tends to be ideal for the following experiments. In order to
reveal the origin of the nonlinearity in those systems, a new experimental concept based
on third-harmonic generation spectroscopy is presented. By systematically varying the
constituent materials of the structures, their contribution to the nonlinear response can
be unambiguously identified from the nonlinear spectra. Following that, with the help
of several theoretical approaches, these findings are confirmed from simulations. In the
last part of this chapter, the influence of the group refractive index and slow light onto
the nonlinear response has been investigated using simulations.

Chapter 5 concentrates on ultrafast coherent control of plasmonic excitations in metallic
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photonic crystal structures. Since the term coherent control has been used for a variety
of experimental approaches in the past, a short introduction is given in order to put the
present experiments into proper context. In the following the all-optical control concept
is explained in more detail. After the presentation of the experimental setup, various
control results are compared. Since the experimental data contain many details, the
harmonic oscillator model is extended in order to explicitly explain the data. Finally,
first experimental results on four-wave mixing in metallic photonic crystals are discussed
which can serve as a basis for further investigations on the plasmonic dephasing dynamics
in the future.

The last chapters conclude the main results and give a short outlook to further experi-
ments and applications.
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2. Plasmonics

2.1. Optical properties of metals

Metals such as aluminum, gold, or silver are characterized by a high electrical and ther-
mal conductivity. Thus in optics, they are extensively used as mirrors due to their
excellent reflectivity in the visible part of the electromagnetic spectrum. It is commonly
known that silver and aluminum provide a reflectivity which is nearly frequency indepen-
dent in the visible on the one hand. The reflection of gold, on the other hand, becomes
smaller for wavelength in the blue part of the spectrum which leads to the yellowish
appearance of gold. It turns out that this absorption steams from interband transitions
in the band structure of gold.

All these properties can be related to the electron configuration and the band structure
of metals. Especially, the quasi-free conduction electrons play a dominant role for the
optical properties of metals. Within a simple electron plasma concept, most of the
optical properties can be successfully described. In this Drude-Sommerfeld model [7],
the dielectric function is given by

ǫω = 1 + χDS(ω), (2.1)

where χDS is the intraband susceptibility of the free electron gas. The response of a free
electron of mass me and charge e to an external electric field E = E0e

−iωt is described
by the equation of motion:

me
∂2r

∂t2
+ meΓ

∂r

∂t
= eE0e

−iωt. (2.2)

The phenomenological damping constant Γ is inversely related to the mean scattering
time τ of the electrons. Since the electrons are only quasi-free and couple to bound
electrons, the change in the motion of the electrons can be accounted for by introducing
an effective electron mass meff . Note that Eq. 2.2 does not include linear terms as it
will be shown for a classical harmonic oscillator later. Using the material polarization

P = ener = ǫ0χDSE, (2.3)

with the electron density ne, the Drude-Sommerfeld susceptibility follows as

χDS = − ω2
p

ω2 + Γ2
+ i

ω2
pΓ

ω(ω2 + Γ2)
with ωp =

√

nee2

ǫ0me

. (2.4)
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Figure 2.1.: Dielectric function of gold as a function of the photon energy. Experimen-
tally measured values taken from [42] (solid lines) and theoretical fits using
the Drude-Sommerfeld model (dotted lines).

The frequency ωp is called plasma frequency and corresponds to the longitudinal collec-
tive excitation of the electron plasma in the bulk metal. If the influence of the damping
is neglected (Γ << 1), ωp is the eigenfrequency of an ideal volume plasmon.

From Eq. 2.1 and 2.4 it is found that the dielectric function can be decomposed in a real
and an imaginary part:

ǫ(ω) = ǫ1(ω) + iǫ2(ω). (2.5)

The real part corresponds to the dispersion of the material and is related to the refractive
index n2 = ǫ1 while the imaginary part introduces absorption for incident light.

In 1972 Johnson and Christy carefully measured the dielectric function of gold [42].
In Fig. 2.1 real and imaginary part of the dielectric function are plotted separately.
It turns out that the real part, i.e., ǫ1(ω), is negative over the whole spectral range.
The experimental data can be fitted using the Drude-Sommerfeld susceptibility. Here, a
damping constant ~Γ = 0.08 eV and a plasma frequency ~ωp = 8.6 eV were retrieved. For
small frequencies (photon energies up to 2 eV) the agreement to the experimental data
is quite good. However, for larger photon energies strong deviations of the experimental
data from the model are obvious. These differences can be explained by interband
transitions from the 5d band to the 6sp band in gold, starting from 2.48 eV, which
are not included in the Drude-Sommerfeld model. For silver and aluminum, where
the interband transitions start at much higher energies, the agreement of the model to
experimental data is much better.

The interband transitions in gold are a disadvantage for optical experiments. However,
in most cases, gold is the metal of choice due to convenient handling in the fabrication.
For silver and aluminum, the interband transitions are shifted far to the blue and do
not disturb the spectra in the visible. Here, oxidation is a disadvantage, especially for
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silver nanostructures, which destroys the quality of the optical properties.

Besides the reflection properties of metals, the dielectric function can be utilized as well
to calculate the skin depth of metals. This is the penetration depth δ of an electromag-
netic wave with intensity I0 which is incident normal to a metal surface. Considering
Beer’s law of absorption the intensity of the light drops as

I(z) = I0e
−αz (2.6)

From the imaginary part of the dielectric function, α is calculated. For a photon energy
of 2 eV one finds a skin depth for gold of δ = 31 nm [7]. The metallic nanostructures,
which will be discussed later, typically have a thickness which is smaller or similar to
the skin depth.

2.1.1. Surface plasmon polaritons

The collective electron excitations in metals give rise to various phenomena where only
bulk plasmons were mentioned so far. The situation gets more complex when the dimen-
sionality of the metal is reduced and when interfaces (e.g. metal-to-air) are introduced.
Now, even for energies below the plasma frequency, bound surface modes exist due to
the broken symmetry of the system. These surface plasmon polaritons (SPP) can be in-
terpreted as bound or evanescent solutions of Maxwell’s equations [43,44]. The periodic
displacement of the electrons leads to a charge density modulation or surface waves and
electromagnetic field components parallel and perpendicular to the metal surface. The
dispersion relation of p-polarized SPP is given by [45]

kx =
ω

c

(

ǫmǫd

ǫm + ǫd

)1/2

, (2.7)

where ǫm and ǫd are the permittivity of the metal and of the adjacent dielectric material,
respectively. The dispersion relation reflects the non-radiative character of the SPP.
It cannot couple to light since the wave vector kx always remains smaller than ω/c.
Therefore the dispersion relation is always below the light line. This also means that SPP
cannot be directly excited by an external light field. However, by introducing a periodic
corrugation on top of the metal film, the wave vector acquires an additional component
due to the periodicity dx and the SPP can be externally excited. The momentum
matching condition for the wave vector of the SPP, kSP P , is described by the relation

kSP P = kx + g
2π

dx

with g = ±1, ±2, . . . . (2.8)

From another viewpoint the grating folds the dispersion relation back to the first Bril-
louin zone and the dispersion relation subsequently continues above the light line.
The same concept will be exploited later in the excitation of photonic slab waveguide
modes.
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2.2. Particle plasmon polaritons

If the dimensionality of the metal is further reduced to a quasi one-dimensional (1D)
structure, i.e., a metallic nanoparticle, the optical response becomes even more complex
and resonances are found in the visible spectrum.

Already in 1908, Gustav Mie presented an analytic solution for the light scattering and
the extinction of small spherical metal particles [8]:

σsca =
2π

|k|2
∞
∑

n=1

(2n + 1) · ℜ(an + bn) (2.9)

σext =
2π

|k|2
∞
∑

n=1

(2n + 1) · (|an|2 + |bn|2). (2.10)

σsca and σext are the cross-sections for scattering and extinction, respectively, when light
with wave vector k impinges on a metal particle. In the theory of Mie the electromag-
netic field is divided in spherical multipoles and the scattered field is described as a
superposition of these modes of order n with the weighting factors an and bn. For small
particles, dipole approximations (n=1) already lead to reasonable results.

In contrast to the two-dimensional (2D) surfaces, the particle provides all necessary
wave vectors for the coupling to the external light field due to the spatial confinement.
Therefore plasmon resonances can be directly excited with an external light field [see
Fig. 2.2(a)]. The electric field displaces the free conducting electrons with respect to
the positively charged lattice. The electrons experience a restoring force and start to
oscillate within the metal particle at optical frequencies. The charge separation leads to
a localized electric field with a dipole-like field distribution. It is confined to the small
nanoparticle and can therefore be quite large. Due to the localization, the plasmon oscil-
lation is called localized surface plasmon polariton or particle plasmon polariton (PPP).
It has been found that the amplitude of the electron oscillation in the nanoparticle is
much smaller than the particle and even the atomic radius and just on the order of
|x| = 0.01 nm [46].

In the dipole approximation, the dipole moment p of the PPP, which is excited by an
external electromagnetic field E, can be written as [47]

p = αE with α = 4πR3 ǫm − ǫd

ǫm + 2ǫd

, (2.11)

where α is the polarizibility, R is the particle radius, ǫm the permittivity of the parti-
cle, and ǫd the permittivity of the surrounding dielectric. In this quasi-static regime,
resonances are found if the denominator approaches a minimum. This is achieved if
ǫm → −2ǫd.
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Figure 2.2.: (a) Schematic of the charge distribution in a metallic nanoparticle which
is excited by an external electromagnetic light field. (b) Broad extinction
resonance of a PPP in the visible spectral range. (c) The spectral position
of the PPP resonance as well as the color of the scattered light field depends
on the size and the shape of the nanoparticle (from [47]).
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In linear extinction (= −ln(T ), T : transmission) spectra, the broad resonances are clearly
visible. Figure 2.2(b) shows a PPP resonance centered at 820 nm. In this case the
particle size is ≈ 100 nm. From Mie theory (compare Eq. 2.11) it is obvious that
the surrounding dielectric influences the resonance position of the particle. Since the
particles are mostly supported by a dielectric glass or quartz substrate, its dielectric
function ǫd has to be taken into account for the resonance position. This fact makes metal
nanoparticle also suitable for sensing applications [19]. If the surrounding dielectric,
which could be a liquid as well, changes its refractive index, the PPP resonance is shifted
in the spectrum and the shift leads to a transmission variation at a fixed wavelength.
However, the shifts are in general rather small and the broad PPP resonance prevents a
high sensitivity. It will be shown later how the sensitivity can drastically be increased
by plasmon hybridization.

For particles with diameters of more than 10 nm the size influences the resonance po-
sition. Increasing the particle diameter shifts the resonance to the red. For particles,
which are smaller than 10 nm, the size has no influence on the resonance position any
more. However, the resonance shifts if the shape of the particle is changed. Figure 2.2(c)
shows dark field scattering images of small metal nanoparticles with different shapes [47].
A rod appears blue in the dark field image and has its resonance around 450 nm. The
sphere possesses its resonance at 550 nm and displays a green dark field image. If the
shape is changed from the sphere to a triangle, the resonance is further shifted towards
600 nm and an increase of the triangle size leads to an additional red shift.

The resonance position is also influenced by the material of the particle. Silver and
aluminum are interesting candidates since they have no interband absorption in the
visible such as gold and provide resonance frequencies down to the blue. However, the
oxidation of silver nanoparticles is a disadvantage. Therefore gold will be the material
of choice throughout this thesis.

2.2.1. Spectral linewidth and dephasing of particle plasmon

polaritons

In order to gain more insight into the optical resonance behavior of metal nanoparticles,
a simple classical model is introduced in the following which will be the basis of most
of the theoretical considerations in this thesis. Due to the dipole-like oscillation of the
free electrons in the nanostructure, the PPP can be regarded as a driven and damped
harmonic oscillator. Mathematically, a classical mechanical harmonic oscillator which is
driven by an external force F (t) = F0e

iωt is described by a differential equation for its
displacement x(t):

m
d2x(t)

dt2
+ γ∗

dx(t)

dt
+ Dx(t) = F (t), (2.12)
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where m is the oscillator mass, γ∗ the damping constant, and Dx(t) the restoring force.
The amplitude x0 of the oscillator as a function of the frequency is given by a Lorentzian
curve

x0(ω) =
F0

√

m2 (ω2
0 − ω2)2 + (2γω)2

, (2.13)

where ω0 =
√

D
m

and 2γ = γ∗/m.

For a PPP, which is driven by an external electromagnetic light field E(t) = E0e
iωt, the

driving force is F (t) = −eE(t) and Eq. 2.12 can be re-written as

ẍ(t) + 2γẋ(t) + ω2
0x(t) = − e

me

Eeiωt. (2.14)

Here, ω0 is the resonance frequency of the plasmon oscillation which is determined by
the particle size, shape, and material. The damping constant γ is an important measure
for the dynamics of the plasmon oscillation. To draw the connection of the damping
to the dephasing time of the PPP, the kinetic energy of a damped harmonic oscillator
is considered. It decreases exponentially as Wkin(t) ∝ e−2γt. After a time τp = 1/(2γ)
the energy has dropped to 1/e. Therefore, τp is called plasmon decay time. It is as well
closely related to the plasmon dephasing time T2 = 2τp.

Just like for a classical damped harmonic oscillator the broad resonance in the extinction
spectrum indicates a strong damping of the electrons oscillating in the nanostructure.
In the following the relevant damping processes in metallic nanostructures are discussed
in more detail. In general, the damping processes can be divided into radiative and non-
radiative decays. The non-radiative processes disturb the collective oscillation of the
electrons due to scattering in the metal and lead to a broadening of the PPP resonance.
The scattering processes are either elastic, without energy dissipation, or inelastic, in-
cluding energy dissipation.

The elastic scattering processes of the electrons are dominated by single particle scat-
tering with other electrons (e-e), phonons in the lattice (e-ph), holes (e-h), or scattering
at the particle surface (surf). The linewidth Γ is related to the scattering rates 1/τi of
the processes as

Γ = ~
∑

i

1

τi

=
1

τe−e

+
1

τe−ph

+
1

τe−h

+
1

τsurf

+ . . . . (2.15)

The appearance of ~ shows that Γ is given in energy units. Dependent on the structure
of the metal nanoparticle, the scattering rates have different relevances.

The inelastic scattering processes, which are non-radiative, are dominated by the gener-
ations of electron-hole pairs (interband absorption) and lead to an additional broadening
of the linewidth which is known as Landau damping. However, it has been shown that
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Figure 2.3.: (a) Simulation of the plasmon polarization in the time domain after exci-
tation with an 8 fs laser pulse. A dephasing time of the PPP of T2 = 10 fs
is taken into account. (b) The excited PPP can decay via several channels
while the radiative decay is the most prominent one for large structures.

these processes can be neglected below photon energies of 2 eV [48] and particle sizes
above 5 nm [49,50].

The radiative decay is another inelastic scattering process, where the electrons lose their
energy by emitting photons which leads to an additional damping of the PPP oscillation.
For spherical nanoparticles with radius R the radiative relaxation rate can be estimated
to be proportional to the volume [51]:

τ−1
rad =

2

3
· R3 · ω4

c3
. (2.16)

Qualitatively this relation should also hold for more complicated nanostructures. For
particles with a diameter of 100 nm and a wavelength of 800 nm Eq. 2.16 leads to a decay
time of 8 fs which is in good agreement with experimental findings [52,53]. Figure 2.3(a)
shows a simulation of the plasmon polarization which is excited by a ultrashort laser
pulse with a pulse duration of 8 fs. The PPP is described as a damped harmonic
oscillator with a decay time of 10 fs. The plasmon polarization raises together with the
electric field of the pulse. At a certain moment after the maximum of the pulse, the
decay becomes stronger than the energy transfer from the decreasing electric field of the
pulse to the plasmon polarization and the it starts to drop exponentially. The simulation
shows that the plasmon polarization is completely lost a few tens of femtoseconds after
the laser pulse excitation.

Directly after excitation, the electrons oscillate coherently in the nanostructure. How-
ever, due to the scattering processes, the phase relation between the electrons is lost
and a coherent light-matter interaction is suppressed. These electrons lose their energy
within a few picoseconds mainly due to electron-phonon interaction in the crystal lattice
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and the sample heats up. The sample further thermalizes within a few 100 ps and the
electrons are in their original state again [compare Fig. 2.3(b)].

The amplitude of the coherent electron oscillation is given by the number of electrons in
the nanoparticle. If one electron loses its phase relation to the other electrons, the ampli-
tude of the collective oscillation decreases. The decoherence processes including energy
dissipation (radiative decay and inelastic scattering), on the one hand, are commonly
characterized by a time constant T1. On the other hand, the pure dephasing processes
without energy dissipation (elastic scattering) are described by a time constant T ∗

2 . The
total decoherence or dephasing time is finally given by

1

T2

=
1

2T1

+
1

T ∗

2

. (2.17)

If an exponentially damped harmonic oscillation of the electrons is assumed, the dephas-
ing time is directly related to the homogeneous linewidth

Γhom =
2~

T2

. (2.18)

It has been found that the radiative decay is the most prominent one in the structures
which are utilized in this thesis. Hence, T1 is always much smaller than T ∗

2 such that
Γhom is mainly determined by T1 [52].

The processes discussed so far are only valid for single metallic nanoparticles. However,
in the following experiments, large ensembles of nanostructures are investigated. Due
to variations in the fabrication process, the nanostructures will always slightly vary in
size. This leads to a fluctuation of the PPP resonance frequencies of each nanostruc-
ture. A phase shift between the various individual oscillators develops in time and the
polarizations of the individual oscillators cancel. The overall coherence of the macro-
scopic material polarization is lost much faster than the dephasing time T2 which implies
that the resonance in the spectrum is inhomogeneously broadened. In 1999 Lamprecht
et al. proposed a nonlinear autocorrelation technique to determine the homogeneous
broadening of plasmonic resonances [52]. However, in 2005 Klein et al. showed that it
is not always possible to distinguish between homogeneous and inhomogeneous broad-
ening from a combination of linear and nonlinear optical experiments alone [40]. Only
experiments such as four-wave mixing (FWM) or optical rectification can reveal the in-
homogeneous broadening. At the end of this thesis, first experimental results on FWM
in metallic photonic crystals are shortly discussed. However, scattering electron mi-
croscopy (SEM) pictures reveal that the size variation of the structures is rather small,
thus inhomogeneous broadening can be neglected in a first approximation.
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2.2.2. Field enhancement in plasmonic nanostructures

In order to understand the linear optical properties of plasmonic nanostructures such as
scattering or extinction, it is sufficient to consider the far field of the structure alone.
However, the optical near field distribution differs significantly from the far field since
the electric field vector has to point in the normal direction of the particle surface due
to the free electrons in the particle. The concentration of the electromagnetic field to
the very small volume of the particle has mainly two consequences. First, it is possible
to overcome the Abbe diffraction limit since the particles are much smaller than the
wavelength. This is not possible by conventional optical components. Second, due to
the field concentration the near fields can be quite strong and enhancement factors f of 10
to 100 are found, especially on resonance [26]. Those strong fields are very interesting for
many applications such as surface enhanced Raman scattering (SERS) [54] or nonlinear
optical effects.

In order to tailor the field enhancement, the shape of the nanostructures can be opti-
mized. By introducing sharp tips with strong curvatures [27] huge field enhancements
have been predicted. For example in bow tie nanoantennas [55] strong fields are expected
in the gap region. Recently, the field enhancement in bow tie gap antennas has been
utilized for nonlinear optical effects such as high harmonic generation in Argon gas [32].
However, fabrication tolerances set an experimental limitation for the sharpness of the
structures and hence to the field enhancement.

Besides the optimization of the nanostructure shape, another property is utilized to
enhance the local fields. It can be shown that the field enhancement factor f is directly
proportional to the dephasing time of the plasmonic excitation in the structure [52]:

f ∝ T2. (2.19)

It will be discussed in the following how the dephasing time and subsequently the field
enhancement can be increased by the concept of plasmon hybridization.

2.3. Plasmon hybridization

In the discussion so far, the PPP in the metallic nanostructures were considered individ-
ually and interactions of PPP in neighboring nanostructures were neglected. However,
the coupling of individual nanostructures is an important degree of freedom to tailor the
optical properties of plasmonic systems. Since PPP can be regarded as damped har-
monic oscillators, the plasmon-plasmon coupling is explained in the following using this
classical picture again. PPP couple predominantly via their optical near fields. Since
it decays exponentially with increasing distance from the nanostructure, the near field
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coupling is only relevant for small distances of neighboring nanostructures on the order
of a few nanometers. Starting from Eq. 2.12, two coupled classical harmonic oscillators
(1 and 2) are mathematically written as

mẍ1 + γ∗ẋ1 + Dx1 + DF (x1 − x2) = q1F (t) (2.20)

mẍ2 + γ∗ẋ2 + Dx2 − DF (x1 − x2) = q2F (t). (2.21)

q1 and q2 determine the coupling strength to the driving force and DF represents the
coupling strength of the two oscillators. In the schematic in Fig. 2.4(a) the coupling of
the two individual pendula is mediated by the spring.

To solve this set of differential equations one usually introduces two new variables x+ =
x1 +x2 and x− = x1 −x2 and obtains two uncoupled differential equation by adding and
subtracting Eq. 2.20 and 2.21:

mẍ+ + γ∗ẋ+ + Dx+ = 0 (2.22)

mẍ− + γ∗ẋ− + (D + 2DF )x− = 0 (2.23)

To simplify the derivation, the excitation is assumed to be zero, i.e., q1 = q2 = 0.
These uncoupled differential equations can easily be solved separately leading to two
eigenmodes of the coupled system with resonance frequencies ω+ and ω−.

In Fig. 2.4(a) the eigenmodes of the two coupled oscillators are shown schematically. The
symmetric one corresponds to a displacement of both oscillators in the same direction
or in phase. For the other eigenmode the pendula oscillate antisymmetrically or out
of phase. Figure Fig. 2.4(b) shows the spectrum of the coupled oscillators where one
oscillator is externally driven, i.e., q1 = 1, q2 = 0. One obtains two peaks as a function of
frequency which correspond to the two eigenmodes of the coupled system. The peak at
smaller frequencies when compared to a single harmonic oscillator can be associated with
the symmetric oscillation of the pendula while the peak at higher frequencies corresponds
to the antisymmetric oscillation. The spectral splitting of the two modes is related to
the coupling strength which is given by the spring constant in the present example.

In the coupling regime of PPP in two neighboring nanostructures, the interaction can
be explained in a similar coupling or hybridization model [13, 56]. The hybridization
model is equivalent to molecular orbital theory [57] and has recently been exploited for
nanoparticle dimers [56], nanorice [58], and stacked cut-wire metamaterials [59]. Just
like the pendula displacement, the relative charge distribution of the two nanoparticles
can either be symmetric or antisymmetric. Usually, the eigenmode splitting is displayed
in an energy diagram such as Fig. 2.4(c). If the nanoparticles are similar, their resonance
energy is the same. In the symmetric case (in horizontal light polarization), the charges
in the nanoparticles attract each other. This leads to a reduced restoring force of the
electron oscillation inside the structure and hence a lower resonance frequency. Therefore
the mode is lowered in energy with respect to the mode of the individual particle. In the
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Figure 2.4.: (a) The oscillation dynamics of two coupled harmonic oscillators can be
decomposed into two eigenmodes (symmetric and antisymmetric). (b) The
symmetric eigenmode leads to a resonance of the coupled system with lower
energy than the antisymmetric mode. (c) If two metallic nanoparticles are
brought together, the charge distribution can be either symmetric or anti-
symmetric which leads in a lateral configuration to a reduced and increased
resonance energy, respectively.

antisymmetric case the charges in the two nanoparticles repel each other which leads
to an increased restoring force. The resonance frequency is higher and the energy of
the mode is lifted. Using this simple hybridization model of attraction and repulsion
of charges, the spectral mode positions can be qualitatively determined. Recently this
model has been utilized to describe more complicated nanostructures consisting of up
to seven nanoparticles [60].

2.3.1. Plasmon-induced transparency

To understand the eigenmode splitting of two coupled harmonic oscillators, the individ-
ual oscillators were considered to be equal so far. However, in many physical systems
this is not necessarily the case. More often the fundamental modes differ strongly in
resonance linewidth and excitation strength. Here, asymmetric Fano resonances [61]
appear, which arise from the coupling of a narrow resonance (discrete state) with a
broad resonance (continuum of states) [62]. It will be shown later that the coupling of
asymmetric oscillators results in more degrees of freedom in order to tailor the linear
optical responses, the resonance linewidth, and hence the dephasing dynamics.

In atomic physics, Fano resonances are discussed in the framework of electromagnetically
induced transparency (EIT) [63–65]. For this effect a three level system is considered
where the transition from the ground state |0〉 to an excited level |1〉 is dipole-allowed.
Coupling of a metastable state |2〉 to |1〉 using an external pump laser leads to destructive
quantum interference of the excitation pathways |0〉 − |1〉 and |0〉 − |1〉 − |2〉 − |1〉. The
effect manifests itself in the broad absorption spectrum of the dipole-allowed transition,
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Figure 2.5.: Level scheme of an EIT system. The bright mode |1〉 can be excited with
an external light field and is characterized by a damping γb. The dark mode
|2〉 can only be excited by the coupling κ to the bright mode and decays
with γd.

where a very narrow transparency window appears due to the coupling.

Recently it has been shown that the EIT effect is not restricted to quantum physical
systems [66]. Similar effects occur also in purely classical systems like micro-sized opti-
cal resonators [67–69] where they can be described as well in the framework of classical
harmonic oscillators. Furthermore, Zhang et al. theoretically proposed EIT-like effects
in a plasmonic molecule structure [70] and introduced the term plasmon-induced trans-
parency. Figure 2.5 shows a schematic of the involved modes. The structure provides on
the one hand a superradiant mode (bright mode) |1〉 which can be excited by an external
light field at frequency ω0 and which is characterized by a strong damping γ1. On the
other hand, a subradiant mode (dark mode) |2〉 is required which does not couple to the
external field. Therefore its damping γ2 has to be very low and it is restricted to the
Drude losses of the metal. Unlike in the atomic EIT system, the modes are coupled via
the optical near fields of the structures. However, the destructive interference of the two
modes leads as well to a narrow transmission window in the broad resonance.

Zhang et al. proposed an actual example for plasmon-induced transparency where
the structure consists of three gold bars which are arranged in a dolmen fashion [see
Fig. 2.6(a)]. Upon excitation by light which is polarized along the gold bar to the right,
it provides the bright mode which is a fundamental dipole PPP mode. Since the two
bars to the left are oriented in the horizontal direction, no fundamental PPP mode can
be excited in the pair in the same spectral range. However, the field distribution of the
PPP in the bar to the right can induce an antisymmetric field distribution in the pair of
bars to the left, such as shown in Fig. 2.6(a). Because of symmetry considerations, this
antisymmetric mode (quadrupole mode) cannot couple to the external light field and
hence is dark. At the resonance of the dark mode, its back-action on the bright mode
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Figure 2.6.: (a) Plasmonic dolmen structure where the bright mode is excited in the
single metal bar to the right which couples to the dark mode in the pair
of bars to the left. (b) If the light is polarized along the single rod, the
spectrum shows an extinction dip. [71]. (c) Three-dimensional (3D) dolmen
structure leading to more pronounced EIT dips [72].

has a phase shift of π with respect to the direct excitation of the bright mode, hence
the excitations interfere destructively and the bright mode disappears. The broad PPP
resonance of the gold bar shows a narrow transmission window, similar to atomic EIT
systems.

Using the classical harmonic oscillator model, the two coupled differential equations for
the bright mode and the dark mode are

ẍb + 2γbẋb + ω2
0xb + κẋd = E(t) (2.24)

ẍd + 2γdẋd + (ω0 + δ)2xd − κẋb = 0. (2.25)

The coupling of the bright mode (subscript b) and the dark mode (subscript d) is denoted
by κ. Only the bright mode is externally excited by E(t) and the dark mode might be
detuned with respect to the bright mode by δ. In order to obtain the narrow EIT dip,
the condition γd << γb << ω0 has to be fulfilled. The ratio of the damping constants is
the main condition in order to distinguish plasmon-induced transparency from normal
mode coupling [72].

Soon after the theoretical predictions by Zhang et al., Verellen et al. realized plasmon-
induced transparency experimentally [71]. Figure 2.6(b) shows the relevant spectra. If
the light is polarized along the two horizontal wires, it excites the fundamental PPP
mode which leads to the broad resonance (red curve). For orthogonal polarization, the
fundamental PPP is excited in the vertical bar which couples to the dark mode via the
near field. The spectrum shows a dip in the extinction (blue curve). However, in this
planar structure, the modulation depth is rather small and the EIT dip is still very broad.
Later, in a 3D approach, Liu et al. lifted the dipole gold bar above the quadrupole [see
Fig 2.6(c)]. In this manner, a more precise control of the distance between the dipole
bar and the quadrupole bars is achieved. The near field coupling can be controlled in a
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precise fashion and much more pronounced and narrow extinction dips are obtained [72].
It was shown as well that coupling of the bright mode to another bright mode does not
lead to the EIT-effect and the narrow spectral features, thus confirming that the low
damping of the dark mode is mandatory for EIT.

The narrow extinction dip in the spectrum can be utilized for several applications.
In 2010 Liu et al. proposed an inverted and planar dolmen structure for an highly
efficient glucose sensor [20]. As discussed before a change in the refractive index of the
surrounding medium results in a spectral shift of the resonances. Compared to a pure
PPP [19], the steep slopes of the resonances in EIT structures lead to drastic changes of
the transmission at a fixed wavelength if the resonances are shifted and therefore a high
sensitivity.

Another consequence of the narrow extinction dip is a large group refractive index and
effects such as slow light in the structures. According to the Kramers-Kronig relation,
a drastic change of the imaginary part of the dielectric function, i.e., the absorption, in
a small spectral window is accompanied by large variations of the spectral phase. Since
the group index is proportional to the derivative of the spectral phase, large values are
expected. In chapter 4 the large group index in an EIT-like system will be exploited in
order to tailor the nonlinear response of a plasmonic nanostructure.

2.3.2. Photonic waveguide modes

Besides the pure plasmon hybridization, the PPP could as well be coupled to non-
plasmonic modes. The hybridization to photonic modes in a slab waveguide is extensively
utilized in this thesis and will be discussed now in detail. Photonic waveguide modes are
characterized by narrow spectral resonances with low dampings. Their physics is well
understood which renders them excellent candidates for plasmon hybridization.

In order to excite photonic waveguide modes, the structure of interest consists of a thin
dielectric slab with a thickness hwg roughly between 100 nm and 200 nm on top of a
dielectric substrate. If the refractive index of the dielectric slab (ǫwg) is larger than the
refractive index of the substrate (ǫsub), photonic modes can be guided in this waveguide
due to total internal reflection. After solving Maxwell’s equations and by assuming
boundary conditions, one finds the dispersion relation for the transverse electric (TE)
modes [73]
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(2.26)
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and for the transverse magnetic (TM) modes
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(2.27)

k0 and kx are the vacuum wave vector and the propagation constant within the dielectric
slab, respectively. The order of the mode is given by m = 0, 1, 2, . . .. These equations
can be solved numerically and lead to the dispersion relation between ω = ck0 and the
propagation constant kx. Since the surrounding of the waveguide is asymmetric, i.e.,
ǫvac 6= ǫsub, the modes possess a cut-off frequency of

ωcut =
c arctan

√

ǫsub−ǫair

ǫwl−ǫsub

d
√

ǫwl − ǫsub

, (2.28)

below which propagation is inhibited. TE and TM modes exhibit slightly different
dispersion, however, both dispersion curves lie below the vacuum and the substrate
light cone. Just like SPPs, they cannot be excited by external light which is incident
normal to the surface.

However, if corrugation is introduced at the top of the waveguide, for example by a
dielectric grating with a periodicity dx [see Fig. 2.8 left hand side], the guided modes
turn to quasi-guided or leaky modes. The grating vector gx = 2πn/dx is added or
subtracted to/from the wave vector k0, and momentum mismatch is circumvented:

kx = k0 ± gx. (2.29)

The dispersion relation of the disturbed waveguide is found in an empty lattice approx-
imation [74]. The periodicity dx of the dielectric function ǫ(x) = ǫ(x + dx) of the slab
leads as well to a periodic dispersion relation. Within the empty lattice approximation
the dispersion relation of the undisturbed system is folded back to the first Brillouin
zone. Figure 2.7 shows the periodic dispersion relation for a 180 nm thick hafnium
dioxide (HfO2) waveguide on top of a quartz substrate with a periodicity dx = 530 nm.
In this case, the cut-off frequencies are 0.64 eV for the TE-mode and 1.15 eV for the
TM-mode, respectively.

The dispersion relation is now characterized by degenerate Bragg resonances at the
center kx = 0 and at the edge kx = ±π/dx of the first Brillouin zone and the modes
lie above the vacuum and the substrate light cone. These quasi-guided modes can
now be optically excited upon normal light incidence and have a finite linewidth when
compared to the guided modes. Since the size of the Brillouin zone is determined by
dx, the resonance position of the waveguide modes upon normal light incidence can
be easily varied by changing the grating periodicity. Upon oblige light incidence the
degeneracy of the Bragg resonances is lifted. Besides the symmetric waveguide mode
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Figure 2.7.: Dispersion of the waveguide modes (TE, TM) within the empty lattice
approximation for a 180 nm HfO2 waveguide and a grating period of 530 nm.
The cut-off energies are 0.64 eV (TE) and 1.15 eV (TM), respectively. Due to
the symmetry of the dispersion relation, only positive kx values are plotted.

also the antisymmetric waveguide mode, which is forbidden for kx = 0 due to symmetry
considerations, is simultaneously visible in the spectrum [16].

Recently it has been demonstrated how the waveguide mode dispersion can be further
tailored. For example by introducing a superlattice structure exhibiting two commensu-
rable or incommensurable periodicities, more than one waveguide mode can be excited in
a small spectral range [17]. The occurrence and the resonance amplitude of the modes is
determined by the structure factor of the superlattice. Furthermore, disordered gratings
have been studied extensively in order to determine fabrication tolerances directly from
the linear optical spectra [18].

2.3.3. Waveguide plasmon polariton

To utilize the waveguide modes for plasmon hybridization, the PPP have to be coupled
to the waveguide modes. In metallic nanowire structures, PPP can be excited as well
if the light polarization is orthogonal to the wire, which thus act as elongated particles
[see Fig. 2.8 right hand side]. Therefore, the dielectric grating on top of the waveguide
is replaced by a metallic grating [see Fig. 2.8 middle]. Typical parameters for such
a metallic photonic crystal structure are w = 180 nm as the thickness of the HfO2

waveguide and dx = 530 nm as the grating period. The cross-section of the wires,
usually made out of gold, is typically 100 × 20 nm2 [see Fig. 2.9(a)]. The linear optical
properties of metallic photonic crystal structures have been extensively investigated over
the last years [14–16].
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Figure 2.8.: Combination of a gold wire, providing a particle plasmon resonance, and
a periodic corrugation on top of a dielectric slab waveguide, leading to a
metallic photonic crystal structure.

Photonic crystals in general have been proposed first by Yablonovitch and John in order
to inhibit spontaneous emission from a two-level system [75,76]. They are characterized
by a periodic structuring on the order of the light wavelength which leads to the forma-
tion of band gaps in the optical dispersion relation and a zero density of state in that
gap. Therefore photonic crystals can be considered as semiconductors for photons.

In TE polarization the PPP is switched off and the undisturbed TE waveguide mode
is observed [see Fig. 2.9(b)]. Its asymmetry is a clear indication of a Fano lineshape
which is due to the coupling of the quasi-guided modes to the vacuum light modes via
the grating [62]. However, in TM polarization, where PPP are excited in the wires, the
spectrum drastically changes compared to a pure PPP resonance. The structure now
supports PPPs in the wires and photonic waveguide modes in the slab, simultaneously.
In the spectrum one observes two extinction maxima with an extinction dip inbetween.

In order to understand the linear spectra of the hybridized system, its dispersion relation
is considered schematically in Fig. 2.10(a). The resonance position of the PPP is not
affected if the grating period dx is changed. Usually, the distance between the wires
is much larger than the leakage of the optical near field around the wires so that the
individual nanowires do not couple with each other. However, the resonance position of
the waveguide mode can be shifted by changing the grating period. In the regime where
the two modes get close to each other one does not observe a crossing of the resonances
but rather an anticrossing. This is a typical polaritonic behavior which is well known
from excitons in a microcavity [77,78]. However, the polariton splitting obtained in the
metallic photonic crystal structure exceeds the splitting in semiconductors by orders of
magnitudes and reaches values of up to 250 meV [16]. In the polaritonic picture the
two modes in the anticrossing regime correspond to the two eigenmodes of a so-called
waveguide plasmon polariton (WPP).

In Fig. 2.10(b) the linear extinction spectra are simulated for increasing grating periods.
The theoretical model is presented later on (compare section 2.6). For dx = 350 nm the
waveguide mode at short wavelengths and the PPP at larger wavelengths can be recog-
nized separately in TM polarization. As the grating period is increased, the waveguide
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Figure 2.9.: (a) Metallic photonic crystal structure consisting of a plasmonic nanowire
grating on top of a dielectric slab waveguide on a quartz substrate. (b)
Extinction spectra of the structure under normal light incidence: In TE
polarization, only the waveguide mode is excited which leads to a narrow
Fano-shaped resonance. In TM polarization, the PPP in the nanowires is
hybridized with the waveguide mode, which leads to two polariton branches
in the spectrum.

37



plasmon

waveguide
mode

Grating period

W
a
v
e
le

n
g
th

WPP

600 700 800

0

5

10

15

20

25

d
x
= 525 nm

E
x
ti
n

c
ti
o

n

Wavelength (nm)

TM

TE

d
x
= 350 nm

(a) (b)
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mode is shifted to larger wavelength (compare TE polarization). However, in TM po-
larization the linewidth of the waveguide mode gradually increases while the linewidth
of the PPP mode decreases. In the strong coupling regime (dx ≈ 450 nm) the two
resonances cannot be identified as the waveguide mode or the PPP mode any more.
One rather observes the two resonances of the WPP eigenmodes. For dx = 525 nm
the coupling has decreased again and the two resonances have exchanged their charac-
ter. The PPP is now found at short wavelengths while the waveguide mode is at long
wavelengths.

This series of spectra shows that the WPP eigenmodes transform from PPP to waveguide
modes and vice versa. Dependent on the grating period the eigenmodes contain either
more plasmonic or photonic character. The character can roughly be deduced from the
linewidth: The broader the resonance, the more plasmonic character is inherent in the
WPP eigenmode. For example in Fig. 2.9(b) the WPP mode at 875 nm is narrower
than the mode at 725 nm. Therefore it exhibits more photonic character. Together
with the linewidth, also the temporal dynamics of the WPP eigenmodes can be varied
over a large range (compare Eq. 2.18). This will be important for the coherent control
experiments in chapter 5 where hybrid plasmonic modes with long dephasing times are
required.

From a different viewpoint, the extinction dip in between the WPP modes can as well
be understood in the framework of EIT [79]. Here, the narrow waveguide mode serves
as the dark mode and the PPP in the wires as the bright mode. In chapter 4 it will
be shown how very narrow extinction dips are obtained by embedding the plasmonic
grating in the dielectric waveguide.

2.4. Sample fabrication

Several methods for the fabrication of periodic metallic nanostructures have been pre-
sented in the past. The fabrication method of choice for this thesis is based on electron
beam lithography (EBL) and will be discussed in detail in the following [80]. After that,
two other promising fabrication methods are shortly presented.

The dielectric material supporting the nanostructures is a commercial 1 mm or 2 mm
thick quartz substrate. Quartz is chosen in order to provide transparency in the ultra-
violet (UV) at λ = 260 nm for the nonlinear experiments. On one side of the substrate
the thin waveguide layer is deposited using a sputtering technique. Here, HfO2 with a
thickness of 180 nm has been chosen. Its refractive index together with the film thickness
guarantee that the cut-off frequency of the waveguide modes is shifted out of the desired
spectral region to the near infrared.
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Figure 2.11.: Fabrication process of the plasmonic structures using electron beam lithog-
raphy and a lift-off process (for further details see text).

After cleaning the substrate in a solvent, the electron beam resist is spin coated on
the waveguide layer [Fig. 2.11(a)]. Here, a double layer of poly(methyl methacrylate)
(PMMA) is used. The two layers have different molecular weights which results in a
higher sensitivity of the lower layer to the electron beam exposure. After spin coating,
each layer is baked at 160° C on a hot plate for several minutes to disperse the solvent.
During electron beam exposure the electrons have to be drained in order to avoid charg-
ing of the substrate. Therefore, a thin (4 nm) layer of chromium is evaporated on the
PMMA layers.

The sample is now exposed with the electron beam [Fig. 2.11(b)] in a Raith E-line ma-
chine. The device allows for write fields of 100×100 µm2 size. The final spatial resolution
is around 20 nm and it is limited e.g. by the proximity effect and the resolution of the
resist. Within this work only wire structures have been investigated which simplifies the
EBL fabrication process.

After the exposure, the chromium layer is removed with a commercial chromium etching
solution. Following that, the electron beam resist is developed using methyl isobutyl
ketone (MIBK) [Fig. 2.11(c)]. The different sensitivities of the electron beam resist layers
result in an undercut which is advantageous for sharp corners of the nanostructures.

To remove residuals of the electron beam resist, the sample is shortly cleaned in a oxygen
plasma [Fig. 2.11(d)]. High-purity gold is thermally evaporated in the next step while
the electron beam resist serves as a mask for the nanostructures [Fig. 2.11(e)]. Gold
adheres well to the HfO2 layer. However for other substrates, a thin adhesion layer of
chromium has to be used. A typical thickness of the gold structures is 20 nm which is

40



below its skin depth.

In the last fabrication step the electron beam resist together with the gold on top is
removed from the substrate in a lift-off process using N-methyl-2-pyrrolidone (NMP)
[Fig. 2.11(f)].

Nearly any structure on a surface can be fabricated with the EBL method. However,
one is restricted to 2D structures. Recently an extension of this procedure has been
presented, where 3D structures can be realized using a stacking method [81]. The first
EBL fabrication process is followed by a planarization of the surface with a dielectric
and a second layer can be fabricated on top of the first one. Using metallic alignment
marks, the relative orientation of the structures in the different layers with respect to
each other is guaranteed with a resolution of 10 nm. Up to five perfectly aligned layers
of nanostructures have been realized so far but in principle the number of layers is not
limited.

Figure 2.12(a) shows an optical microscope image of a metallic photonic crystal sample
with six 100 × 100 µm2 fields of gold wire gratings. The cross at the left side serves as a
mark for the orientation of the sample in the optical setups. The individual wires can be
resolved using a scanning electron microscope. Figure 2.12(b) is a SEM image showing
three gold wires of the metallic photonic crystal structure with a very smooth shape.
The grating period is 530 nm and the wire width 150 nm. From the SEM images it can
be observed that the wire width variation is only a few percent. Therefore it is assumed
that the inhomogeneous broadening of the PPP resonance is negligible.

Another cheap and rather simple method to fabricate metallic periodic nanostructures is
interference lithography [82]. A dielectric substrate is spin coated with a photo resist in
the first step. In an optical interference setup, two beams of a UV laser are aligned with
an angle to the normal of the structure and overlapped on the sample. The resulting
interference pattern leads to an exposure of the photo resist only at the interference
maxima. After the exposure, the photo resist is developed and serves as a mask in
the thermal evaporation process. The final nanostructure is obtained after the lift-off.
Although the method is rather cheap and large area nanostructures can be fabricated,
the quality of the structures is much worse and the resolution is smaller comparable to
EBL structures. The shape variation is limited as well.

Recently a third method has been reported, which is cost-effective and allows for the fab-
rication of large area nanostructures with different constituent shapes [83]. In the first
step a Langmuir-Blodgett film of polystyrene microspheres is prepared on the substrate.
The holes between the spheres serve as masks in the subsequent thermal evaporation
process of the metal. Using a sophisticated rotation of the sample during the evapora-
tion, structures such as split ring resonators, nanospirals, or triangle pentamers can be
fabricated. Unfortunately, the structure constituent quality is still not quite as good as
EBL structures and the pattern is restricted to a hexagonal shape.
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(a) (b)

100 mm

Figure 2.12.: (a) Optical microscope picture of a metallic photonic crystal sample show-
ing six 100×100 µm2 gold grating fields. (b) Scanning electron microscope
picture of several gold wires showing very little size variations.

2.5. White light transmission setup

The linear optical spectra of the metallic photonic crystal structures are measured in a
white light transmission setup which is schematically shown in Fig. 2.13. The broad-
band light of a halogen lamp is collimated and slightly focused onto the sample to a
spot size of ≈ 100 µm after passing a linear crystal polarizer. Here, the excitation is set
for TE or TM polarization. The sample can be rotated with an angular resolution of
0.5° in order to measure the transmission for different angular excitations. Behind the
sample the light is re-collimated with a second achromatic lens and guided to a grating
spectrometer with a adjacent liquid nitrogen cooled CCD camera.

The main advantages of the setup are the pinholes before and especially behind the
sample. They restrict the light to normal incidence in order to avoid the excitation of
the antisymmetric waveguide mode which already appears for incident angles of 0.5°.
Especially with the pinhole behind the sample, which has a diameter of 100 µm, only
angular components up to 0.2° are detected and the antisymmetric waveguide modes
are barely visible in the spectra [compare the small peak at 810 nm in Fig.2.9(c)]. The
experimental setup allows to measure the transmitted light intensity I. The extinction
is calculated as

Extinction = −ln
I

I0

, (2.30)

where I0 is the transmitted light intensity through the substrate and the waveguide but
without the plasmonic nanostructures.
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Figure 2.13.: White light transmission setup for linear optical measurements of the plas-
monic nanostructures. The pinholes are used in order to reduce the angular
components which would excite the antisymmetric waveguide modes in the
metallic photonic crystal structures.

2.6. Scattering matrix algorithm

It has been shown that the Mie theory provides exact solutions for the scattering cross-
section of spherical metal particles. However, for geometries which are different from a
sphere, other theoretical approaches have to be utilized.

In this section, a numerical simulation method is presented which allows to calculate
the linear optical responses of periodic nanostructures and layered systems, such as
reflection, transmission, and absorption. It is also possible to calculate electric and
magnetic field distributions within the structure. This scattering matrix algorithm was
first proposed by Whittaker et al. [84] and has been extended by Tikhodeev et al. [74].

As input parameters only the geometry of the structure together with the dielectric
function of the materials has to be implemented. In this thesis the scattering matrix
algorithm is utilized for the metallic photonic crystal structures. Figure 2.14(a) shows
a metallic photonic crystal structure together with the nomenclature of the involved
variables.

In the first simulation step the structure is divided in layers in the z-direction. The
Maxwell equations

− 1

c

∂H

∂t
= ∇ × E (2.31)

1

c

∂D

∂t
= ∇ × H, (2.32)

are solved for each layer separately. For the metallic photonic crystal structures the first
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Figure 2.14.: (a) Nomenclature of the sample parameters. (b) Schematic of the scatter-
ing matrix algorithm. (c) Example of the coordinate transformation using
adaptive spatial resolution for a piecewise constant function (from [85]).

44



layer contains one unit cell of the periodic gold grating. The periodicity of the dielectric
function is contained in D. To solve the Maxwell equations, the electric field in one layer
is decomposed in plane waves such as

E(x, y, z, t) = EG exp (ikx,Gx + iky,Gy) × exp (iKz − iωt). (2.33)

The magnetic field is calculated accordingly. The wave vectors are calculated as

kx,G = kx + Gx and ky,G = ky + Gy (2.34)

together with the reciprocal lattice vector

G = (Gx, Gy, 0) =
2π

dx

(gx, gy, 0), gx,y = 0, ±1, ±2, . . . , ±∞. (2.35)

Here dx is the periodicity of the lattice. Each of the plane waves E(x, y, z, t) is one
Bragg-order (harmonic) of the associated layer. Via Eq. 2.34 the incident light with
wave vector k = (kx, ky, kz) is coupled to all Bragg-orders, i.e., all plane waves which
are given by the different values of G. This leads to an infinite number of plane waves
which sum up to the total electromagnetic field in the layer. Since an infinite number
is not reasonable for the calculations, the sum is truncated at a value gmax. Thus the
number of harmonics is given by Ng = (2 · gx,max + 1)(2 · gx,max + 1). The accuracy of
the calculation increases with Ng however the calculation time scales as N3

g .

In the next step, the amplitudes of the waves have to be coupled with the waves in
the adjacent layers. Therefore, the solutions of the Maxwell equations in each layer are
divided into sets of eigenvectors parallel to the z-direction. The amplitudes of the plane
waves can be combined to vectors such as

A(z) =

(

A+(z)

A−(z)

)

. (2.36)

All components which propagate in the positive (negative) z-direction are assigned by
+ (-). Using a transfer matrix TL the vectors are coupled at different z-values

A(z + L) = TLA(z). (2.37)

The transition from one layer to the adjacent one can be written accordingly

A|z=zb,a+0 = Tb,aA|z=zb,a−0. (2.38)

The transfer matrix formalism would be already enough to describe the light propaga-
tion in the structure. However it turns out that the algorithm diverges for evanescent
waves.

To overcome this problem the scattering matrix algorithm is utilized. Here, the ampli-
tudes of the plane waves which propagate into the sample are combined to a vector

Bin =

(

A+
v (z)

A−

s (z)

)

. (2.39)
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The subscript v describes the vacuum side at the upper side of the sample, s is for the
substrate [see Fig. 2.14(b)]. The amplitudes of the plane waves which propagate out of
the sample are combined accordingly.

Bout =

(

A+
s (z)

A−

v (z)

)

. (2.40)

In the last step the scattering matrix combines these vectors.

Bout = Sv,sBin. (2.41)

The whole scattering matrix is obtained in an iterative fashion. First, the unity matrix
is assumed for N = 0 layers. Following that, the matrix for N + 1 layers is iteratively
calculated from the matrix for N layers by utilizing the inverse transfer matrix. Finally,
the components of the complete scattering matrix contain the spectral values of the
reflection, the transmission, and the absorption of the whole structure.

The bottleneck of the scattering matrix algorithm originates from the periodic metallic
nanostructures. In the layer incorporating the nanostructure, the dielectric function
undergoes steep steps in the x-direction. For optimum convergence of the algorithm a
large number Ng of harmonics has to be used which drastically increases the computation
time. Recently, Weiss et al. extended the scattering matrix algorithm with an adaptive
spatial resolution method in order to account for this problem [85]. The resolution in x-
direction is increased at x-values where the dielectric function undergoes steep steps and
it is reduced elsewhere. Figure 2.14(c) shows this schematically. With that improvement
the number of harmonics Ng for optimum convergence could be reduced by a factor of
10.

Figure 2.15 shows a comparison of the measured extinction spectrum of a metallic pho-
tonic crystal in TM polarization together with a scattering matrix simulation. Very
good agreement has been found. The peak positions of the WPP modes as well as the
linewidths are nearly perfectly reproduced by the simulation. Variations in the extinc-
tion amplitude are due to fabrication tolerances, surface roughness, and a finite number
of wires which are illuminated in the experiment.
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Figure 2.15.: Comparison between a measured (a) and simulated (b) extinction spec-
trum in TM polarization. Peak positions and linewidths are perfectly re-
produced by the scattering matrix simulations.
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3. Measuring the plasmonic dephasing

The ultrafast optical response of plasmonic nanostructures, which manifests itself as
broad resonances in the linear optical spectra, render them promising candidates for
future applications in data processing and integrated devices. In the previous chapter
it has been shown that after the excitation with light, the free conduction electrons
coherently oscillate in the particle with a fixed phase relation. A coherent light-matter
interaction is only possible within that temporal window on the order of a few femtosec-
onds. This short time scale is a major experimental challenge in order to investigate the
temporal dynamics of plasmonic systems.

To directly resolve the temporal evolution of an optically excited system, usually fast
photo detectors are utilized. However, their temporal resolution is typically limited to
the nanosecond time scale. For faster processes, other experimental techniques have
been developed in the past and some of them are shortly presented here. They all utilize
the fact that a macroscopic material polarization maps the microscopic processes in the
system. The coherent macroscopic material polarization is excited by a short laser pulse
in a first step and subsequently probed with a second pulse after a delay. In that way, the
influences on the second pulse or additionally generated signals contain the information
about the microscopic processes in the system.

A well-known method in optical spectroscopy is the pump-probe technique [86,87]. Here,
a first intense laser pulse (pump pulse) excites electrons, excitons, electron-hole pairs,
or a material polarization in the sample. The pump pulse duration has to be sufficiently
short in order to provide the temporal resolution. Due to the excitation, the dielectric
function of the system is change as long as the system remains in the excited state. The
changes in the optical properties are measured with a second weak pulse (probe pulse)
which does not influence the dielectric function. By varying the time delay between pump
and probe pulse, the temporal evolution of the excitations in the system is resolved.
This method is typically used on a timescale below 100 fs. For a plasmonic system, the
pump-probe technique is disadvantageous since the dielectric function is not influenced
significantly. Furthermore, the high pump pulse intensities easily lead to a destruction
of the metallic nanostructures. Nevertheless, with a modified pump-probe technique the
temporal dynamics of plasmonic systems can be investigated.

In a FWM experiment, pump and probe pulse of equal intensity are combined in the
system in a nonlinear fashion. In the first step, the pump pulse with wave vector
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k1 generates a macroscopic material polarization in the sample which decays with the
dephasing time T2. The probe pulse with wave vector k2 can interact with the material
polarization in a a third-order nonlinear process and generate the FWM signal, e.g., in
the direction 2k2 − k1. This signal as a function of the delay between pump and probe
pulse provides information about the temporal evolution of the material polarization.
If the FWM signal is further nonlinearly combined with a third pulse, inhomogeneous
broadening of the resonances can be distinguished from homogeneous broadening by a
photon echo signal. At the end of this thesis, first experimental steps in this direction
are presented.

Another well established method is based on two photon photoemission. Here, the
pump pulse excites the electrons in a metal to an intermediate state. The subsequent
probe pulse provides the energy to emit the electrons into the vacuum. Dependent on
the excitation energy and the emission angle, information about the coherence of the
intermediate state are deduced. [88,89]. This method was improved by Petek et al. with
an interferometric two pulse excitation technique in order to measure the dephasing of
hot electrons at copper surfaces [90].

In this work, a different two-pulse method to investigate plasmon dynamics is employed
which is based on a nonlinear autocorrelation technique. Originally, it had been devel-
oped to characterize ultrashort laser pulses. However, it will be shown in the following
that this technique can be utilized as well for the investigation of the ultrafast coherent
processes in plasmonic systems.

3.1. Nonlinear autocorrelation technique

In laser physics, a similar problem as in plasmonics occurs when it comes to the char-
acterization of ultrashort laser pulses [91]. For pulse durations in the sub-nanosecond
regime it is not possible any more to utilize fast photodetectors for gaining temporal
resolution. However, a sophisticated correlation technique has been developed in the
past in order to circumvent this problem. Here, the electric field evolution of an un-
known pulse can be monitored at each time step with a shorter reference pulse such
as in a strobe light experiment. Nevertheless, the problem remains how to characterize
the reference pulse. It finally turns out that it is sufficient to use the pulse itself as
the reference. In an autocorrelation measurement, a pulse pair is generated from the
unknown laser pulse, e.g., in a Michelson interferometer. Here, the two pulses travel
along different paths where a temporal delay τ between the pulses can be imposed. The
pulses are recombined to the same beam again behind the interferometer and the total
electric field of the pulse pair can be written as

Etot(t, τ) = E(t) + E(t + τ). (3.1)
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The interferometric superposition of the two electric fields leads to a suppression or
amplification of the total intensity of the beam as a function of the time delay between
the pulses. Since the response time of standard photo detectors is much longer than the
oscillation period of the electric field, only the time average of the intensity is measured.
The intensity at the detector as a function of the time delay τ can therefore be written
as

IACF,1(τ) ∝
∫ TR

[E(t) + E(t + τ)]2 dt, (3.2)

where TR is the detector response time. Equation 3.2 is called first order interferometric
autocorrelation function (ACF). It has its maximum for perfect pulse overlap (τ = 0) and
is uniform if the delay is large. For delays τ > 0 a fringe pattern is observed dependent
whether the two electric field interfere constructively or destructively. However, due to
the temporal averaging of the intensity, the phase information of the electric field is lost.
Therefore the linear autocorrelation does not provide any further information about the
electric field evolution when compared to a spectrogram. If the pulse carrier frequency
changes with time (chirped pulses), the pulse duration is prolonged but the shape of the
spectrum and the linear ACF are not affected.

To obtain additional information about the electric field of the laser pulses it is manda-
tory to measure higher order, i.e., nonlinear ACF. Therefore a nonlinear optical medium
is used in front of the detection unit where higher harmonics of the electric fields are
generated. Details about nonlinear optical processes are the basis of chapter 4. For
second harmonic generation (SHG), beta barium borate (BBO) crystals turn out to be
an ideal nonlinear medium. Since SHG is a second order nonlinear process the intensity
is proportional to the square of the electric field. Thus, the second order ACF is given
by

IACF,2(τ) ∝
∫ TR [

|E(t) + E(t + τ)|2
]2

dt. (3.3)

Again the second order ACF is maximum for perfect constructive interference of the two
pulses and zero if the electric field of the two pulses interfere destructively. Since a second
order nonlinear process in involved, the intensity ratio between perfect pulse overlap
(τ = 0) and large delays (τ >> 0) is always 8:1 [92]. The period of the interference
fringe pattern is directly related to the carrier frequency of the pulses. In contrast to
the linear ACF, the second order ACF comprises at least some information about the
phase of the electric field and therefore about the shape of the pulses. However it turns
out that only linear phase changes can be unambiguously extracted. For the complete
information about the electric field of the pulse, all higher order ACFs would be required,
which is experimentally not practicable. Nevertheless, by assuming a certain shape of
the laser pulses, the pulse duration can already be obtained from an ACF of nonlinear
order. Another drawback of nonlinear ACF is its symmetric shape with respect to τ = 0.
This leads to an ambiguity in the time direction of E(t).

So far, the ACF method provides information about the shape of ultrashort laser pulses.
Throughout the discussion it has been assumed that the response of the nonlinear
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medium is instantaneous to the excitation by the laser pulses and that no memory,
i.e., coherence, remains in the medium after the pulse. However, this fact will dramati-
cally change if a plasmonic structure is used as the nonlinear medium. Since the coherent
electron oscillation remains present in the system for a short period of time after the
pulse, the second pulse will not only interact with the first pulse but as well with the
coherent material polarization in the sample. This will drastically change the shape of
the ACF. It will be shown later how the temporal dynamics of the plasmon excitation
can be deduced from the shape of the nonlinear ACF.

3.1.1. Laser system

Another requirement in order to investigate the ultrafast plasmon dynamics is an appro-
priate light source which provides the relevant temporal resolution. Since the spectral
position of the plasmon resonances can easily be shifted to the near infrared, few-cycle
Ti:sapphire oscillators render to be ideal for those kind of experiments. In this work a
commercial laser (VENTEON ) with sub-8 fs pulse durations is used which is pumped
by a 5.5 W cw-solid state laser operating at 532 nm (Coherent Verdi V10 ).

A schematic of the femtosecond laser system is shown in Fig. 3.1(a). The frequencies of
the broad emission spectrum of the Ti:sapphire crystal are coupled using Kerr-lens mode
locking. Mode locking operation is initiated by shaking one of the cavity mirrors. The
dispersion management is accomplished by specifically designed chirped mirrors which
are sensitive to the broad emission spectrum. Thus, pulse durations as low as 8 fs can be
achieved. Additionally, a pair of glass wedges is placed in the cavity to allow for precise
dispersion tuning. The main advantage of the VENTEON laser is a rather high average
output power of ≈ 500 mW which is necessary for the nonlinear experiments.

One major drawback of the laser for the time-resolved ultrafast measurements is the
complicated shape of the laser spectrum [see Fig. 3.1(b)]. It stretches from 650 nm to
950 nm but is far away from a Gaussian pulse shape. This observation already indicates
that the pulse shape in the temporal domain is as well non-Gaussian. This assumption
can be confirmed from SHG autocorrelation measurements using a BBO crystal as the
nonlinear medium. The crystal has a thickness of only 20µm in order to achieve phase
matching for the broad laser spectrum. Fig. 3.1(c) shows the second order ACF. For
perfect temporal pulse overlap (τ = 0) the intensity is maximum and the intensity ratio
is 8:1 as theoretically expected. The ACF is perfectly symmetric and shows the fringes
which originate from the interference of the electric field of the two pulses.

The electric field envelope of ultrashort laser pulses with a duration of a few femtoseconds
is usually described best by a sech2-function. Fig. 3.1(c) shows as well a theoretical fit
of the ACF envelope by assuming a sech2-pulse shape with a duration of 8 fs as a fit
parameter [93]. For small delays of the pulses the agreement is very good. However,
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Figure 3.1.: (a) Schematic of the Venteon laser. The Ti:sapphire crystal is pumped by
a 5.5 W cw-laser at 532 nm. The intra cavity dispersion can be optimized
using the two wedges (WD). (b) Broad but modulated spectrum of the laser.
(c) Second-harmonic autocorrelation function measured data using a BBO
crystal together with a fit function. From the fit, a pulse duration of 8 fs
is retrieved. Side lobes are visible around ±40 fs which result from satellite
pulses.

around delays of 40 fs one observes a second lobe of the autocorrelation envelope which
might originate from satellite pulses after the main pulse. For the coherent control
experiments, which are discussed in chapter 5, it could be assumed that the satellite
pulses are a disadvantage and that pulses with an ideal sech2-shape would be favorable.
However, it will turn out that the main control results are achieved even with the non-
perfect laser pulses.

Nevertheless, for future ultrafast experiments at the setup it is planed to improve the
shape of the laser pulses behind the laser. A promising method in this direction is called
multiphoton intrapulse interference phase scan (MIIPS) [94]. Here, using a phase mask
the spectral amplitude and phase of the pulses are iteratively varied until the desired
pulse shape is achieved. It remains to be seen if the precision of the ultrafast experiments
can be further improved by this method.

3.1.2. Experimental setup

Experiments with few-femtosecond laser pulses are extremely challenging mainly due to
dispersion of the dielectric optical components and subsequent broadening of the pulses
in the temporal domain. Since the laser spectrum is very broad, the various frequencies
experience a different dispersion even when passing through air. Therefore the pulse
duration is already significantly increased while the beam travels from the laser through
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the experimental setup to the sample. To avoid this effect, a pair of chirped mirrors is
used together with a pair of adjustable glass wedges right behind the laser. The pulses
are pre-compressed by the mirrors, which consist of a multilayer of dielectrics. Since
the different spectral components are reflected at different depths in the multilayer, the
frequency components can be delayed with respect to each other. Due to dispersive
materials in the experiment, they finally retrieve their original pulse duration directly
at the sample.

To optimize the pre-compression, the second harmonic ACF is measured in-situ using a
BBO crystal at the position of the sample. The shape of the autocorrelation is improved
by selecting an appropriate number of bounces of the beam on the chirped mirrors
and finally by fine-tuning of the dispersion using the glass wedges. Nevertheless, any
dispersive optical components such as filter glass or lenses in the experimental setup are
avoided.

The most sensitive part of the experimental setup is the actively stabilized Michelson
interferometer. It allows to split the laser pulses into pairs whose time delay can be set
in a range for -100 fs to 100 fs with a resolution of 40 as. The pulses are separated using
a 1.5 mm thick beam splitter into two orthogonal beam paths incorporating two retro
reflectors [see Fig. 3.2(a)]. The reflector in one arm is mounted on a piezo actuator and
the time delay is changed by varying the length of the beam path. The pulse pair is
recombined to the same beam using a second beam splitter. The latter one is rotated by
180° in order to provide the same amount of dispersive material for both pulses [95].

The Michelson interferometer is actively stabilized by a He-Ne laser in a Pancharatnam
configuration [96]. Its light is linearly polarized and passes the interferometer slightly
below the pulses. In one arm of the interferometer a λ/2-waveplate rotates the polar-
ization of the He-Ne light by 90°. After recombination of the two He-Ne beams behind
the interferometer, the light is guided through a different part of the experiment which
incorporates a λ/4-waveplate. Here the linearly polarized light is converted to circu-
larly polarized light. Since the beams of the He-Ne in the two interferometer arms have
orthogonal linear polarization, they are converted to light with left and right circular
polarization by the λ/4-waveplate. In combination, left and right circularly polarized
light add up to linear polarized light again. However, it can be shown that the polar-
ization angle of the light depends on the phase delay between the separate beams in
the two interferometer arms [96, 97]. The linear polarized light subsequently passes a
linear sheet polarizer which serves as an analyzer of the polarization angle. Afterwards
the transmitted intensity is detected with a photodiode. Any relative changes in the
length of the two interferometer arms lead to a rotation of the polarization angle behind
the λ/4-waveplate and subsequently to an intensity change behind the polarization an-
alyzer. This intensity change is fed back via a PID to the piezo actuator which changes
the path length in one interferometer arm until the previous intensity is obtained at
the photodiode. By rotating the polarization analyzer an artificial intensity variation
is imposed which is traced back by the stabilization to the piezo actuator and leads to
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Figure 3.2.: (a) Schematic of the experimental setup. The pulse pairs are generated in
a stabilized Michelson interferometer and focused with a spherical mirror
onto the sample. The nonlinear signal is separated from the fundamental
light using a prism sequence and detected either with a photomultiplier or
a spectrometer. (b) The light incidence is normal to the sample with the
polarization perpendicular to the gold wires in order to excite the PPP.

a continuous variation of the path length and subsequently a variation of the temporal
delay between the laser pulses.

After the preparation of the two pulses, the light is guided to the sample. The pulses
are focused onto the sample using a spherical mirror (f = 101.6 mm). With a knife-edge
technique the diameter of the focus is determined to 30 µm. Hence, it is large enough
to excite an appropriate amount of gold wires on the sample but still smaller than the
gold wire gratings which have a footprint of 100 × 100 µm2. The divergence angle is
calculated to ≈ 1°. Therefore it can be expected that the antisymmetric waveguide
mode of the metallic photonic crystal structures is only slightly excited.

Meanwhile the setup has been equipped with a second beam path. Here the light is
focused onto the sample with a Cassegrain reflective objective. The focal spot size is
reduced below 1.5 µm which enables the investigation of single plasmonic structures in
the future [33].

Due to the focusing of the light onto the sample, high pulse intensities are achieved
which lead to sufficient nonlinear optical effects in the samples. In order to provide
propagation for third-harmonic light at 260 nm, only quartz optics are used behind the
sample. The fundamental and the higher harmonic light are further re-collimated with
a second spherical mirror. In order to filter the weaker high harmonic signal out of the
intense fundamental light, a prism sequence consisting of four similar fused silica prisms
is used which spatially separates the spectral components. By inserting a beam block
behind the second prism, the high harmonic light is isolated. Since the next two prism
reverse the beam paths, it is still possible to align the remaining setup with the intense
fundamental light after removing the beam block. For the detection of the high harmonic
light, a photomultiplier tube (PMT) (Hamamatsu IP28 ) is used which has an optimized
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conversion efficiency in the UV regime. For spectrally resolved measurements, a grating
monochromator (Roper Scientific, Spectra Pro) with a subsequent liquid-nitrogen-cooled
and UV-enhanced charge coupled device (CCD) camera is utilized.

3.1.3. Experimental results

In order to prepare the experimental setup for ACF measurements, the Michelson in-
terferometer has to be calibrated and the τ = 0 delay has to be found. Behind the
interferometer, the pulses are focused onto the BBO crystal and the intensity of the
second-harmonic light is detected. By rotating the polarization analyzer of the stabi-
lization part, the temporal delay is varied and the τ = 0 position is reached at maximum
SHG intensity. To verify the alignment of the experimental setup it is advantageous to
measure a nonlinear autocorrelation function and analyze its symmetry with respect to
τ = 0. It turns out that a proper collinearity and a perfect spatial overlap of the beams
on the sample is crucial in order to achieve a symmetric ACF.

In the following, only third-harmonic ACF are discussed since the 1D metallic photonic
crystal structures generate no second-harmonic light (compare chapter 4). In order to
obtain a reference ACF, in the first step a thin layer of indium tin oxide (ITO) (thickness
d = 140 nm) on top of a quartz substrate is used as the nonlinear medium. This material
turns out to be ideal for efficient THG. The two pulses from the Michelson interferometer
are focused onto the ITO layer and the third-harmonic light is measured using the PMT
[see Fig. 3.2(b)]. The polarization analyzer of the interferometer stabilization is first
rotated until the largest delay τ is reached. Then the analyzer is rotated in steps which
reduces the delay and the THG intensity is measured for each step. For THG the
intensity as a function of τ can be written as

IACF,3(τ) ∝
∫ TR [

|E(t) + E(t + τ)|3
]2

dt. (3.4)

Fig. 3.3(a) shows the measured autocorrelation function. It is perfectly symmetric with
respect to τ = 0 and shows an intensity ration of 32:1 between τ = 0 and τ >> 0 [92].
Similar to the second-harmonic ACF, side lobes are visible in the ACF envelope around
± 40 fs which result from the satellite pulses. Due to the dependence of the intensity
on the third order of the electric field, the main intensity peak is much higher and the
side lobes are less pronounced.

If a metallic photonic crystal structure is used instead of the ITO layer, the third-
harmonic ACF has a completely different shape. Figure 3.4 shows the linear optical
response of the structure where the two WPP resonances can be identified. Figure 3.3(b)
is the related nonlinear ACF which is measured at the sample. At first the ACF is much
broader than the ACF of the ITO layer. Even for large delay times, where the pulses
no longer overlap temporally, a rather large THG signal can be observed. The second
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Figure 3.3.: (a) Third-harmonic autocorrelation function of an ITO layer. (b) Exper-
imental data using a metallic photonic crystal structure as the nonlinear
medium. (c) Simulations using the harmonic oscillator model with dephas-
ing times of 18 fs and 90 fs for the two polariton branches, respectively.
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Figure 3.4.: Extinction spectrum of a metallic photonic crystal structure, which is used
for the ACF measurements, showing a broad and a narrow WPP resonance.

difference is a beating of the ACF envelope with a period of ≈ 20 fs. Since the laser pulses
are the same, the changes in the shape of the ACF have to originate from the plasmonic
system. It can be found furthermore that the shape of the ACF varies for different
structure geometries and different linear optical responses of the systems [38,92,98]. In
the next section the harmonic oscillator model is utilized once more in order to retrieve
the temporal dynamics of the plasmonic system from the shape of the nonlinear ACF.

This experimental technique has first been presented by Lamprecht et al. in order to
study the dephasing of pure PPP [37,52]. A few years later, Zentgraf and Klein utilized
the method for metallic photonic crystal structures where the ultrafast dynamics of the
WPP modes were investigated [38,40]. In the meantime more complicated metallic pho-
tonic crystal structures incorporating a plasmonic superlattice were studied as well [98].
Recently, Hanke et al. showed that it is even possible to utilize the method for single
plasmonic nanoantenna structures [99].
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3.1.4. Harmonic oscillator model

For the theoretical description of the nonlinear ACF in Eq. 3.3 and 3.4 it was assumed
that the response of the nonlinear crystal is instantaneous and that no coherence remains
in the system after the pulses. Therefore the shape of the nonlinear ACF is directly
related to the shape of the laser pulses. However, if the response of the nonlinear
medium is not instantaneous and the medium maintains a material polarization after
the excitation by the laser pulses, the shape of the ACF should change as well. If the
shape of the laser pulse is known beforehand, all variations of the ACF have to originate
from the nonlinear medium and it is possible to extract its optical response.

For metallic photonic crystals it has been shown in chapter 2 that pronounced resonances
are found in the linear extinction spectra. These resonances already indicate that the
optical response is not instantaneous and that a material polarization is still present in
the sample after the excitation.

In the following, a basic model is developed to account for the variations in the shape
of the ACF. Here, the WPP modes are described as damped harmonic oscillators [37,
38, 52]. Finally, by fitting the theoretically obtained ACF to the experimental one, the
dephasing times of the WPP modes are retrieved. To simplify the model in a first step, a
system which provides solely PPPs is considered and the PPP resonance is described as
a harmonic oscillator. Just like in Eq. 2.14 the differential equation for the displacement
of the electrons is given by

ẍ(t) + 2γẋ(t) + ω2
0x(t) = − e

me

E(t), (3.5)

where me is the electron mass and γ is the damping constant which is related to the
dephasing time T2 = 1/γ. The solution of this equation reads

x(t) ∝
∫ t

−∞

E(t′)e−γ(t−t′)sin [ω′

0(t − t′)] dt′ with ω′

0 =
√

ω2
0 − γ2. (3.6)

The equations for the polariton polarization

P pl(t) = −N · e · x(t) and P pl(t) = N · α · Epl(t) (3.7)

connect the displacement x(t) with the local plasmon field Epl in the vicinity of the
structure. Here, α is the polarizibility and N the number of oscillators. Taking the total
electric field of the two pulses into account (Eq. 3.1), the local plasmon field is given
by

Epl(t, τ) ∝
∫ t

−∞

Etot(t
′, τ)e−γ(t−t′) sin [ω′

0(t − t′)]dt′, (3.8)

which incorporates the external light field as well as the plasmon field. Here, the external
light field E(t) is deduced from the measured laser spectrum by a Fourier transformation.
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The expression contains an exponential damping term with the damping constant γ,
which describes the decay of the PPP oscillation, and an oscillating term.

In the case of the coupled system where the PPP is hybridized with the waveguide
mode, two resonances, which are related to the eigenmodes of the WPP, appear in the
spectrum. They can as well be described as individual harmonic oscillators. Therefore
Eq. 3.8 is easily expanded to several oscillators. Now the local polariton field is given
by

EW P P (t, τ) ∝
∫ t

−∞

∑

j

Etot(t
′, τ)Aje

−γj(t−t′) sin
[

ω′

j(t − t′)
]

dt′, (3.9)

where j = 1, 2. Each WPP branch is characterized by an amplitude Aj, a resonance
frequency ωj, and a damping constant γi which will later on serve as fit parameters.
In the third-harmonic regime, the local polariton field leads to a nonlinear polarization
P

(3)
W P P (t, τ), which is the source of the nonlinear signal:

IT HG(t, τ) ∝ [P (3)
W P P (t, τ)]2 ∝

[

(EW P P (t, τ))3
]2

. (3.10)

Finally, the ACF can be calculated as

IT HG(τ) ∝
∫ TD [

|EW P P (t, τ)|3
]2

dt (3.11)

∝
∫ TD





t
∫

−∞

∑

j

Etot(t
′, τ)Aje

−γj(t−t′) sin
[

ω′

j(t − t′)
]

dt′





6

dt. (3.12)

Fig. 3.3(c) shows an ACF which is calculated from the harmonic oscillator model. The fit
parameters Ai, T i

2, and γi have been chosen in a way that the measured ACF [Fig. 3.3(b)]
is ideally reproduced. For this sample the fit parameters are:

A1 = 1, T 1
2 = 18fs, λ1 = 710nm,

A2 = 0.333, T 2
2 = 90fs, λ2 = 810nm.

The calculated ACF shows the same features as the measured one. It is much broader
than the ACF from the ITO sample and the beating of the envelope is reproduced as well.
Since the electric field of the laser pulses enters in the simulation, its influence to the
shape of the ACF is already inherent. From the simulations, the dephasing time of the
narrow WPP mode at 810 nm is determined to be 90 fs which is one order of magnitude
larger as the dephasing times of pure PPP. This result shows that the hybridization of
the PPP with photonic waveguide modes does not tailor the linear optical spectra alone
but changes the temporal dephasing dynamics of the system as well. The dephasing
time of the broad wavelength WPP mode at 710 nm is found to be 18 fs.
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The simulations help as well to understand the beating of the ACF envelope. It is a result
of the simultaneous excitation of both WPP modes with the broad laser spectrum and
the spectral splitting of the WPP modes is in good agreement with the beating period.
Since many fit parameters are necessary to reproduce the measured ACF, the retrieved
parameters can only be determined with an uncertainty of approximately 10%.

It is worthwhile to note that it is not the PPP dephasing time which is prolonged by
the hybridization. Rather the eigenmodes of the coupled WPP system can have longer
dephasing times than a pure PPP. The upper limit for the dephasing time of the WPP
eigenmodes is certainly determined by the dephasing time of the pure waveguide mode
in the slab. The more photonic character is present in the WPP mode, the longer
is the dephasing time. It will turn out that the nonlinear optical effects in metallic
photonic crystals are predominantly a consequence of the plasmonic character of the
WPP modes. Therefore, when designing appropriate metallic photonic crystals for the
coherent control experiments in chapter 5, one will always have to deal with a trade-off
between long dephasing times on the one hand and sufficient plasmonic character of the
mode on the other hand.

3.1.5. Spectrally resolved autocorrelation

A deeper understanding of the ACF shape is achieved if the nonlinear signal is spec-
trally resolved. In the experiment, for each time delay of the two pulses, the THG light
is detected using the spectrometer, and a 2D spectrally resolved ACF is obtained. Fig-
ure 3.5 shows a typical spectrally resolved ACF. Several spectral components are visible
which have different temporal evolution. For example the beating in the spectrally inte-
grated ACF does not appear in the whole THG spectrum. The spectral component at
265 nm is strongly modulated by a beating while the component at 272 nm decreases
monotonously. In previous work it has been found that the spectral components are due
to THG of the individual WPP modes (3ω1 and 3ω2) as well as sum-frequency gener-
ation (SFG) of both modes (2ω1 + ω2 and 2ω2 + ω1) in the third-order regime [40, 98].
It can be shown that only the components from SFG incorporate the beating because
both WPP modes are involved. The amplitude of the four nonlinear components mainly
depends on the convolution of the laser spectrum and the linear optical response of the
sample.

By using the right set of fit parameters the spectrally resolved ACF can as well be
calculated from the harmonic oscillator model. However, so far the harmonic oscillator
model does not provide additional information about the WPP system. All information,
especially the dephasing time of the WPP modes, could be retrieved as well from the
linear optical spectrum alone. For a full understanding of the optical response of metallic
photonic crystals it would be important to determine the dispersive part of the dielectric
function, i.e., the spectral phase change which is introduced by the sample, addition-
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Figure 3.5.: Spectrally resolved THG autocorrelation function measured of a metallic
photonic crystal. One can see mainly two spectral components (at 265 nm
and 272 nm) with a completely different temporal behavior.

ally. This information is already inherent in the spectrally resolved ACF but cannot
be retrieved using the harmonic oscillator model. In section 3.2 a different approach is
presented in order to retrieve the phase information as well from the spectrally resolved
ACF. It is based on frequency-resolved optical gating (FROG) which is another method
for the characterization of ultrashort laser pulses.

3.1.6. Dephasing of optical magnetism

The spectrally resolved ACF technique is as well used to investigate the ultrafast dy-
namics of more complex plasmonic structures such as metallic photonic crystal super-
lattices [92, 98]. The example which is discussed here is a magnetic photonic crys-
tal [100–102]. The unit cell of the structure consists of two plasmonic wires on top of
each other with a dielectric spacer layer inbetween. Fig. 3.6(a) shows a transmission
electron micrograph of one wire pair which has been obtained by cutting a slice of the
magnetic photonic crystal with a focused ion beam. One can clearly distinguish the gold
wires from the 25 nm thick dielectric MgF2 layer. The structure was fabricated in the
same way as the metallic photonic crystals (see chapter 2.4) by evaporating gold, MgF2,
and gold in a series before the lift-off. The process leads to a trapezoidal shape of the
wire pair where the width of the upper wire is slightly smaller than the width of the
lower one.
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Figure 3.6.: (a) Transmission electron micrograph of a magnetic photonic crystal con-
sisting of two gold wires with a dielectric spacer inbetween. (b) The in-
dividual PPP in the wires oscillate in phase or out of phase leading to
two resonances in the extinction spectrum. (c) Spectrally resolved THG
autocorrelation of a magnetic photonic crystal hybridized with a photonic
waveguide mode.

Since PPPs can be excited in both wires simultaneously, the two individual PPP hy-
bridize to a symmetric and an antisymmetric mode. In contrast to the horizontal cou-
pling in Fig. 2.4(c), the antisymmetric mode is lowered in energy in the linear extinction
spectrum and therefore at larger wavelength than the symmetric mode [Fig. 3.6(b)].
The antisymmetric mode is of special interest. Since the upper wire has the opposite
charge distribution compared to the lower wire, a ring current can be identified. From
electrodynamics it is known that a ring current leads to an orthogonal magnetic moment
which is located here in the dielectric spacer layer. Since the charge distribution is oscil-
lating at optical frequencies, the magnetic moment also flips sign accordingly. Therefore
the antisymmetric mode is also called magnetic mode. The appearance of magnetic
moments in photonic structures is a new paradigm in optics and has been extensively
investigated in optical metamaterials [103–105].

In magnetic photonic crystals, the magnetic mode is coupled and hybridized with pho-
tonic waveguide modes such as the PPP modes in metallic photonic crystal [100]. Thus
the dephasing time of the magnetic polariton modes can be tailored as well by varying
the grating geometry. Spectrally resolved ACF of magnetic photonic crystals have been
measured to determine the dephasing times. Figure 3.6(c) shows a spectrally resolved
ACF of a magnetic photonic crystals. Again dephasing times of up to 80 fs were ob-
tained. In the future these structures could be utilized for further magnetooptical effects.
Therefore the MgF2 spacer layer would be replaced by a magnetoactive material. Due to
the long dephasing times of the hybrid magnetic modes, strong magnetooptical effects
such as Faraday or Kerr rotation could be achieved.

62



3.2. Interferometric frequency-resolved optical gating

The spectrally resolved ACF technique together with the harmonic oscillator model
is a powerful tool to investigate the ultrafast temporal dynamics of hybrid plasmonic
systems. However, it is not possible to obtain the full optical response information of the
structures by using this method. As for every absorbing material not only the amplitude
of the transmitted light is modulated by the sample but also the spectral phase. The
dispersive part of the dielectric function of the structure, which modulates the spectral
phase of the light is an important measure in order to determine parameters like the
group refractive index or the group velocity of light in the system. It will be shown in
the next chapter how the group index can for example influence the nonlinear optical
responses of a plasmonic structure. Thus, for further experiments and applications, the
knowledge of the absorptive and dispersive part of the dielectric function is mandatory.

With the help of the harmonic oscillator model it is not possible to retrieve the phase
information. However, this information is already inherent in the spectrally resolved
ACF traces. Therefore a method has to be found in order to extract the phase informa-
tion from it. For this problem, methods from laser pulse characterization can be utilized
again. It has been shown before that a nonlinear ACF already provides certain phase in-
formation of ultrashort laser pulses. In 1993 an advanced pulse characterization method
has been presented which is called frequency-resolved optical gating (FROG) [106]. This
technique will be the basis in order to obtain the complete optical response of metallic
photonic crystals. It is explained shortly in the following section.

3.2.1. Pulse characterization using FROG

Since the first experiments by Trebino et al., several examples of FROG have been
presented. Among others SHG FROG [107], THG FROG [108], or transient grating
FROG [109] should be mentioned. In this section SHG FROG is used to explain the
basic principles. Especially for the phase retrieval algorithm there are no big differences
among the methods.

In the SHG FROG experiment, a pair of unknown but identical laser pulses is generated
in separate beams and spatially overlapped in a nonlinear crystal [see Fig. 3.7(a)]. One
of the pulses experiences a variable time delay τ such as in an ACF measurement. Due
to the oblique incidence of the laser pulses, there is only a SHG signal in the normal
direction of the nonlinear crystal if the pulses overlap temporally. This SHG signal is
detected with a spectrometer as a function of the time delay and one obtains a symmetric
FROG trace such as it is shown in Fig. 3.8(b).

In the next step the FROG trace is processed using a FROG retrieval algorithm. The
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Figure 3.7.: Experimental configurations for (a) SHG FROG and (b) XFROG. (c) In-
terferometric FROG configuration for the characterization of laser pulses.
(d) The metallic photonic crystal structure serves as the nonlinear medium.

FROG trace is first subdivided in a square grid with a size of N × N grid points.
Following that, the algorithm starts with an initial guess for the electric field Esig(t, τ)
of the pulses and iteratively improves it until the ideal shape of the electric field is found.
During the iteration two constraints have to be fulfilled. The first one is the nonlinear
constraint

Esig(t, τ) = E(t)E(t + τ). (3.13)

The second one is the data constraint

IF ROG(ω, τ) =

∣
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∞
∫
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Esig(t, τ)e−iωtdt

∣

∣
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∣

∣

∣

2

. (3.14)

It can be shown that the algorithm converges since the FROG trace is a 2D plot. Nev-
ertheless the experimental FROG trace will always contain errors and noise, therefore
ideal convergence will never be reached. To determine a measure for the quality of the
convergence, a FROG error G is calculated:

G =





1

N2

N
∑

i,j=1

(

IF ROG(ωi, τj) − |Esig(ωi, τj)|2
)2





1

2

. (3.15)

If the FROG error is below a certain value, convergence is assumed to be reached. For
example, for a grid size of 64 × 64 the FROG error has to be below G < 0.005 in order
to achieve convergence [110]. Finally, the FROG algorithm delivers the complex value
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of the electric field, i.e., amplitude and phase information. One important requirement
in order to achieve small FROG errors is a perfect symmetry of the FROG trace with
respect to τ = 0. Therefore, a proper spatial overlap of the two beams on the nonlinear
medium has to be guaranteed.

A few years after the development of FROG, a variation of this technique has been
utilized in order to retrieve the complete optical response which is imposed by a photonic
material [111]. The experimental configuration of this cross-correlation FROG (XFROG)
technique is shown in Fig. 3.7(b). One of the laser pulses passes the unknown material
an is modulated by its linear optical response. The resulting laser pulse is overlapped
again with the undisturbed one in the nonlinear crystal and a XFROG trace is recorded.
If the electric field of the pulses is completely known, all variations of the XFORG trace
originate from the linear optical response of the sample and can finally be retrieved.

3.2.2. Phase retrieval from interferometric FROG traces

Unfortunately, non-collinear FROG and XFROG experiments have one disadvantage.
If the spectral phase is to be retrieved over a broad spectral range, either the laser
has to be tuned step by step or broad-band excitation has to be used. In the latter
case it is very challenging to achieve complete phase matching in the nonlinear crystal
over the full spectral range. This problem can be solved by changing the setup to a
collinear configuration where both pulses follow the same beam path [see Fig. 3.7(c)].
The ITO layer is used as the nonlinear medium and the signal at the third harmonic is
detected. Like the spectrally resolved ACF in Fig. 3.5, the interferometric FROG trace
of an unknown laser pulse is now dominated by an interference fringe pattern 3.8(a).
In the following, only third-order nonlinearities are considered. Due to the additional
interference information, the retrieval algorithm cannot handle these traces. Therefore
the interferometric FROG trace has to be reduced to the conventional FROG trace. One
way to achieve this has been demonstrated in two individual publications [112,113].

In the first step, the interferometric FROG trace is Fourier-transformed with respect to
the time delay axis. The result is a trace with delay frequency components at multi-
ples of ω0, 2ω0, and 3ω0, where ω0 is the laser center frequency. Additionally there is
a DC component which contains the desired FROG information. By applying a mul-
tiple Gaussian filter function around the DC component, the other frequency compo-
nents are suppressed. After a back-transformation and subtracting a delay-independent
background, the fundamental FROG trace is found [see Fig. 3.8(b)] and can be easily
processed using the retrieval algorithm. Fig. 3.8(c) shows the retrieved spectrum of the
laser together with its spectral phase. The agreement with the measured spectrum is
quite good although the FROG-error is 0.085 (N = 64) and therefore still a little bit too
large. Due to the complicated spectrum, convergence has not been achieved completely.
The temporal evolution is shown in Fig. 3.8(d). The satellite pulse, which was already
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Figure 3.8.: (a) Interferometric FROG trace measured at an ITO layer. (b) FROG trace
after Fourier-filtering. (c) Laser spectrum together with the spectral phase.
(d) Electric field of the laser pulses in the time domain showing the satellite
pulses around 40 fs.
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predicted from the ACF measurements, can clearly be identified about 40 fs after the
main pulse.

Since the standard FROG trace can be extracted from the interferometric FROG trace,
it should be possible as well to do a collinear XFROG-like experiment in order to obtain
the phase information of a metallic photonic crystal structure. In 2010 Anderson et al.
have presented this method for plasmonic excitations in a metallic tip [114]. The tip was
illuminated with a collinear pulse pair, served as the nonlinear medium, and the interfer-
ometric FROG trace was measured after characterizing the laser pulses. Subsequently,
the FROG trace was extracted from the interferometric trace using Fourier-filtering.
After the retrieval, the complex electric field P (ω) was obtained. P (ω) incorporates the
electric field E(ω) of the laser pulses together with the response function R(ω) of the
plasmonic structure:

P (ω) = R(ω) · E(ω). (3.16)

If E(ω) is known, R(ω) can easily be calculated in the frequency domain. Anderson et
al. demonstrated a very nice agreement of the retrieved amplitude and phase of the
plasmonic structure compared to simulations.

In the following this method is utilized for metallic photonic crystals with two WPP
resonances in the spectrum. For metallic photonic crystals, XFROG measurements have
already been performed in the past to retrieve phase information [115]. However, up
to now it was only possible for rather narrow band laser excitation. Thus, the spectral
phase was only retrieved for TE polarization in the narrow spectral window of the
waveguide mode. For TM polarization a broad-band laser has to be chosen which makes
XFROG experiments extremely challenging in a non-collinear configuration. However
in a collinear configuration, many problems can be circumvented.

In contrast to the interferometric FROG measurements, the metallic photonic crystal
structure itself acts as the nonlinear medium [see Fig. 3.7(d)]. The spectrally resolved
ACF trace (see Fig. 3.5) can already be used for the retrieval. The interference fringes
are removed using Fourier filtering and the standard FROG trace is extracted. By using
the FROG retrieval algorithm, P (ω) is found and R(ω) can be calculated since E(ω) has
already been determined before (see Fig. 3.8). For the retrieval of the trace in Fig. 3.5,
the minimum FROG error G = 0.011 has been achieved which is even higher than
the error which was obtained in retrieving E(ω). Additionally to the complicated laser
spectrum, the optical response of the metallic photonic crystal leads to a more detailed
FROG trace and thus a larger FROG error.

Figure 3.9(a) shows the amplitude and phase of the response function for the metallic
photonic crystal structure. The amplitude of the response function fits well to the mea-
sured extinction. Especially the long wavelength WPP mode, which is around 830 nm
in the present case, is well reproduced. Major disagreements are only found at the edges
of the spectrum. Here the amplitude of the laser spectrum is rather low and an exact
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Figure 3.9.: (a) Amplitude and phase of the response function retrieved from the in-
terferometric FROG trace of a metallic photonic crystal. Also shown is the
extinction measured with the white light transmission setup. (b) Extinction
and phase calculated with the scattering matrix method.

retrieval is hardly possible. In order to get a feeling for the retrieved spectral phase,
scattering matrix simulations were performed which also deliver spectral phase infor-
mation [see Fig. 3.9(b)]. In comparison to the theoretical results, the retrieved spectral
phase shows the main features such as the inflection points in spite of the large FROG
errors. Especially around the long wavelength WPP mode even the absolute value of
the phase is in good agreement with the simulations and major differences are mainly
found at the edges of the spectrum.

Finally, it has been shown that additional information can be obtained from the spec-
trally resolved ACF which was not possible with the harmonic oscillator model before.
Using the interferometric FROG retrieval, the optical response of metallic photonic
crystal structures can be characterized completely in amplitude and phase over a broad
spectral range. By using laser pulses with a less complicated spectral shape, the quality
could be improved further in the future. Nevertheless, this method still relies on one
assumption: No spectral or temporal shape of the nonlinear susceptibility χ(3) has been
assumed so far. Since the metallic photonic crystal structure is used as the system to be
investigated and as the nonlinear medium simultaneously, the method is not sensitive
to complicated nonlinear responses. All spectral dependencies of χ(3) would result in a
wrong interpretation of the linear optical response. However, since the agreement be-
tween experimental data and simulations is rather good, the assumption of a spectrally
flat nonlinear susceptibility seems to be reasonable. Providing excellent laser pulses with
Gaussian spectral shapes is a prerequisite for future experiments. They can be obtained
by using amplitude and phase 4-f pulse shapers. In the following chapter the nonlin-
ear response of metallic photonic crystal structures will be discussed in more detail. It
will be shown that each constituent material of the structures shows a rather different
nonlinear response.

68



4. Nonlinear response of plasmonic

nanostructures

4.1. Introduction to nonlinear optics

So far, the linear optical properties of plasmonic nanostructures were discussed predom-
inantly. With linear optical experiments properties of the structures such as absorption
or transmission can be characterized. In linear optical experiments the impinging light
intensity is rather weak and has no influence on the optical response of the structure.
However, especially in ultrafast experiments like in the previous chapter, extremely short
laser pulses are used which possess very high peak intensities up to 100 kW. Addition-
ally, the field localization around the plasmonic nanostructures and the associated field
enhancement can lead to even larger intensities. In the nonlinear ACF experiments ad-
ditional light frequencies are generated at higher harmonics of the fundamental light. In
the following, the origin of these nonlinearities together with the generation of higher
harmonics is discussed in more detail.

In the linear optical regime, the light-matter interaction is described by the Lorentz
oscillator model. The motion of an electron in the material upon excitation by an
external electromagnetic field is given by

ẍ + ω2
0x = − e

me

E(t), (4.1)

where x(t) is the displacement of the electron. Similar to a harmonic oscillator in classical
mechanics (compare Eq. 2.12) the electron experiences an elastic linear restoring force
which is associated with a quadratic potential V (x) ∝ x2. The material polarization,
which is proportional to the displacement of the electron (Eq. 3.7), has a linear relation
to the external electric field E(ω, t)

P = ǫ0χ
(1)E (4.2)

Here ǫ0 is the vacuum permittivity and χ(1) is the susceptibility tensor which carries the
information about the linear optical properties of the material. The susceptibility χ(1)

is directly related to the refractive index n as n2 = 1 + χ(1). The material polarization
itself can further be the source of an electric field oscillating at the same frequency ω.
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The linear relation between the displacement of the electron and the material polariza-
tion is only valid for weak excitation. If the intensity of the exciting electromagnetic field
is high, the displacement of the electron is very large and it experiences anharmonici-
ties of the potential V (x). Thus, V (x) can no longer be approximated by a quadratic
function. Therefore also the linear relation between the displacement and the material
polarization is no longer valid. For this case P is expanded in a Taylor series:

P = ǫ0χ
(1)E + ǫ0χ

(2)EE + ǫ0χ
(3)EEE + . . . . (4.3)

The first term is again the linear response of the material. The next higher order terms
take the anharmonicities of the potential into account and depend on higher powers of
the electric field. They contain further higher order material parameters (χ(2), χ(3), . . .)
which describe the nonlinear properties of the material. The second term in Eq. 4.3 is
the first nonlinear term and depends on the square of the electric field. It leads to a
nonlinear material polarization which is the source of an additional electric field which
oscillates at twice the fundamental frequency. This process is called second harmonic
generation (SHG) and is schematically depicted in Fig. 4.1(a). Two photons of the
fundamental light are combined in the material and generate one photon at the double
frequency. The third term in Eq. 4.3 contains the electric fields to the power of three and
leads to an additional electric field at the threefold frequency. This third-order process
is called third-harmonic generation [see Fig. 4.1(b)]. In the experiment, not only an
electric field at a single frequency can lead to a nonlinear signal but also a combination
of different electric fields at different frequencies ωi can be taken into account. In that
case, the nonlinear polarization oscillates at the sum or the difference of the fundamental
frequencies [see Fig. 4.1(c)]. In the third-order regime the following frequencies can be
found if three electric fields with frequencies ω1, ω2, and ω3 contribute:

3ω1, 2ω1 ± ω2, 2ω1 ± ω3,

3ω2, 2ω2 ± ω1, 2ω2 ± ω3,

3ω3, 2ω3 ± ω1, 2ω3 ± ω2,

ω1 ± ω2 ± ω3.

For higher order nonlinear processes even more frequency components are present but
their amplitudes decrease strongly for common materials and most of them are spectrally
far away from the visible spectral range.

The nonlinear susceptibilities χ(i)(i = 2, 3, . . . ) are tensorial quantities and determine
the amplitudes of the nonlinear signals. For materials whose microscopic structure is
inversion symmetric it can be shown that the even nonlinear susceptibilities are zero on
the electric dipole level. Therefore only the odd harmonics are found in the experiment.
This is the case for 1D metallic photonic crystals whose grating structure is inversion
symmetric. Therefore SHG is negligible and THG is the first nonlinear order that can
be detected.
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Figure 4.1.: Schemes of nonlinear processes: (a) second-harmonic generation (SHG), (b)
third-harmonic generation (THG), and (c) sum-frequency generation (SFG).

In the ultrafast spectroscopy experiments in chapter 3 it has been shown that metallic
photonic crystal structures generate a rather large signal at the third harmonic but it
was not a priori clear where this nonlinearity originates from. In the harmonic oscillator
model, the intensity of the THG signal was simply assumed to be proportional to the
cube of the linear polariton polarization. No actual values for χ(3) were assumed so
far and the origin of the nonlinearity was not discusses. Thus, the following sections
should lead to a deeper understanding of the nonlinear processes in metallic photonic
crystals.

4.2. Origin of the nonlinearity in plasmonic structures

The research field of plasmonics has developed tremendously over the last few years
and all kind of structures and shapes have been considered for different nanooptical
applications. However, the nonlinear responses of plasmonic nanostructures have been
investigated only by a few research groups. It has been shown that different structure
shapes can be utilized for high harmonic generation and some experiments should be
shortly introduced here.

Lippitz et al. used colloidal plasmonic nanoparticles to determine the THG intensity as
a function of the particle size [see Fig. 4.2(a)] [33]. The particle size ranged from 40 nm
to 150 nm and they where excited at 1500 nm. Thus the third-harmonic at 500 nm was
resonant to the PPP in the particles. The experiments showed that the THG intensity
increases with a third- to fourth-power dependence in particle diameter. From theory
it was predicted that the THG intensity should increase with a sixth-power dependence
if the nonlinear susceptibility originates from the bound electrons is the particle. In
that case, the nonlinear response would be a bulk effect. A fourth-power dependence
is found if the free electrons in the particle are considered [116]. Due to the finite
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size of the particle the free electrons experience deviations of the harmonic potential at
the surface of the particle. Unfortunately, from these experiments it could not finally
be clarified whether bulk or surface effects dominate the nonlinear response since the
theory of Fomichev et al. does not work for particle sizes above 50 nm due to retardation
effects. Additional experiments using even smaller particles would help in the future to
distinguish the surface from the bulk effect. Recently, preliminary experiments pointing
in this direction have been performed [117].

Canfield et al. investigated SHG in T-shaped plasmonic dimer structures [see Fig. 4.2(b)]
by varying the gap size between the upper horizontal and the lower vertical metal
bar [34]. One would expect that a small distance between the metal bars leads to a strong
field enhancement in the gap region and subsequently a high SHG signal [118,119]. The
field enhancement in the gap should only be present for vertical incident polarization but
not for horizontal polarization. However, the results could not be explained simply by
field enhancement. The authors investigated the local field distribution in the vicinity
of the nanostructure for both incident polarizations. They rather found for horizontal
polarization that the field enhancement is restricted to the boundary of the horizontal
particle and concluded SHG to be a surface effect. The horizontal metal bar itself would
not lead to a SHG signal because of its centro symmetry. The contributions to the
local tensor from the portions of the perimeter possessing opposite surface normals tend
to cancel. [120]. Thus, the more symmetric the structure, the less SHG is generated.
However, due to the presence of the vertical bar, the local field enhancement becomes
disturbed and the asymmetry in the local electric field leads to the SHG signal [121].
For horizontal incident polarization, the strongest fields were not found in, but rather
around the cap due to the structural asymmetry. In this case, the asymmetry in the
local field distribution helped as well to explain the appearance of SHG.

Besides the nonlinear response of plasmonic nanostructures, optical metamaterials at-
tracted interest in the nonlinear regime as well. Using metamaterials it is in principle
possible to tailor the linear optical properties at will. But it has also been predicted
that the nonlinearities play an important role [122]. Once the nonlinear response of opti-
cal metamaterials is completely understood, it would be even possible to custom-design
nonlinear optical materials. Klein et al. investigated the SHG and THG response of
split ring resonator (SRR) structures [see Fig. 4.2(c)] [36, 123]. Those structures can
be regarded as small LC-oscillator circuits at optical frequencies. The open ends of the
wires form a capacitance C and the wire itself a coil with one winding and an inductance
L. If the incident light is polarized parallel to the gap, the free electrons start to oscil-
late along the ring leading to a magnetic dipole moment perpendicular to the structure
plain [103, 124]. If the incident light was resonant to this magnetic mode, an intense
SHG signal was detected. It was much stronger when compared to the orthogonally
polarized excitation, where pure PPP resonances are excited in the left and right arm
of the SRR. Additionally, the authors compared SHG and THG intensities to plasmonic
structures which do not provide a magnetic moment. Here, no nonlinear signal was
detected which rules out hot spot effects. From these findings the authors concluded
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that the enhancement of the nonlinear signal is strongest for resonant [125] excitation
of modes with magnetic dipole character. This effect could qualitatively be explained
from Lorentz force considerations [126]. In the meantime this magnetic effect has been
utilized to enhance the nonlinear response of crystalline GaAs [127].

Recently, Valev et al. investigated a special kind of plasmonic nanostructures which
show optical chirality and which therefore respond differently to left and right circularly
polarized light. The unit cell of the structure consists of four G-shapes which are rotated
with respect to each other in a pre-defined manner [see Fig. 4.2(d)]. The authors found
that the chirality of the structure also enters in the nonlinear response. The SHG signal
as well showed a chiral behavior. For certain experimental configurations and symmetry
considerations the SHG was attributed to higher order plasmonic modes associated with
the plasmonic field enhancement of the nanostructure.

The experimental examples show that different origins of the nonlinearity are presently
discussed. Although in theoretical approaches effective nonlinear coefficients were de-
termined [128, 129], a full microscopic theory of the nonlinear response in plasmonic
nanostructures is still lacking. In theory, the origin of the nonlinearity is as well contro-
versially discussed:

Zeng et al. developed a classical electromagnetic theory where the free-electrons is the
metal are approximated as a Coulomb-interacting electron gas and their motion upon
light excitation is described by the plasma equations [130]. They proposed that their
classical model is easy to implement and that no microscopic model is required. The
theoretical results of SHG were compared to the experimental data of Klein [36,123] and
Canfield [34] and a good agreement was found even when effects of the surface electrons
were not taken into consideration. Rather, the overall shape of the nanoparticle was
found to play the dominant role. From their model the authors hence concluded that
metal bulk effects play the dominant role in SHG of metallic nanostructures and surface
effects are negligible in first place.

However a few months later, Wang et al. contradicted those findings [131]. Using a
two-beam SHG experiment on a metal surface they found a way to separate the bulk
from the surface effects. They concluded that surface effects, having an electric dipole
origin, dominate the nonlinearity in metallic nanostructures over bulk effects, having
magnetic dipole and electric quadrupole origins.

In summary, several origins of the nonlinearity of metallic nanostructures are presently
discussed and are again schematically illustrated in Fig. 4.3. The first one are bulk
effects of the electrons in the metal [Fig. 4.3(a)]. The second origin are contributions
from the electrons at the surface boundary [Fig. 4.3(b)]. The third possible contribution
originates from the local field enhancement in the vicinity of the nanostructure, hence the
dielectric surrounding of the structure generates the higher harmonic light [Fig. 4.3(c)].
Additionally, intrinsic resonances of the structures have to be considered.
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Figure 4.2.: Examples for nonlinear experiments using plasmonic nanostructures: (a)
single particles [33], (b) dimers [34], (c) split ring resonators [36]), and (d)
planar chiral nanostructures [35].
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Figure 4.3.: Possible origins of the nonlinearity in plasmonic nanostructures in surround-
ing media: (a) Nonlinearity of the bulk gold. (b) Nonlinear oscillations of
the electron due to anharmonicities at the surface. (c) Harmonic generation
in the substrate due to plasmon-mediated electric field enhancement.
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The variety of contributions to the nonlinear response which are retrieved from the in-
vestigations of different metallic nanostructures render it difficult to give an a priori
prediction of the nonlinear response of a specific plasmonic nanostructure. In the fol-
lowing, a spectroscopic THG method is introduced in order to reveal the origin of the
nonlinearity in metallic photonic crystals. It will be shown that by systematically vary-
ing the structure geometry and the constituent materials, the experimental data provide
the answer to the eminent question where the nonlinearity in those hybrid plasmonic
structures originates from. Several theoretical approaches are discussed afterwards which
confirm the findings qualitatively.

4.3. Embedded metallic photonic crystal structure

In the following, the origin of the nonlinearity in metallic photonic crystal structures
should be investigated in more detail. One important question is whether the metal
or the dielectric waveguide serves as the origin of the nonlinear signal. To answer this
question, THG spectroscopy experiments are performed and it is suspected that the
contributions of the two materials can be spectrally separated.

As it will become clear later, a small polariton splitting of the two WPP modes is
desired in this experiment, i.e., the extinction dip inbetween the WPP modes should
be as narrow as possible. This can be achieved by embedding the plasmonic grating
into the dielectric waveguide [see Fig. 4.4(a)]. In the fabrication process the grating
is patterned on the substrate in a first step using electron beam lithography, then the
dielectric waveguide is thermally evaporated on the substrate and the grating in a second
step.

In order to understand the influence of the grating position within the waveguide on
the polariton splitting of the WPP modes, the analogy to the two coupled harmonic
oscillators is reviewed (see Fig. 2.4). In the case of two classical harmonic oscillators the
splitting of the eigenmodes is proportional to the coupling strength which is mediated by
the spring. Similarly, the polariton splitting of the WPP modes in the metallic photonic
crystal structure can be influenced by the coupling of the PPP to the waveguide mode.
Here, the coupling strength of the PPP to the waveguide mode is determined by the
overlap of the electric near field of the PPP and the electric field distribution within the
waveguide. This is schematically depicted in Fig. 4.4(b). On the one hand, the near field
of the PPP decreases exponentially with distance. Therefore the electric field overlap
could be reduced by moving the plasmonic grating away from the waveguide. This can
only be done sufficiently by using a dielectric spacer layer between the plasmonic grating
and the waveguide. In previous experiments this method has been investigated in more
detail [132]. However, it turns out that rather thick spacer layers have to be used in order
to decrease the polariton splitting sufficiently, which is experimentally challenging.
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Figure 4.4.: (a) Embedded metallic photonic crystal structure having the waveguide on
top of the grating. (b) Schematic of the overlap of the electric field in the
waveguide and the plasmonic field. (c) Absolute value of the Ex-component
amplitude of the electric field throughout the structure together with the
coupling parameter V2 (from [133]).

On the other hand, the field distribution in the waveguide is not uniform. If the disper-
sion relation for the waveguide is known, the electric field distribution can be calculated.
The relevant field component is Ex since this component can interact with the PPP
which oscillates in the x-direction as well. Fig. 4.4(c) shows the absolute value of the
Ex-component of the waveguide mode in the structure. It has its maximum at the
waveguide-to-air interface and decreases exponentially in the air half space. Since the
waveguide is surrounded by materials with different dielectric functions, the field dis-
tribution is not symmetric and the minimum of |Ex| is not found in the middle of the
waveguide.

To confirm the relation between |Ex| and the coupling of the PPP to the waveguide
mode, an effective Hamiltonian Heff of the system near the center of the first Brillouin
zone is considered [15,133],

Heff =







Ewg + c̃kx V1 V2

V1 Ewg − c̃kx V2

V2 V2 Epl − iΓ





 , (4.4)

where the diagonal elements represent the fundamental modes. Ewg and c̃ are the TM
mode energy and the group velocity, Epl and Γ the energy and the damping of the in-
dividual PPP, respectively. The off-diagonal elements are the photon-photon coupling
energies between the symmetric and antisymmetric TM waveguide mode, V1, and the
waveguide-plasmon coupling energy, V2. Heff can be derived from a set of coupled
equations describing the coupling of the fundamental modes of the system (PPP and
waveguide modes). Together with the coupling constants the eigenvalues of Heff repre-
sent the eigenstates of the coupled system (WPP modes). To determine V2 as a function
of z-direction, extinction spectra are calculated for different z-positions of the wires in
the waveguide. By fitting Heff to the calculated spectra, V2 is obtained. Fig. 4.4(c)
shows the behavior of V2 as a function of the z-position of the wires in the waveguide.
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As expected, V2 follows the trend of the electric field component Ex in the waveguide.
Therefore the ideal position for the grating to achieve minimum coupling and the small-
est polariton splitting of the WPP modes is found at the bottom of the waveguide.

Fig. 4.5(a) shows the linear extinction spectrum of an embedded metallic photonic crystal
structure. As waveguide material tungsten oxide (WO3) with a thickness of 120 nm has
been used since it has a larger refractive index (n = 1.91) compared to quartz and can
easily be evaporated thermally. The gold grating period is 550 nm and the wire cross-
section is 140×30 nm2. The spectrum is characterized by a broad resonance in the near
infrared with a narrow extinction dip at 850 nm with a FWHM of only 10 nm which is
strongly modulated in amplitude. In other words the WPP mode resonances at around
836 nm and 866 nm show a rather small polariton splitting of only 51 meV.

Due to the narrow and a strong modulation of the extinction dip, which is much more
pronounced than in the pure plasmonic EIT structures, these structures have ideal prop-
erties for optical sensing applications [19,20,134]. However in 3D plasmonic EIT struc-
tures, a single unit cell provides the optical response alone which drastically reduces
the effective sensing volume. For the embedded metallic photonic crystal structures, a
bunch of unit cells (gold wires) has to be illuminated simultaneously in order to achieve
the narrow dip in the spectrum.

4.4. Experimental setup

To investigate the nonlinear optical properties of the embedded metallic photonic crystal
structures, ultrashort laser pulses have to be used again for the excitation which provide
high peak intensities. However, the VENTEON laser with the broad spectrum has
some disadvantages for the following experiments. Since the spectrum covers the whole
extinction spectrum of the sample, both WPP modes at ω1 and ω2 are excited at the
same time. Therefore the THG spectrum has a complicated shape since in the THG
regime contributions at 3ω1, 3ω2, 2ω1 + ω2, and 2ω2 + ω1 are expected [98]. It would
be rather advantageous to measure the THG spectrum in small wavelength steps and
observe the nonlinear responses of small spectral regions of the linear spectrum. Thus a
different femtosecond laser system (Coherent, MIRA) with larger pulse durations on the
order of 150 fs is used. Fig. 4.5(a) shows the spectrum of the laser with a linewidth of
≈ 7 nm which can be tuned continuously over a spectral range from 750 nm to 900 nm.
Now the two WPP modes can be excited separately. The limited tuning range of the
laser is one reason for the embedded structure with the reduced polariton splitting since
it is desired to have both WPP modes within the tuning range of the laser.

Fig. 4.5(b) shows a schematic of the experimental setup. Because the 150 fs laser pulses
are not as sensitive to dispersion as the 8 fs pulses, standard optics components can
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Figure 4.5.: (a) Extinction spectrum of an embedded metallic photonic crystal structure
showing a narrow extinction dip. The laser with a linewidth of 7 nm is tuned
over the resonances. (b) Schematic of the experimental setup. The 150 fs
laser pulses are slightly focused onto the sample. The THG light is filtered
from the fundamental frequencies and detected as a function of the center
laser frequency using a photon counting photomultiplier.

be used without increasing the laser pulse duration too much. The light is focused
with a f = 100 mm lens onto the sample to a spot size of ≈ 10µm. This leads to a
small divergence angle of only 0.3° and the excitation of the antisymmetric waveguide
mode can thus be neglected. The transmitted fundamental light and the third-harmonic
light are recollimated with a second lens and spatially separated in a prism sequence in
order to block the fundamental light. Since the pulse duration is longer compared to the
ultrafast measurements, the peak intensity is much lower and the THG intensity is below
the noise level of the photomultiplier. Therefore a photon counting photomultiplier with
a higher sensitivity is used in the THG spectroscopy experiments.

The center wavelength of the laser can easily be tuned, however, the average power might
slightly change for different center wavelength. In order to account for this variation it
is ensured that the average power on the sample is always the same. It was found that
an average power of 60 mW is sufficient for a satisfying signal to noise ration of the
THG signal but it is small enough to avoid sample destruction [135]. Together with the
average power, pulse duration, beam diameter, and beam path might vary as well upon
tuning the center laser wavelength which results in undesired variations of the THG
intensity. Therefore the THG intensity measured on the sample is always normalized
to the signal that is obtained on a spot right next to the gold grating fields and which
solely originates from the waveguide material and the quartz substrate. Furthermore,
the setup allows to measure the intensity of the transmitted fundamental light behind
the sample in order to determine the extinction for each wavelength step.

78



4.5. Experimental results

4.5.1. Variation of the plasmon resonance

In a first experimental step a sample series is investigated where the wire width is
increased starting from 70 nm to 80 nm and 90 nm. Here, the WO3 waveguide thickness is
165 nm, the period of the grating is 530 nm, and the thickness of the gold wires is 15 nm.
Fig. 4.6(a)-(c) show the linear extinction spectra of the three samples measured with
the white light transmission setup. A pronounced and narrow extinction dip at 790 nm
is observable. Around 770 nm a kink is visible in the spectrum. It steams from the first
Rayleigh anomaly of the grating [16]. At lower wavelength, higher diffraction orders for
the fundamental light are opened which complicate further interpretations. Therefore the
investigation is restricted to the range of larger wavelength than the Rayleigh anomaly.
The PPP resonance is red-shifted with increased wire width while the extinction dip
stays rather constant. Additionally, the extinction spectrum which is calculated using
the scattering matrix algorithm is plotted. A very good agreement with the experimental
curves is found. The spectral phase is a result of the scattering matrix calculations as
well and will be discussed later.

Fig. 4.6(d)-(f) show the nonlinear spectra. First, for each wavelength the extinction is
determined again using the laser in order to verify the exact position of the extinction
dip. The average power of the transmitted fundamental light intensity is measured
through the structure (IT ) and through the substrate at a point next to the structure
(IT0

). Then the extinction is calculated according to Eq. 2.30.

In the next step, the THG intensity is measured at the metallic photonic crystal structure
and normalized to the substrate signal. In a first assumption one would expect a similar
shape of the nonlinear spectra when compared to the linear spectra. Nonlinear effects
are always very efficient if the fundamental or the higher harmonic light is resonant to
a transition in the medium. If the absorption of the fundamental light is large, a lot
of light can be converted to the nonlinear regime. Hence at peaks in the extinction,
peaks of the THG signal are expected as well. However, the nonlinear spectra have
a completely different shape when compared to the linear extinction spectra and all
three spectra show a similar behavior. Indeed, a peak in the THG can be found at the
long wavelength extinction maximum. However, there is a THG peak as well at the
extinction dip. The long wavelength peak shows a red-shift for increased wire width.
This observation indicates that this peak is related to the PPP resonance in the metal
wires. The appearance of the other peak, however, is a priori not clear. Its origin will
be investigated in section 4.6 with the help of theoretical descriptions.

Another important observation should be briefly pointed out. On the short wavelength
side all three samples show a normalized THG intensity which is smaller than one. Here
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Figure 4.6.: (a)-(c) Extinction spectra of a sample series with increasing gold wire
width together with the spectral phase distribution obtained from S-matrix
calculations. (d)-(f) Extinction measured stepwise using the laser pulses
(squares). The THG intensity is normalized to the signal from substrate
plus waveguide and has a different shape than the linear spectrum (circles).
(g)-(i) Extinction together with the group index calculated from the spectral
phase. The group index is always largest at the extinction dip.
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Figure 4.7.: THG spectra for certain center laser wavelength showing only a nonlinear
signal at the threefold fundamental frequency.

the metallic photonic crystal structures generate less THG than substrate plus wave-
guide. This observation could be related to destructive interference of THG signals which
originate from different spatial parts of the sample. Shadowing effects of the grating
could be a further reason. This unusual effect will be object of further investigations in
the future.

In a control experiment, the spectral shape of the individual THG signals is studied.
Here, the THG signal is spectrally resolved with a spectrometer and plotted for several
center laser wavelength in Fig. 4.7. It is found that the nonlinear spectra have a trivial
shape. No other light except at the threefold fundamental frequencies is observed. It can
be concluded that THG is the only relevant nonlinear process in the structures. Therefore
it is reasonable to measure the THG signal in a spectrally integrated fashion.

4.5.2. Variation of the waveguide material

From the experimental results in the previous section it was assumed that the long
wavelength peak in the THG spectra is related to the PPP resonance. If the PPP is
red-shifted with increasing wire width, the spectral position of the THG peak changes
as well. In a second experimental step the influence of the waveguide nonlinearity on the
shape of the THG spectra should be investigated by varying the dielectric material.

A first sample is fabricated which has a Al2O3 waveguide on top of the plasmonic grating.
The thickness of this waveguide is 190 nm. Since Al2O3 has a slightly smaller refractive
index (n = 1.76) than WO3, the sample geometry of the plasmonic grating is adjusted

81



750 800 850 900
0

1

2

0

1

2

3

4

5

Extinction

THG

E
x
ti
n

c
ti
o

n

Center laser wavelength (nm)

750 800 850 900
0

1

2

0

10

20

30

40

Center laser wavelength (nm)

750 800 850 900
0.0

0.2

0.4

0

2

4

6

8

Center laser wavelength (nm)

Al O2 3 WO3ITO(a) (c)(b)

T
H

G
 i
n

te
n

s
it
y
 (

n
o

rm
.)

Figure 4.8.: THG spectral for metallic photonic crystal structures with different waveg-
uide materials. (a) For Al2O3 as the waveguide material, the THG spectrum
shows the same shape as the extinction. No THG peak at the extinction
minimum is visible. (b) For ITO, the THG spectrum shows only an intense
peak at the extinction minimum. (c) For comparison the THG spectrum of
the WO3-sample is plotted which shows mainly two peaks.

in order to shift the extinction dip to the tuning range of the laser. The grating period
is 565 nm and the nanowire cross-section 150 × 30 nm2. Figure 4.8(a) shows the linear
extinction spectrum measured with the laser together with the THG spectrum. At this
sample the extinction dip is less modulated than for the WO3 samples. For verification
white light transmission measurements were performed which show similar results. In
contrast to the WO3 samples, the nonlinear spectrum has a similar shape as the linear
spectrum and the THG signal shows no peak at the position of the extinction dip.

For the second sample, ITO is used as the dielectric waveguide material. The thickness of
the ITO layer on top of the plasmonic grating is 165 nm. Again the grating geometry is
slightly adjusted in order to compensate the refractive index change (nIT O = 1.74). Here
the grating period is 570 nm and the nanowire cross-section 120 × 30 nm2. The linear
and the nonlinear spectrum are shown in Fig. 4.8(b). The extinction has again a narrow
and pronounced dip at 855 nm. The nonlinear spectrum, however, has a completely
different shape when compared to the samples before. The THG signal is low over a
large spectral range. Only at the position of the extinction dip there is a strong increase
of the nonlinear signal with a narrow linewidth. For a direct comparison Fig. 4.8(c)
displays once more the measurements of the WO3 waveguide with a wire width of 90 nm
showing both THG peaks.

In order to obtain a first qualitative understanding of the THG spectrum shape variations
for different waveguide materials, the tabulated nonlinear coefficients of the materials
are compared. On the one hand, Al2O3 has a nonlinearity on the order of χ(3) = 10−22 m2

V 2

only which is the same order of magnitude as for the quartz substrate [136]. On the
other hand is has been found from the nonlinear ACF measurements in chapter 3 that
a thin layer of ITO leads to a strong THG signal. As expected ITO has a rather
large nonlinear coefficient. A tabulated value on the order of χ(3) = 10−20 m2

V 2 can be
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found in literature [137]. From the measurements it seems as if the THG peak at the
extinction dip increases with the nonlinear coefficient of the waveguide material. In the
theoretical descriptions it will be confirmed that the THG peak at the extinction dip
indeed originates from the dielectric waveguide material.

Unfortunately, no tabulated value for the nonlinearity of WO3 has been found in the
literature so far. However, from the experimental results it can be assumed that the
value of the third order nonlinearity lies somewhere between the values of Al2O3 and
ITO since both peaks are visible in the spectrum, simultaneously.

4.6. Theoretical descriptions

In order to gain more insight into the origin of the nonlinearity in metallic photonic
crystals, several theoretical descriptions are presented in this section to describe the
shape of the THG spectra theoretically. The first one is based on rigorous electric field
calculations. In the second one the fundamental modes of the system are modeled as
damped harmonic oscillators. In the third explanation the linear optical processes are
related to electromagnetically induced transparency.

4.6.1. Electric field distribution simulations

In the first theoretical approach the scattering matrix algorithm [74] is utilized to calcu-
late the electric field distribution for the unit cell of the metallic photonic crystal struc-
ture. Figure 4.9 shows the amplitude of the electric field for the sample whose spectrum
is presented in Fig. 4.6(f). For the wavelength of the extinction dip (λ = 792 nm)
the electric field is mainly concentrated in the waveguide and in the substrate [see
Fig. 4.9(a)]. Inside and in the vicinity of the metal the electric field is close to zero.
This field distribution explains the extinction dip in the linear spectrum as well. The
negligible field in the vicinity of the wire is a direct consequence of the destructive in-
terference of the plasmonic field in the wire and the waveguide mode, thus leading to a
high transmission.

Figure 4.9(b) shows the electric field for the extinction maximum at λ = 832 nm. Now
the field distribution has a completely different shape. The electric field is mainly con-
centrated inside and in the vicinity of the metal. This observation confirms the plasmonic
character of the broad WPP mode.

In the next step the nonlinear response is calculated from the electric field distribution
E(ω, r). Therefore a local nonlinear polarization is assumed which takes the dipolar bulk
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Figure 4.9.: Electric field distribution calculations for the unit cell of the structure. (a)
At the wavelength of the extinction minimum the electric field is mainly
concentrated in the waveguide material and the substrate, no field is inside
the metal. (b) At the extinction maximum the electric field is predominantly
located inside and in the vicinity of the metal. For optimum contrast the
linear color scale is limited to a value of 10.

contributions of each material component into account:

P(NL)(3ω, r) = χ̂(3)(−3ω; ω, ω, ω, r)
...E3(ω, r). (4.5)

From Eq. 4.5 it is obvious that P(NL)(3ω, r) strongly depends on the actual field distribu-
tion E(ω, r) inside the nanostructure. Since the largest field enhancement is spectrally
different in the metal and in the dielectric (compare Fig. 4.9), it is expected that the two
THG peaks are related to the relevant constituent of the nanostructure. To confirm this
assumption, rigorous numerical calculations relying on an extended scattering matrix
algorithm are performed to determine the THG in the forward direction [138]. Applying
this method, the tensorial character of the χ(3) coefficients of all materials is fully taken
into account which are assumed to belong to a cubic isotropic crystallographic lattice.
Then the tensor comprises only a single independent component. The nonlinear feedback
of the generated third-harmonic to the fundamental field is neglected (undepleted pump
approximation). The relative amount of THG observed in the experiments strongly jus-
tifies this assumption to be valid. For simplification contributions from the substrate
are always neglected because its THG signal is spectrally flat and rather weak.

To investigate the individual contributions of the two materials three different scenarios
have been calculated. While keeping the linear properties of the structure constant, the
ratios χ

(3)
Au/χ(3)

wg of the nonlinear coefficients are adapted. First, the two limiting cases

when either χ(3)
wg or χ

(3)
Au is set to zero are investigated. In Fig. 4.10(a) the nonlinearity of

the dielectric waveguide material (χ(3)
wg) is assumed to be zero. Hence a THG spectrum

with a shape very similar to the linear extinction spectrum is obtained. At the extinction
dip where the electric field in the metal is low [compare Fig. 4.9(a)], a reduced THG

signal is observed. On the contrary if χ
(3)
Au equals zero, the nonlinearity of the dielectric

is dominating [see Fig. 4.10(b)]. The THG spectrum shows a pronounced peak which
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Figure 4.10.: Calculated THG spectra for different χ
(3)
Au/χ

(3)
W G ratios. (a) If only the metal

is considered to be nonlinear, the calculated THG spectrum has the same
shape as the linear extinction spectrum. (b) If a nonlinear coefficient is only
attributed to the dielectric waveguide material, the THG spectrum has a
peak at the linear extinction minimum. (c) If both material contribute to
the nonlinearity, the THG spectrum shows peaks at the linear extinction
maxima and at the minimum.

coincides with the extinction dip. Finally, by carefully adjusting the ratios of the non-
linear coefficients, the case is reached where both materials contribute equally, such that
a combination of the two previous cases is observed [Fig. 4.10(c)].

The situation in Fig. 4.10(a) corresponds to the measurements with the Al2O3 waveguide
whose nonlinearity is rather low. Figure 4.10(b) is similar to the THG spectrum which
has been obtained form the ITO sample with a large nonlinearity. Finally, Fig. 4.10(c)
can be compared to the WO3 measurement. From these simulations it can be con-
cluded that the THG peak at the extinction dip originates from the dielectric waveguide
material while the THG peak at the extinction maximum originates from the metal.
Consequently, the shape of the nonlinear spectrum can help in order to determine the
material origin of the nonlinear response.

It is interesting to note that the PPP-mediated field enhancement in the waveguide
material, which is visible in the field distribution at 832 nm, does not show up as a
second peak in Fig. 4.10(b). Although, the high field at the corners of the metal, which
lacks out into the waveguide, is quite large, its contribution after integrating over the
whole waveguide volume is not eminent.

In the future, this model could help in order to quantitatively compare simulations with
experimental data. Maybe even values for the nonlinear susceptibility of gold could be
determined. So far on gold surfaces a value of χ

(3)
Au = 2 · 10−19 m2

V 2 has been reported in
literature [139]. It would be very interesting to investigate if this value can be confirmed
in metallic nanostructures.

From further theoretical investigations using this model it has been found that a sig-

85



nificant amount of THG intensity is diffracted away from the normal direction. Since
the plasmonic grating is not sub-wavelength for the THG frequencies, higher diffrac-
tion orders are opened. Since in the experiment it is not possible to collect the higher
diffraction orders so far, a closer investigation of the higher diffraction orders is still
due.

4.6.2. Coupled harmonic oscillator model

In the previous description, the main focus was on the material properties of the metallic
photonic crystal. So far, no model has been used in order to describe the resonances, in-
stead the THG spectra were calculated ab initio. In the next description, the resonances
are regarded in particular and the description starts again with an harmonic oscillator
model. In contrast to section 3.1.4 where the WPP modes are modeled by harmonic
oscillators, the fundamental linear optical modes, i.e., the PPP and the waveguide mode,
are now described as damped harmonic oscillators which are driven by an external elec-
tric field E(t) [40]. According to Eq. 2.20 and 2.21 this leads to two coupled differential
equations

ẍpl + 2γplẋpl + ω2
plxpl + (NL)pl − ω2

c xwg = −qpl
e

m
E(t) (4.6)

ẍwg + 2γwgẋwg + ω2
wgxwg + (NL)wg − ω2

c xpl = −qwg
e

m
E(t). (4.7)

Here, xpl(t) and xwg(t) are the displacements representing the PPP and waveguide mode
oscillation, respectively. The resonance frequencies, half widths at half maximum, and
oscillator strengths of the uncoupled system are denoted by ωj ,γj = 1/T2, j, and qj

(j = pl, wg), respectively. ω2
c represents the coupling strength between the oscillators.

Since the coupling is not mediated by a spring such as in Eq. 2.20 and 2.21, the coupling
terms are given by ω2

c xj. Without the nonlinear terms (NL)j the coupled linear differen-

tial equations can be easily solved and via the total linear polarization P
(1)
j (ω) ∝ x

(1)
j (ω)

the absorption coefficient α(ω) is calculated. Since the coupling of the PPP to the waveg-
uide mode is inherent in the model, the calculated absorption shows the experimentally
observed Fano line shapes in the spectrum. This is not possible with the previously dis-
cussed harmonic oscillator model where the WPP resonances are directly described by
Lorentzian line shapes (compare section 3.1.4). The disadvantage of the present model
is that it is more difficult to fit the theoretical spectrum to the experimental one since
the parameters of the fundamental modes, such as γj or qj, are not known beforehand.

In the nonlinear regime, the terms (NL)j are not zero. One might expect terms such as
(NL)j ∝ x3

j . However, it has been found that the terms are of a more general form

ηj,k [xpl(t)]
3−k [xwg(t)]k , (4.8)
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Figure 4.11.: THG calculated from the coupled oscillator model. (a) Only the con-
tribution of the oscillator representing the PPP is taken into account
(η0 = 1, η1 = η2 = η3 = 0). (b) Only the waveguide oscillator is considered
to possess a nonlinearity (η0 = η1 = η2 = 0, η3 = 1). (c) Contributions of
both oscillators are merged (η0 = 1, η1 = η2 = 0, η3 = 0.07).

j = pl, wg; k = 0, 1, 2, 3. Furthermore, the nonlinear displacements are given by

x
(3)
j (t) ∝

3
∑

k=0

ηj,k [xpl(t)]
3−k [xwg(t)]k . (4.9)

The eight parameters ηj,k are reduced to four, and the third-order polarization reads

P (3)(t) ∝
3
∑

k=0

ηk [xpl(t)]
3−k [xwg(t)]k . (4.10)

A detailed derivation can be found in Ref. [40]. In contrast to that, here the electric
field of the narrow-band laser of the experiment is used, P (3)(t) is calculated for each
center laser wavelength separately, and the THG spectrum is obtained.

Figure 4.11 shows the results. In a first step the linear absorption is calculated and
fitted to the linear extinction spectra. The parameters for a reasonable agreement are
~ωc = 0.42 eV, qwg/qpl = 0.01, T2,pl = 3.8 fs, T2,wg = 600 fs, ~ωpl = 1.565 eV, and
~ωwg = 1.58 eV. However, the shape of the calculated spectrum still shows discrepancies
to the measured ones. The main reason for this is the Rayleigh anomaly at 770 nm
which cannot be reproduced by the harmonic oscillator model. Since scattering can be
neglected in a first approximation, the calculated absorption is directly compared to the
measured extinction.

For the nonlinear spectra three different scenarios are calculated. First, only the contri-
bution of the PPP is taken into account. In Eq. 4.10 the four nonlinear parameters ηk

are set to η0 = 1 and η1 = η2 = η3 = 0, thus only the displacement of the PPP oscillator
xpl(t) contributes to the nonlinear polarization P (3)(t). The nonlinear spectrum is shown
in Fig. 4.11(a) and has a similar shape as the linear extinction spectrum with no THG
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contribution at the extinction dip. Second, only the waveguide contribution is taken
into account and the nonlinear parameters are set to η0 = η1 = η2 = 0, η3 = 1. Now
only xwg(t) contributes to the third-order polarization. The THG spectrum shows a
single peak at the position of the extinction dip [see Fig. 4.11(b)]. Finally, the nonlinear
parameters are adjusted in order to observe PPP and waveguide contributions simulta-
neously. For the present case the parameters are η0 = 1, η1 = η2 = 0, and η3 = 0.07.
Indeed Fig. 4.11(c) shows one THG peak at the extinction maximum and one peak at
the extinction dip.

The coupled harmonic oscillator model leads to a similar conclusion as the electric field
distribution calculations: The origin of the THG signal can be unambiguously identified
from the shape of the nonlinear spectrum. However with the present model, the origin
is directly related to the PPP in the metal and the waveguide mode in the dielectric
material. It is interesting to note that the nonlinear parameters η0 and η3 are very
different in order to obtain both contributions simultaneously. This fact might be due
to the higher quality factor (smaller FWHM) of the waveguide mode which is related to
a larger dephasing time, hence more THG can be accumulated in the waveguide.

It should be mentioned that the THG spectrum can already be reproduced with rea-
sonable quality without taking the influence of the parameters η1 and η2 into account.
In Eq. 4.6 and 4.7 these two parameters lead to an additional nonlinear coupling of the
two equations. However, by comparing the experimental and theoretical results it seems
that the nonlinear coupling can be neglected so far.

4.6.3. Electromagnetically induced transparency

In the framework of EIT, the THG peak at the extinction dip can be phenomenologically
explained in a straight forward way. Due to the embedding of the plasmonic grating, the
linear spectra show a very narrow extinction dip similar to the plasmonic EIT structures
which were discussed in chapter 2. Indeed, the embedded metallic photonic crystal
structures can be regarded as well as an EIT-analog system. In the present structure,
the PPP in the individual gold wires, on the one hand, serve as the bright mode, which
can be easily excited by light. The broad resonance, the effective excitability, and the
high damping have already been discussed. The waveguide mode, on the other hand,
is interpreted as the dark mode (see Fig. 4.12). During the propagation of the light
within the waveguide material, it experiences nearly no losses and the damping is very
low. Hence, the condition γd << γb << ω0 for EIT is easily achieved [72]. Figure 4.12
visualizes the energy diagram. The coupling κ is mediated by the overlap of the electric
fields of both materials.

In contrast to the pure plasmonic EIT systems, the extinction dip is much narrower in
the embedded metallic photonic crystal structure. Since the dark mode is a photonic
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Figure 4.12.: Schematic of the plasmonic-photonic analog of electromagnetically induced
transparency. The PPP is the bright mode which can be excited by an
external light field ω0 and the waveguide mode is the dark mode being
only excited via the coupling κ in the idealized case.

mode, its damping can be much smaller and it is ultimately limited by the leakage via
the grating arrangement of the gold wires. In the 3D EIT structure of Ref. [72], the
damping of the dark mode is limited to Drude damping which is in comparison much
larger.

The electric field distribution in Fig. 4.9 visualizes the EIT situation at the extinction
dip. A large part of the electric field is located in the waveguide, i.e., the dark mode. In
the vicinity of the gold wire, the electric field is out of phase by π with the field of the
PPP (bright mode) which is directly externally excited [14]. The destructive interference
leads to a cancellation of the fields at the wire and subsequently to the extinction dip.

The destructive interference is limited solely to the linear optical regime and does not
hold in the nonlinear regime. The field distribution clearly shows that at the extinction
dip a lot of energy in stored in the dark mode where it can interfere in a one-photon
fashion with the directly excited bright mode. However in the nonlinear regime, the
residual electric field in the dark mode can still be converted to its higher harmonics.
Therefore, even at the extinction dip a peak in the THG spectrum is observed. It
is important to note that in the nonlinear regime the fundamental light is resonant
to the bright mode. The situation would be different if the higher harmonic of the
light would be resonant to the transition. In the future it would be very interesting
to investigate this situation as well. Additionally, the nonlinear response of the 3D
plasmonic EIT structures [72] could be compared to the results of the plasmonic-photonic
EIT structures.
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4.7. THG enhancement with slow light

The nonlinear coefficients of the contributing materials are not the only parameters which
influence the intensity of the higher harmonic signals. Recently it has been demonstrated
how the group refractive index in a photonic crystal waveguide enhances third-harmonic
generation. [140, 141]. The group index is defined as the ratio of the velocity of light c
in vacuum to the group velocity vg of light in a medium:

ng =
c

vg

. (4.11)

The group velocity is related to the slope of the dispersion relation as

vg =
∂ω

∂k
. (4.12)

Hence, in a spectral region where the dispersion relation is very flat, the group velocity
is low and the group index is large.

In Ref. [140] the fundamental light was spatially compressed and slowed down in a
silicon-based photonic crystal structure which enhances the electric field intensity. It is
calculated by

Iω ∝ Pω

Aω
· ng

n
, (4.13)

where Pω is the peak power, A is the effective area, and ng is the group index of the
fundamental light. In the nonlinear regime the THG intensity is proportional to the
third power of the fundamental light intensity:

I3ω ∝ I3
ω. (4.14)

Together with Eq. 4.13, I3ω is subsequently proportional to the third power of the group
index. Hence, a large group index can be exploited to increase the nonlinear response.

In the metallic photonic crystal structures, rather large group indices are found as well.
In Fig. 4.6(a)-(c) the spectral phase is calculated using the scattering matrix approach.
If the spectral phase φ(ω) is known, the group index is calculated as

ng =
c

t
· dφ

dω
, (4.15)

where t is the thickness of the medium. In the present case the thickness of the waveguide
is applied [133]. In Fig. 4.6(a)-(c), the spectral phase φ(λ) has a negative slope around
the extinction dip. Therefore, from Eq. 4.15 this results in a positive group index
[see Fig. 4.6(g)-(i)]. For all three cases the calculated group index is maximum at the
wavelength of the extinction dip and values up to ng = 30 are obtained. By comparing
Fig. 4.6(d)-(f) with Fig. 4.6(g)-(i) it is obvious that the THG peak at the extinction
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dip always coincides with the maximum group index. At the extinction dip, the light is
significantly slowed down in the structure which increases the light-matter interaction
time. Hence, by applying Eq. 4.13 and 4.14, the THG peak can be directly related to
the maximum group index.

4.7.1. THG enhancement by tailoring the group index

Finally in the last section of this chapter, the group index influence on the intensity
of the THG signal is investigated. Therefore a systematic variation of the group index
is required. It has been shown previously that the group index is directly related to
the coupling strength of the PPP to the waveguide mode. In Fig. 4.4(c) the coupling
strength has been investigated and it was found that the coupling decreases when the
plasmonic grating is buried deeper into the waveguide slab. With decreasing coupling,
the polariton splitting of the WPP modes decreases as well. Therefore the spectral
phase changes occur in a less broad spectral range which increases the slopes in the
phase spectrum. The group index increases accordingly.

Consequently, the group index can easily be changed by varying the grating position
within the waveguide, i.e., the distance d in Fig. 4.13(a). Since an experimental varia-
tion of the plasmonic grating position in the waveguide would be extremely challenging,
the investigation is restricted to theory. Here, only the nonlinear contribution of the
dielectric waveguide material is important. Therefore, a metallic photonic crystal struc-
ture with an ITO waveguide is assumed [compare Fig. 4.8(b)] and the same sample
parameters as before are chosen. Figure 4.13(b) shows the amplitude of the electric
field Ex-component for the actual sample configuration. In order to reproduce the real
sample geometry consistently, the thin gray area below x = 0 represents a thin ITO
adhesion layer which has been used in the experiment.

In the first step, three grating positions are compared. In the first one, the grating is
at the bottom of the waveguide (d = 0 nm). In the second configuration, the grating
is placed in the middle of the waveguide (d = 67.5 nm). Finally, the grating is located
below the waveguide-to-air interface (d = 135 nm). The linear extinction spectra are
calculated with the scattering matrix algorithm together with the spectral phases for
the three grating configurations. Figures 4.14(a)-(c) show the calculated spectra. As
expected, the polariton splitting strongly increases with an increasing distance d of the
grating from the bottom of the waveguide. Additionally, the slope of the spectral phase
at the extinction dip decreases. The phase evolution is slightly disturbed by the Rayleigh
anomaly at around 830 nm but the overall behavior is straight forward as expected.

From the spectral phase the group index is calculated and imposed on the extinction
spectra in Figures 4.14(d)-(f). Indeed, the largest group index is found at the extinction
dip for the smallest polariton splitting and is drastically decreasing as the grating is

91



d

165 nm

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

waveguide

|E
x
| 
(a

rb
. 

u
n

it
s
)

z position ( m)m

air

(a) (b)

waveguide

substrate

Figure 4.13.: (a) Schematic of the embedded metallic photonic crystal structure. The
wire in shifted upwards from the bottom of the waveguide to the top.
(b) Amplitude of the Ex-component of the electric field throughout the
structure.

placed higher inside the waveguide.

In the next step the observations are related to the intensity of the THG peak. Here,
the extended scattering matrix algorithm of section 4.6.1 is utilized again and the THG
spectra are calculated from the electric field distribution in the waveguide. For simplifi-
cation, the nonlinearity of the metal is set to zero. Figures 4.14(g)-(i) show the nonlinear
results. Just like the group index, the THG intensity is maximum if the grating is placed
at the bottom of the waveguide. For the sample configuration with the grating in the
middle of the waveguide, the THG peak is already close to zero. Since the THG inten-
sity depends on n3

g (compare Eq. 4.13 and 4.14), the decrease is even stronger than the
decrease of the group index.

It is found that the change in the THG intensity is very large from the first grating
configuration to the second one. In order to further resolve the evolution, the THG
spectra are calculated again for small distances d with a higher resolution. Figure 4.15
shows the THG spectra for small distances d. Interestingly, the THG peak does not
decrease monotonously. Rather in the beginning, the THG peak increases with the
distance d and after d = 30 nm quickly drops to zero. This observation can be understood
with the help of Fig. 4.13(b). Starting from x = 0 nm, the amplitude of Ex is first
decreasing for small x-positions. It reaches its minimum at x = 35 nm and increases
afterwards. Since |Ex| is not minimal for the grating position d = 0 nm, the largest
THG peak is not found in the first spectrum.

However, the THG spectrum for d = 20 nm does not fit into this series. Here, a unique
configuration is achieved. Due to the thickness of the wire of 30 nm, the grating is placed
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Figure 4.15.: Extinction spectra for different wire positions in the waveguide. The
distance d of the wire to the waveguide is increased from bottom to top.

exactly at the minimum of |Ex| if d = 20 nm. At this position, the field amplitude in
the waveguide is drastically reduced and the waveguide mode cannot be excited by the
grating. Hence, the electric field in the waveguide is negligible and no THG is generated.
In summary, this parameter study qualitatively confirms the connection of the THG
intensity to the group index in the system and presents an alternative qualitative, yet
easy to grasp explanation for optical nonlinearities in plasmonic EIT structures.
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5. Coherent control of hybrid

plasmonic systems

In plasmonic systems, one of the most important challenges is the dynamic ultrafast
control of the optical near fields on the nanometer scale and the optical processes on
a femtosecond time scale [142]. A static spatial control of the optical near fields is
achievable by appropriate structuring of the plasmonic system. For example in the gap
of a pair of nanoparticles, large electrical near fields can be realized [26]. By changing
the structure for example to a bow tie gap antenna, even larger near fields are gener-
ated [55]. In 2007 Ropers et al. used a sharp metal tip and launched surface plasmon
polaritons with a grating corrugation at the broad end of the tip [27]. Dependent on the
light incidence with respect to the grating, the near field concentration to the tip was
significantly controlled. Only if SPP were launched at the grating, their propagation led
to a high concentration of the electric field at the tip.

In chapter 3 it has been demonstrated how the temporal dynamics of a plasmonic sys-
tem can be tailored by using the hybridization method. However, this is a static control
method as well, since a change of the temporal dynamics requires a variation of the struc-
ture geometry. Therefore, it would be advantageous to employ a method to dynamically
control plasmonic systems in space and time. One experimental parameter, which can
be changed rather fast is the electric field of the light which excites the system. In other
physical and chemical systems, such experiments, where the outcome is controlled by
light, are well known as coherent control and the main concepts are presented in the
next sections.

5.1. Definition of coherent control

In general, the term coherent control refers to experiments where a quantum mechan-
ical excitation is affected by light due to quantum interference of different excitation
pathways. However, it is used nowadays in a versatile manner and for a variety of ex-
periments with each other, which are based on different approaches. Therefore, it is not
always possible to compare coherent control experiments and controversial discussions
arise whether an actual experiment can be termed coherent control or not.
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Figure 5.1.: (a) In chemical systems, the concept of coherent control has been utilized to
direct the outcome of a chemical reaction. (b) In the two-photon picture, a
transition |i〉 to |f〉 is excited by any two photons of the laser pulse fulfilling
the condition ω1 + ω2 = ωif . (c) The final state of the system is controlled
via the spectral phase of the two photons which can lead to destructive
interference of different excitation pathways.

To avoid confusion about the present experiment on coherent control of a hybrid plas-
monic system and to position it in the proper context of other experiments, a short
classification of coherent control experiments is presented in the following. In the first
step, weak field and strong field control [143] experiments can be distinguished. Weak
field control experiments are further divided into two-photon and one-photon control ex-
periments. Strong field control experiments require high field intensities and are closely
related to effects such as Rabi oscillations. Since strong field control is not object of
this thesis, the reader is referred to [144–149] and the discussion is limited to weak field
control.

5.1.1. Two-photon coherent control

Coherent control has first been proposed by Brumer and Shapiro in 1986 as a tool to
manipulate the yield of a chemical reaction by light [150, 151]. In a simplified picture
the task was to control the probability of a molecule compound ABC to dissociate
into either the product state AB + C or into A + BC [see Fig. 5.1(a)]. The concept
utilizes the interference of different excitation pathways from the initial to the final
states of the system. The population in one final state can be tuned via constructive
or destructive interference by modifying amplitude and phase of the electric light fields
which correspond to the transitions. This concept was first experimentally demonstrated
in 1990 by Chen et al. [152].

In a slightly different approach, Tannor and Rice proposed to control chemical reactions
via a two-photon process using complex shapes of the exciting laser pulses which provides
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more degrees of freedom for the control [153]. This approach became possible with the
development of pulse shapers in the year 2000 [154]. With them, the pulses are spectrally
dispersed in the Fourier domain where amplitude, polarization, and spectral phase can
be modulated for each wavelength window, separately.

However, the question remained, what the exact pulse shape has to be for a desired
outcome. Judson and Rabitz proposed a learning algorithm by which the optimal pulse
shape is obtained iteratively during the experiment [155]. The algorithm processes the
signal which is detected from the system upon irradiation with differently shaped laser
pulses. In an iterative manner, the optimization algorithm imposes slight changes on
the pulse shape in order to optimize the desired experimental outcome. After each step,
the pulse shape is slightly improved until the ideal shape is found. Adaptive control was
first presented by Bardeen et al. who controlled the fluorescence efficiency of dissolved
dye molecules [156].

Afterwards, a variety of two-photon coherent control experiments has been presented
in different physical and chemical systems. Among others, coherent control in cesium
atoms [157–160], iron based molecules [161], and dye molecules [162] should be men-
tioned. For a detailed collection of experiments the reader is referred to Ref. [163]
and [164].

In general, the two-photon coherent control concept can be explained in a simplified
picture [see Fig. 5.1(b)]. A quantum mechanical system is excited from an initial state
|i〉 to an excited state |fi〉. A first photon of an ultrashort laser pulse excites the system
to an intermediate state and a second photon of the same pulse excites the system to
the final state. Since the pulse contains a broad spectrum of frequency components,
each pair of photons whose frequencies ω1 and ω2 fulfill the condition ωif = ω1 + ω2,
where ωif is the transition frequency, contributes to the transition probability. Since the
intermediate state is a virtual state with a very short decay time, photon 1 and 2 have
to arrive simultaneously. If the spectral phase of the pulse is changed, i.e., the relative
phase between photon 1 and 2, the excitation can be inhibited and the total transition
probability decreases [see Fig. 5.1(c)]. It is important to note that, although the spectral
intensity of the pulse stays the same, the transition is controlled solely by varying the
spectral phase of the pulse.

5.1.2. One-photon coherent control

Soon after Brumer and Shapiro coherent control experiments were suggested, where a
one-photon excitation is exploited by extremely short laser pulses [165]. However, it was
shown by Brumer and Shapiro that this method is only a passive control fashion which
is not due to quantum interference [166].
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Figure 5.2.: (a) In the one-photon picture a transition |i〉 to |f〉 can be excited by a
laser pulse. (b) Only the frequency which is resonant to the transition will
interact with the system. (c) Therefore the final state of the system does
not depend on the pulse shape.

In the simplified picture of one-photon coherent control, the initial state |i〉 can only be
excited to a final state |fi〉 by one single frequency ωf within the laser spectrum, which
corresponds to the transition [see Fig. 5.2(a) and (b)]. The transition is only excited if
the spectral intensity of the laser pulse at ωf is non-zero. Therefore, the same result
would be achieved with a cw-light source at the required frequency by switching it on
or off. Hence, this control scheme does not utilize the spectral phase of the laser pulses
but only the spectral intensity. If only the spectral phase of the pulse is changed, the
probability |cf |2 of the system to be in state |fi〉 after the excitation will be the same
for all pulse shapes [see Fig. 5.2(c)]. However, it should be mentioned that one-photon
coherent control is still controversially discussed as can be seen from [167–169].

5.1.3. One-photon coherent control with a pulse sequence

Despite the fact that the original work on coherent control necessarily required a mul-
tiphoton transition, a different kind of experiments has been termed coherent control
as well throughout a number of publications in the past. It has been first presented
by Planken et al. [170] as well as Heberle et al. [41] in semiconductor quantum well
systems.

This temporal coherent control scheme requires a sequence of ultrashort laser pulses
which are phase-locked with respect to each other [see Fig. 5.3(a)]. The first pulse in the
series excites the system, i.e., quantum well excitons in Ref. [41], which has to maintain
its coherence for a sufficiently long time. Dependent on the exact time delay between
the two pulses, the second pulse either interferes constructively or destructively with the
coherent exciton polarization, leading to either additional excitation or a destruction
of the polarization. Hence, the aim of this technique is different from the traditional
coherent control experiments where a final outcome of the system is desired. Rather,
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Figure 5.3.: (a) Pulse pair having an even (red) and odd (green) multiple of π as phase
difference. (b) In the spectral domain the pulse pair leads to interference
fringes while the fringe position depends on the temporal phase difference
of the two pulses. The spectrum of a single pulse is smooth (blue). (c) A
transition which is resonant to ωf can be either excited in the constructive
case (green) or excited and subsequently de-excited in the destructive case
(red).

the temporal evolution of the system, i.e., being turned on or off after the excitation, is
object of the control process.

In contrast to the two-photon coherent control experiments, it is not the spectral phase
but the temporal phase between the pulses which influences the outcome of the system. A
variation of the temporal phase necessarily leads to a variation in the spectral intensity
of the pulse pair. This can be understood from Fig. 5.3(b). In the spectral domain
a single light pulse with a temporal Gaussian shape has a Gaussian shaped intensity
distribution as well (blue). A pulse sequence, however, leads to a Gaussian spectrum
which is superimposed by spectral fringes, i.e., local maxima and minima. The spectral
fringe position is a direct consequence of the temporal phase between the pulses. For
the pulse configuration in Fig. 5.3(a) which is shown in red, the spectrum has a local
minimum at a certain frequency ωf and a maximum for the pulse configuration which
is shown in green. If the pulse sequence is considered in the (time integrated) spectral
domain alone, the destructive case (red) could be interpreted as a situation where a
transition at ωf is not excited at all since the spectral intensity is zero. In that way, the
final outcome could be achieved as well by turning a cw-laser at ωf either on or off.

However, in the temporal domain, the destructive case is different from not exciting the
system. Figure 5.3(c) visualizes the probability |cf |2 of the system to be in the excited
state for the constructive and the destructive case. In the constructive case (green), |cf |2
increases after the first pulse and grows again after the second pulse. In the destructive
case (red) it increases after the first pulse but drops to zero after the second pulse.
Thus, the system is indeed excited for a short period of time in the destructive case. In
order to verify the excitation and de-excitation of the system, a temporal resolution of
the coherent control process is mandatory. So far, this has usually been accomplished
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by a third pulse which probes the system at every time step throughout the control
process [41].

In the past, the pulse sequence coherent control concept has been utilized in several
systems such as electrons in metals [90], LO-phonons in GaAs [171], phonons in photonic
crystal fibers [172], and recently on spin waves [173]. Concerning energy conservation,
it has been shown in an experiment by Yee et al. that the energy of the system is
transfered to the second pulse in the destructive case [174].

5.1.4. Coherent control in plasmonic systems

The concept of coherent control has been introduced in plasmonics by Stockman et
al. [142, 175–177]. The authors theoretical investigated a V-shaped plasmonic nanos-
tructure upon excitation by chirped laser pulses [see Fig. 5.4(a)]. For example, for a
negatively chirped pulse it could be shown that the field concentrates at various posi-
tions in the nanostructure for different time steps. If the pulse was positively chirped,
the temporal evolution of the field concentration completely changed. Therefore, by ap-
plying an appropriate chirp, i.e., spectral phase, of the pulse, the field enhancement one
the nanoscale could be controlled in the V-shape tip. Additionally, the authors showed
that the same concept also works for a random plasmonic structure. Here, the field
concentration at a certain location was not simply due to the specific structure [178] but
rather due to the pulse shape.

However, for an experimental approach the ideal pulse shape for a certain near field
distribution in the nanostructure is not known in advance. Stockman et al. proposed
an intriguing method which is based on time reversal [179]: The pulse shape that is nec-
essary to concentrate the electric field to a specific location in a random nanostructure,
is uniquely related to that location. If a dipole source would be placed at that location,
it would lead via the coupling to the nanostructure to a certain pulse shape in the far
field. Consequently, if this pulse is reversed in time and incident to the structure, it
would lead to the concentration of the electric field at the desired location. However, in
an experiment this method is still challenging and other approaches have been utilized
so far.

The first experiment regarding temporal coherent control in plasmonic systems has been
performed by Kubo et al. [180]. In the experiment a nanostructured silver surface
was illuminated by a sequence of two 10 fs laser pulses [see Fig. 5.4(b)]. Due to the
surface roughness SPP were launched and led to localized plasmons (hot spots) at certain
locations in the film. These hot spots were imaged by two-photon photoemission electron
microscopy (PEEM) as a function of the time delay between the pulses. Here, two
photons of the incident light generate a free electron which is accelerated in an inverse
electron microscope to a detector. From the spatial electron distribution at the detector,
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an image of the nanostructure is obtained while larger local fields in the nanostructure
lead to a stronger signal at the detector. As a result, it was observed that some hot
spots lit up for certain delays and became dark for other delays. Thus, it was possible
to excite localized plasmons by the first pulse and subsequently turn them down by the
second pulse. However, this experiment did not provide a temporal resolution such as
in the pulse sequence coherent control experiments [41], therefore the evolution of the
excitation could not be mapped.

A few years later, a much more sophisticated approach has been demonstrated by a
collaboration of research groups around Aeschlimann et al. [181]. Similar to the sugges-
tions by Stockman they used pulse shaping to spatially control the optical near field in
a star-shaped nanostructure [see Fig. 5.4(c)]. The structure was excited by a short laser
pulse and a two-photon PEEM image of the structure was recorded, similar to the exper-
iment by Kubo. By using a pulse shaper, arbitrary pulses could be generated. Still, the
pulse shape for a certain spatial near field distribution in the structure was not known
in advance. However, by applying a genetic algorithm with a feedback, the pulse shape
was improved step by step until a desired near field distribution in the nanostructure
was achieved.

The reason why this concept works successfully lies in the different orientations of the
electric field components in the far field and in the near field. If in the far field one
electric field component E1 points in the x-direction and another one, E2, in y-direction,
they cannot interfere:

I = (E1) + E2))
2 = (E1)

2 + (E2)
2. (5.1)

However, the corresponding field components in the near field ENF
1 (r), ENF

2 (r) do not
have to point in the same directions as in the far field. This leads to interference of the
components in the near field:

I(r) = (ENF
1 )2 + (ENF

2 )2 + 2ENF
1 · ENF

2 (5.2)

Due to the interference terms, I(r) can be controlled via the phase between E1 and
E2.

The genetic algorithm method is a sufficient way to determine the necessary pulse shape
for a desired field enhancement in the nanostructure, however, the experiment requires
a huge effort. Recently, even the first steps towards spatial and temporal control have
been suggested [182].

5.2. All-optical control concept

In this work the coherent control concept, which is based on a laser pulse sequence exci-
tation, is utilized for a hybrid plasmonic system. In order to avoid confusion with other
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Figure 5.4.: Variety of simulations and experiments concerning coherent control on the
nanoscale. (a) Coherent control in a V-shaped nanostructure via chirped
laser pulses (from [142]). (b) Coherent control of localized surface plasmons
using a pulse sequence (from [180]). (c) Adaptive sub wavelength control of
the field enhancement in a plasmonic nanostructure (from [181]).
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Figure 5.5.: Simulation of the local polariton polarization excited by a first 8 fs laser
pulse and controlled by a second delayed pulse. (a) Without the second
pulse the polariton polarization follows a free polarization decay (T2=50 fs).
(b) The second pulse interferes destructively with the polariton polarization
and turns it off (destructive case). Therefore the polariton polarization is
well below the free polarization decay (dashed line). (c) The second pulse
interferes constructively with the polariton polarization and reexcites it.

coherent control techniques, the term all-optical control will be used in the following.
For this technique it is required that the system under control maintains its coherence on
a larger time scale as the pulse duration. Otherwise the excitation cannot be controlled
by a second pulse. In Ref. [41] pulse duration and pulse delay were in the sub-picosecond
range while the coherence time of the excitons was several picoseconds. In a plasmonic
system, however, this requirement is a major challenge due to the short dephasing times
of pure PPP on the order of a few femtoseconds. Even with ultrashort laser pulses it
would be hardly possible to utilize the pulse sequence coherent control technique.

However, this problem can be circumvented by employing the hybridization of PPP
with photonic waveguide modes. It has been shown in chapter 3 that dephasing times
up to several tens of femtoseconds are obtained for the WPP eigenmodes. Figure 5.5(a)
shows a simulation which is based on the harmonic oscillator model (chapter 3.1.4). A
single oscillator with a dephasing time of T2 = 50 fs which is resonantly driven by a
single 8 fs laser pulse is considered. Together with the electric field of the laser pulse
the polariton polarization grows in time. When the electric field is already decreasing
after a few oscillations of the electric field, the polariton polarization still grows since
energy is further transfered from the pulse to the system. After the pulse is gone,
the polariton polarization follows a free polarization decay and the envelope of the
polariton polarization oscillation decreases exponentially. For a dephasing time of 50 fs
the polariton polarization amplitude is still present even 150 fs after the laser pulse.
This temporal window should be sufficient to impose the control with a second pulse on
the system.

For the all-optical control scheme two scenarios are distinguished again. The first one is
the destructive case where the second pulse (control pulse) turns the polariton polariza-
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tion completely down. In Fig. 5.5(b) the control pulse maximum is at a delay of 44 fs. As
soon as the electric field of the control pulse starts to increase, the polariton polarization
drops faster than in the free polarization decay. After the control pulse the polariton
polarization is zero. In the destructive case it is very important that the amplitude of the
control pulse is attenuated. If the amplitude was too large, the polariton polarization
would be completely turned down before the electric field of the control pulse is zero.
The remaining electric field would enhance the polariton polarization again.

The second scenario is the constructive case, where the control pulse reexcites the slowly
decaying polariton polarization [see Fig. 5.5(b)]. The delay with respect to the start
pulse is slightly changed and the polariton polarization increases when the electric field
of the control pulse starts to build up. After the control pulse the polariton polarization
amplitude is now even higher than in the free polarization decay. After the control pulse
has transfered its energy to the polariton polarization, the polarization starts to decay
again but at later times than before.

In this manner, the second pulse imposes the control on the polariton polarization. As
stated before, additionally to the pulse sequence, a method has to be employed which
delivers the time resolution throughout the control process. In the present experimental
approach, the temporal resolution is provided by a third laser pulse (probe pulse) with
variable delay, which interacts as well with the polariton polarization in the system in
a nonlinear fashion. Here, the nonlinearity of the plasmonic system is utilized again.
Before discussing the nonlinear mixing, the experimental setup is explained in detail.

5.3. Experimental setup

For the all-optical control experiments the experimental setup which has been discussed
in chapter 3 is further extended. Here, the two pulses from the Michelson interferometer
serve as start and control pulse with a temporal delay τc. From the simulations it
has been found that the control pulse has to be slightly attenuated in order to achieve
complete suppression of the polariton polarization in the destructive case. The only
possibility to vary the amplitudes of the pulses separately is within the two interferometer
arms where the pulses are spatially separated. The dispersion which is imposed by the
attenuators, should be as low as possible. Therefore, a pair of ultra thin (200 µm) sheet
polarizers is used in the interferometer arm of the control pulse for the attenuation. The
first polarizer is rotated in order to reduce the transmitted intensity and the second one
retains the polarization. In order to introduce the same amount of dispersion for both
pulses, another pair of sheet polarizers is mounted in the beam path of the start pulse
while the rotation is set to perfect transmission.

In the experiment, it turned out that a rotation of the sheet polarizers can lead to a
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small beam walk-off and a realignment of the interferometer is necessary. Unfortunately,
this prevents a continuous variation of the control pulse amplitude. It has been carefully
verified in the setup that the light of the He:Ne laser within the interferometer arms is
not affected by the polarizers.

The all-optical control experiments require a third laser pulse which serves as the probe
pulse. In order to separate the probe pulse from the original laser pulse, an ultra thin
beam splitter (d = 500 µm) is used in front of the Michelson interferometer. The
beam splitter has a reflection to transmission ratio of 25:75. Thus, the probe pulse
finally has approximately the same amplitude as the start pulse. First, the probe pulse
passes a piece of glass which provides the same dispersion as the beam splitters for start
and control pulse. Following that, the probe pulses follows a delay line which sets the
temporal delay τp with respect to the start pulse. This delay is not actively stabilized,
therefore the temporal resolution is smaller than for τc. However, it turns out that the
resolution of the piezo actuator of the delay line (Physikinstrumente, NanoCube) of 1 nm
is sufficient for a passive stabilization of the delay. The piezo actuator has a travel range
of 100 µm which leads to a temporal delay range of 333 fs.

Figure 5.6(a) shows a picture of the pulse preparation part of the experimental setup.
The Michelson interferometer is located in the lower part of the image. The interferom-
eter arm in the vertical direction provides the start pulse while the control pulse passes
the horizontal interferometer arm including the piezo actuator. The sheet polarizer at-
tenuator is not shown here. The upper part includes the delay line for the probe pulse
with the retro reflector mirror which is mounted on the NanoCube piezo actuator. The
other optical components are used for the interferometer stabilization with the He:Ne
laser.

The probe pulse is finally guided to the sample with a parallel offset of 5 mm below the
start/control beam. This configuration enables to selectively modulate the two beams
using chopper wheels and a separation of the nonlinear signal behind the sample. Since
the two beams are parallel in front of the spherical mirror, their foci overlap at the
same point on the sample. However, in oder to allow for fine adjustment, both beams
hit separate mirrors in front of the spherical mirror and a perfect spatial overlap of the
beams on the sample can be guaranteed.

Figure 5.6(b) shows a schematic of the beam configuration. The start/control beam is
incident normal to the sample. The probe beam is aligned at a small angle of ϕ = 3°.
The light polarization is horizontal and the orientation of the wires is vertical in order
to excite the WPP modes in TM polarization. Since the tilt of the probe beam is along
the wires, the antisymmetric waveguide mode is not excited if ϕ is small.

In order to probe the polariton polarization in the sample with the third pulse, the elec-
tric fields have to be mixed in a nonlinear fashion. Just like in the ACF measurements,
the metallic photonic crystal structures serve as the nonlinear medium itself. Due to the

105



0 fs

tc
tp

time
j=3°

start pulse

control pulse

probe pulse

sample

spatial and
spectral filter

detector

k1

k2

3k2

2k +k2 1

2k +k1 2

3k1

(a) (b)

(c)

tc

tp

Figure 5.6.: (a) Image of the pulse preparation part in the experimental setup show-
ing the Michelson interferometer (bottom) and the delay path for the probe
pulse (top). (b) Schematic of the control setup. The start pulse excites the
polariton polarization and the control pulse interferes with it after the delay
τc. The pulses are aligned with normal incidence to the sample and the elec-
tric field is polarized perpendicular to the wires. (c) In the third-harmonic
regime, photons of each pulse (wave vector k1 and k2) generate higher har-
monic photons in their forward directions (3k1 and 3k2) and signals in the
directions 2k1 + k2 and 2k2 + k1.
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oblique incidence of the probe pulse beam, several components at the third-harmonic can
be spatially distinguished behind the sample [see Fig. 5.6(c)]. The nonlinear polarization
can be written in general as

P̃
(3)

(r, t) = ǫ0χ
(3)Ẽ

3
(r, t) (5.3)

with
Ẽ(r, t) = E1e

−(ωt+k1r) + E2e
−(ωt+k2r) + c.c., (5.4)

where the two electric fields have the same frequency ω but different wave vectors k.

When calculating P̃
(3)

(r, t), several terms appear with different wave vector combinations
such as

P (3k1) = ǫ0χ
(3)E3

1

P (3k2) = ǫ0χ
(3)E3

2

P (2k1 + k2) = 3ǫ0χ
(3)E2

1E2

P (2k2 + k1) = 3ǫ0χ
(3)E1E

2
2

. . . .

(5.5)

Further terms will be discussed in the last section of this chapter. The four contributions
in Eq. 5.5 are indeed found in the experiment behind the sample and are interpreted
as follows: The start/control beam (with wave vector k1) generates light at the third-
harmonic in its forward direction (3k1). The same holds true for the probe beam (3k2).
However, there are also two additional components. The first one incorporates two
photons of the start/control beam and one photon of the probe beam. The resulting
nonlinear signal (2k1 +k2) is found inbetween 3k1 and 3k2. The second one refers to the
opposite case where one photon of the start/control beam and two photons of the probe
beam generate the third-harmonic signal (2k2 + k1). The two components in the middle
are the interesting ones for the experiment since they originate from a nonlinear mixing
of the beams. By using an iris diaphragm in front of the prism sequence, one of the four
THG components can be selected for detection. However, since the angle ϕ has to be
very small, the nonlinear signals might slightly overlap behind the sample. For example,
when detecting the signal in the direction 2k2 + k1, contributions from the 3k2 and the
2k1 +k2 might influence the results. In order to suppress the signal in the direction 3k2,
a lock-in technique is applied were only the start/control beam is periodically modulated
with an optical chopper wheel at ≈ 550 Hz. The modulation is conveyed to all nonlinear
signals which incorporate a k1 photon. Thus, the detection is not sensitive to the THG
signal in the direction 3k2. However, the 2k2 + k1 signal might still be disturbed by the
2k1 + k2. It will turn out that this interference leads to interesting effects in the final
results revealing a pseudo-phase of the polariton polarization oscillation.

When using the metallic photonic crystal structures, the temporal pulse overlap of the
laser pulses is not the only possibility in order to generate a THG signals in the directions
2k2 + k1 and 2k1 + k2. As in the ACF measurements, the polariton polarization in the
sample imposed by the three pulses has to be considered as well. To understand the
signal generation, e.g., in the direction 2k2 + k1, different pulse and delay configurations
are discussed now separately.
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In the first steps, the control pulse is neglected. Figure 5.7(a) shows on the one hand a
schematic of the start pulse together with the polariton polarization which is generated in
the sample. The probe pulse, on the other hand, generates a polariton polarization itself
which follows the pulse on the time axis. The start pulse and the subsequent polariton
polarization have the wave vector k1 while the probe pulse together with the subsequent
polariton polarization has the wave vector k2. In Fig. 5.7(a) the probe pulse does not
temporarily overlap with the start pulse but with the k1-polarization. Therefore, the
2k2 + k1 THG signal is present. In Fig. 5.7(b) the delay between the pulses is reversed
in time and the probe pulse arrives first. The 2k2 + k1-signal is again present, but with
lower intensity, since the two directions contribute differently. In Fig. 5.7(c), the delay
is very large and the probe pulse does not temporarily overlap with the k1-polarization.
Therefore the THG signal is zero.

Now the control pulse is included. Figure 5.7(d) shows the destructive case where the
k1-polarization is turned down by the probe pulse. The probe pulse arrives after the
control pulse, thus the THG signal is zero. In the constructive case [see Fig. 5.7(e)], the
k1-polarization is reexcited by the control pulse and the THG signal is present. Finally,
in Fig. 5.7(f) τp is reversed. The THG signal is present but it is again weaker due to the
wave vector asymmetry in 2k2 + k1.

Figures 5.7(d) and 5.7(e) clearly show that it is possible by utilizing the probe pulse
to distinguish between the destructive and the constructive case. Thus the control
experiment can be performed in two fashions. In the first one, the probe pulse delay
is fixed to a value which is larger than τc and the control pulse delay is continuously
varied. Therefore the configuration will alter between the cases in Fig. 5.7(d) and 5.7(e).
However, this configuration does not provide the necessary temporal resolution of the
control process or in other words the polariton polarization inbetween start and control
pulse.

In a more sophisticated fashion, the control pulse delay is fixed to either the destructive
case [Fig. 5.7(d)] or the constructive case [Fig. 5.7(e)] and the probe pulse delay is varied
from negative to positive values. In this manner, the presence of the k1-polarization can
as well be confirmed inbetween start and control pulse.

5.4. Experimental results

5.4.1. Sample selection

For optimum all-optical control results, a metallic photonic crystal structure with a
particular linear response is necessary. First, one of the WPP modes should be rather
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Figure 5.8.: Extinction spectrum of the metallic photonic crystal structure together with
the laser spectrum showing that mainly the narrow WPP mode is excited
by the laser.

narrow in order to obtain large dephasing times. Second, this WPP mode should be
effectively excited by the laser while the other one should not be excited. Figure 5.8
shows the extinction spectrum of a sample which renders ideal for the experiment. The
same sample has been used before in order to introduce the nonlinear ACF (see Fig. 3.4).
Here, the extinction is directly measured with the broad laser spectrum. The long-
wavelength WPP mode at 825 nm fits nicely to the main peak of the laser spectrum
and the linewidth is only about 20 nm. The other WPP mode at 685 nm is hardly
excited by the broad laser spectrum. The small peak in the extinction at 792 nm can be
related to the antisymmetric waveguide mode. Due to the focusing of the laser beams,
its appearance cannot be suppressed completely. However, it turns out that this mode
has very little oscillator strength such that it does not influence the all-optical control
experiments.

The present sample consists of a 180 nm thick hafnium dioxide HfO2 waveguide on a
quartz substrate. The refractive index of HfO2 is n = 1.89. It turns out that the HfO2

slab generates negligible THG. Therefore, in accordance to chapter 4, the THG spectrum
has the same shape as the linear extinction spectrum. The gold grating on top of the
waveguide has a period of 530 nm and the wire cross-section is 100 × 20 nm2.

From the shape and the linewidth of the WPP mode at 825 nm it can be assumed that
sufficient plasmonic character is maintained in the resonance since the resonance has a
different shape than in TE polarization. The presence of the THG signal, which only
originates from the PPP in this sample, confirms the plasmonic contribution to the WPP
mode. In comparison, no THG signal could be measured in TE polarization.
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Figure 5.9.: Cross correlation measured at a BBO crystal to calibrate the time delay τp

between start and probe pulse.

5.4.2. Preparing the experiment

In order to prepare the experimental setup, the two pulse delays have to be calibrated
first. The τc = 0 position is easily found by maximizing the THG signal in the direction
3k2. For the delay τp a BBO crystal is placed at the position of the sample and the
control pulse is blocked. If start and probe pulse do not temporally overlap, there are
only two SHG spots behind the BBO crystal, i.e., in the directions 2k1 and 2k2. Now
the probe pulse delay τp is shifted by moving the piezo actuator until a third SHG spot
inbetween the others, i.e., in the direction k1 + k2, is observable. Figure 5.9 shows this
SHG signal as a function of the piezo displacement. In the present example, the τp = 0
position is found for a displacement of 51.5 µm. To improve the symmetry of the curve,
the spatial overlap of the two beams on the sample is optimized. The figure indicates
that the overlap range is only on the order of a few micrometers due to the short pulse
duration. Thus, the length of the probe pulse beam paths has to match the length of
the other path nearly perfectly in advance.

After calibrating the delays, the control pulse has to be attenuated in order to achieve
complete suppression of the signal in the destructive case. Since the rotation of the
attenuating sheet polarizer affects the alignment of the Michelson interferometer, a single
attenuation is chosen for the following experiments where the control pulse possesses 60%
of the average power of the start pulse.

111



0 10 20 30 40 50

0

2

4

6

T
H

G
 i
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

Start pulse - stop pulse delay (fs)

Probe at 35 fs

Figure 5.10.: THG signal in the direction 2k2 + k1 measured at a metallic photonic
crystal as a function of the time delay between start and control pulse.
The probe pulse is set to 35 fs. The oscillations in the signal correspond
to alternating destructive (minimum) and constructive (maximum) cases.

5.4.3. All-optical control with variable control pulse delay

The all-optical control configuration with variable control pulse delay will only be dis-
cussed shortly since the temporal resolution of the control process is lacking.

Figure 5.10 show an experimental result. The probe pulse delay is fixed to τp = 35 fs and
the THG signal in the direction 2k2+k1 is plotted as a function of the delay between start
and control pulse. One observes a periodic interference pattern. For small delays τc this
pattern is a result of the destructive and constructive interference of start and control
pulse. For larger delays the minima in the THG signal correspond to the destructive case
where the control pulse has turned the polariton polarization down [compare Fig. 5.5(b)
and Fig. 5.7(d)]. For increasing delay τc the configuration changes to the constructive
case where the polariton polarization is reexcited [compare Fig. 5.5(c) and Fig. 5.7(e)].

One can show that a comparable result has already been achieved with the nonlinear
ACF. For delays much larger than the pulse duration the local minima in the ACF corre-
spond to the destructive case as well, while the local maxima correspond to the construc-
tive case. However, there is no temporal resolution and the evolution of the polariton
polarization throughout the control process cannot be monitored in this configuration.
Additionally, since both pulses have the same amplitude in the ACF measurements, no
complete destruction is achieved.
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Figure 5.11.: THG signal measured at an ITO layer as a function of the time delay
between start and probe pulse. The position of the control pulse is indi-
cated by the arrow. There is only a signal present if the probe pulse either
overlaps temporally with the start or with the control pulse. From the
different amplitudes it is obvious that the control pulse is attenuated.

5.4.4. All-optical control with variable probe pulse delay

The other approach to perform the all-optical control experiment is achieved by contin-
uously varying the probe pulse delay τp while setting the control pulse delay τc either for
the destructive or the constructive case [183]. In a first experimental step the ITO layer
is used instead of the metallic photonic crystal structure in order to provide a better
understanding of the shape of the THG signal. Since ITO provides an instantaneous
nonlinear response to the excitation, there should only be a THG signal in the direction
2k1 + k2 and 2k2 + k1 if the probe pulse either overlaps temporally with the start or
with the control pulse. Figure 5.11 shows the result when the control pulse delay is set
to τc = 35 fs. Two THG peaks are observable in the figure. The first one is at τp = 0 and
corresponds to the temporal overlap of the probe pulse with the start pulse. The second
peak is at τp = 35 fs and corresponds to the temporal overlap of probe and control pulse.
Due to the attenuation of the control pulse, the second peak is smaller in amplitude.
The small peaks for larger delays are again a consequence of the laser satellite pulses.
Since start and control pulse do not temporally overlap, there is no difference in the
THG signal if the control pulse is slightly shifted and the destructive case cannot be
distinguished from the constructive case.

The results drastically change if the metallic photonic crystal structure is used instead
of the ITO layer. For the following experiments three control pulse delays are chosen.
Figure 5.12 shows the delay positions with the help of the nonlinear ACF which has
been measured at this particular sample. As mentioned before, local minima in the
ACF correspond to the destructive case (red line) and local maxima correspond to the
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Figure 5.12.: THG autocorrelation function measured on the sample together with
the six delay positions for the control experiments shown in Figure 5.13
and 5.14. The constructive case (green line) always corresponds to a local
maximum in the autocorrelation and the destructive case (red line) to a
local minimum.

constructive case (green line). The three delays are around 24 fs, 35 fs, and 48 fs,
respectively.

Figure 5.13 shows the results of the control experiment. In the first step the control pulse
is blocked, hence only start and probe pulse act on the WPP mode. The blue curve in
Fig. 5.13(a) shows the THG signal for the free polarization decay. It is maximum for
τp = 0 where the pulses overlap perfectly. Due to the polariton polarization, the signal
drops rather slowly with increasing delay τp. The signal is also present for negative
delays due to the polariton polarization which is excited by the probe pulse. However,
as discussed in Fig. 5.7(a) and 5.7(b), the signal is not symmetric around τp = 0 due to
the asymmetric contribution of the beams to the THG signal.

The red curve corresponds to the destructive case. For negative delays τp up to the
position of the control pulse it has the same shape as in the free polarization decay.
However, after the control pulse, the signal drastically drops and is nearly zero. As
predicted in Fig. 5.7(d), the control pulse has turned the polariton polarization down
and the THG signal cannot be generated if τp > τc.

For the constructive case, the control pulse is slightly shifted and the green curve is
measured. After the control pulse the THG signal is drastically increased and lasts for
larger delays than in the free polarization decay. It is worth noting that the amplitude of
the THG signal at τp = 0 differs in the three cases. This is a consequence of the temporal
integration of the THG signal for each delay step at the detector. In the constructive
case the integrated polariton polarization is larger than in the destructive case which
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Figure 5.13.: (a)-(c) Experimental results of the coherent nonlinear signal in the direc-
tion 2k2 + k1 as a function of the time delay τp between start and probe
pulse for three different delays of the control pulse (τc ≈24 fs, 35 fs, and
48 fs, marked by the arrows). For the blue line, the control pulse is switched
off, and the free polarization decay of the hybrid mode is visible. The red
line always indicates the destructive case. The polariton polarization is
completely turned off after the control pulse and stays off. The green line
shows the constructive case. Here, the polariton polarization is reexcited.

leads to a higher THG amplitude.

Figure 5.13(b) shows the same behavior for a slightly larger delay of τc = 35 fs, except
that the WPP mode is turned down at a larger delay τp. In Fig. 5.13(c) the delay τc is
further increased to 48 fs. Here, only little difference between the destructive case and
the free polarization decay is found since the WPP mode has already nearly completely
dephased after 48 fs.

In the experiment it is important to find exactly the right delay in order to achieve
complete suppression of the THG signal in the destructive case. To simplify the experi-
ment, the amplitude of the control pulse has not been changed for the three delays. This
would, however, improve the contrast of the signals even more.

The results confirm that the polariton polarization can indeed be completely turned on
or off at any desired time after its excitation and within the dephasing time of the WPP
mode. Together with the linear polariton polarization, the coherent nonlinear response
in the directions 2k2 + k1 and 2k1 + k2 is controlled as well which makes the method
suitable for ultrafast plasmonic switching, with mechanisms different from [184].

Due to the small angle between the start/control beam and the probe pulse beam, it
is not easy to separate the THG signal in the direction 2k2 + k1 from the THG signal
in the direction 2k1 + k2. However, interference of both signals at the detector leads to
an interesting variation in the signal which will be discussed now. Figures 5.14(a)-(c)
show a series of measurements comparable to Fig. 5.11 but with a small contribution
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Figure 5.14.: (a)-(c) Results such as in Figure 5.13 but with an admixture of the signal
in the direction 2k1 +k2 leading to the fast oscillations. (d)-(f) Theoretical
results for the coherent nonlinear signal corresponding to panels (a)-(c).

of the THG signal in the direction 2k1 + k2. The curves are now superimposed by a
fast oscillation which is comparable to the fringe pattern in the interferometric ACF
(see Fig. 3.3). Just like the nonlinear ACF, Fig. 5.14(a)-(c) show the THG signal as a
function of the delay. Therefore the oscillation should not be mistaken for the oscillation
in Fig. 5.5 where the polariton polarization is plotted as a function of time. However,
the oscillation in Fig. 5.14(a)-(c) mimic the pseudo-phase of the polariton polarization
which oscillates in the sample and gives an intuitive picture of the ultrafast dynamics.
For example in Fig. 5.14(b), in the destructive case, the oscillation amplitude decreases
rapidly together with the envelope of the THG signal after the control pulse has arrived.
No oscillations are observable for larger delays. On the contrary in the constructive
case, the oscillation amplitude increases after the control pulse. For different delays τc

the THG signals show a similar behavior as in Fig. 5.13, especially for τc = 48 fs the
difference between the free polarization decay and the destructive case is rather small.

In the following section, the harmonic oscillator model is employed again in order to
investigate the THG signals in all details.
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5.5. Harmonic-oscillator-based simulations

The harmonic oscillator model, which has been used to describe the nonlinear ACF of
metallic photonic crystals in chapter 3.1.4 will be expanded now in order to understand
the results of the all-optical control measurements. Previously, the local electric field in
the vicinity of the nanostructure was given by

EW P P (t, τ) ∝
t
∫

−∞

∑

j

Etot(t
′, τ)Aje

−γj(t−t′) sin
[

ω′

j(t − t′)
]

dt′. (5.6)

In the present case, three pulses with two different delays contribute to the total electric
field Etot(t, τ). If τp is used as the variable delay, Eq. 5.6 changes to

EW P P (t, τp) ∝
t
∫

−∞

∑

j=1,2

Etot(t
′, τp)Aje

−γj(t−t′) sin
[

ω′

j(t − t′)
]

dt′, (5.7)

with
Etot(t, τp) = Estart(t) + Econtrol(t + τc) + Eprobe(t + τp). (5.8)

In order to separate the nonlinear terms behind the sample and since start and control
pulse are in a different beam as the probe pulse, Eq. 5.7 can be split into two equations
which represent the two beams:

EW P P
sc (t) ∝

t
∫

−∞

∑

j=1,2

[Estart(t
′) + Econtrol(t

′ + τc)] Aje
−γj(t−t′) sin

[

ω′

j(t − t′)
]

dt′, (5.9)

EW P P
probe (t, τp) ∝

t
∫

−∞

∑

j=1,2

[Eprobe(t
′ + τp)] Aje

−γj(t−t′) sin
[

ω′

j(t − t′)
]

dt′. (5.10)

Here, only the second equation depends on τp. For the total nonlinear polarization
follows:

P (NL)(t, τp) ∝
(

EW P P
probe (t, τp) + EW P P

sc (t)
)3

=
(

EW P P
probe

)3
+ 3 ·

(

EW P P
probe

)2
EW P P

sc + 3 · EW P P
probe

(

EW P P
sc

)2
+
(

EW P P
sc

)3
. (5.11)

These four terms correspond to the nonlinear signals in the four different directions
behind the sample [see Fig. 5.6(c)]. The second term for example corresponds to the
direction 2k2 + k1, which yields the coherent sum THG signal at the detector as a
function of τp. Before calculating the intensity according to

ITHG(τp) ∝
∫ TD (

P (3)(t, τp)
)2

dt ∝
∫ TD (

(EW P P (t, τp))3
)2

dt, (5.12)

Eq. 5.11 is Fourier transformed to the frequency domain. Only the components around
±3ω are spectrally separated and transformed back into the time domain.
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Figure 5.15.: Simulation of the THG signal in the direction 2k2 + k1 for a sample with
an instantaneous linear response and using the electric field obtained from
the laser spectrum. There is just a signal if the probe pulse temporarily
overlaps with start or control pulse (compare Figure 5.11)

In the first simulation step, the result for the ITO sample, which has been shown in
Fig. 5.11, is reproduced. Due to the instantaneous response of ITO with no resonances
in the relevant spectral range, the amplitudes of the two harmonic oscillators (A1, A2)
are set to zero and only the electric fields of the pulses contribute to the THG signal.
The electric fields are obtained again from the linear laser spectrum by assuming a flat
spectral phase. The simulations in Fig. 5.15 reproduce the experimental results quite
well.

In the next step, contributions of the oscillators are included. First, sech2-pulses centered
at 800 nm and with a pulse duration of 8 fs are assumed for the electric field in order to
exclude effects of the complicated laser spectrum in the experiment. A single resonant
harmonic oscillator with a dephasing time of T 1

2 = 50 fs is taken into account (A1 =
1, A2 = 0). Figure 5.16(a) shows THG signals for this most ideal situation. For the free
polarization decay, the amplitude of the probe pulse is set to Econtrol = 0. The THG
signal simply grows for negative delays τp and drops for positive delays. The curve is
not symmetric with respect to τp = 0 since start and probe pulse enter with different
weight in the nonlinear signal. Due to the temporal integration of the signal for each
delay step, the signal does not show an oscillatory behavior such as Fig. 5.5. In the
destructive case, the control pulse is included. However, the signal does not show a peak
at the position of the control pulse such as in the simulation for ITO. The control pulse
rather interferes destructively with the polariton polarization and the signal drops to
zero much earlier. Additionally, due to the temporal integration, the signal at τp = 0 is
as well smaller. In the constructive case, the THG signal shows a second maximum at
the position of the control pulse due to the constructive interference and it drops later
than in the free polarization decay.
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Figure 5.16.: Simulations of the THG signal in the direction 2k2 + k1 for a resonant
oscillator with a dephasing time of 50 fs (a) using sech2-pulses and (b) using
the electric field obtained from the laser spectrum. (c) Same THG signal
for two oscillators with the parameters obtained from the fit in Figure 3.3
using the electric field from the laser spectrum.

Following that, the sech2-pulses are replaced by the experimental laser pulses. Fig-
ure 5.16(b) shows a similar behavior of the THG signal for a single resonant oscillator
as before. However, in the destructive case, the signal drops not completely to zero due
to the influence of the satellite pulses. Nevertheless, the contrast of the three curves is
nearly maintained. From this simulation it can finally be assumed that the complicated
laser spectrum and the satellite pulses do not influence the results too much.

Finally, two harmonic oscillators corresponding to the two WPP modes are taken into
account together with the electric field obtained form the laser spectrum. Here the
oscillator parameters are chosen which have been obtained by fitting the nonlinear ACF
in Fig. 3.3(c). Figure 5.16(c) now shows a drastic change of the shape of the THG signal.
The three cases have the same overall behavior but the THG signal is superimposed by
the beating modulation which has been observed in the experimental data as well (see
Fig. 5.13). From the simulations it is now obvious that the modulation is a consequence
of the simultaneous excitation of the short wavelength WPP mode. In total, good
agreement to the experimental data in Fig. 5.13(b) is found.

In the simulations it is also possible to include the THG signal in the direction 2k1 + k2

in order to observe the fast oscillation in the THG signal. Therefore, when calculating

the nonlinear polarization, the term 3 ·EW P P
probe

(

EW P P
sc

)2
is added with a weighting factor

f :

P (NL)(t, τp) =
(

EW P P
probe

)2
EW P P

sc + f · EW P P
probe

(

EW P P
sc

)2
. (5.13)

Figures 5.14(d)-(f) show a very good agreement to the experimental data in Fig. 5.14(a)-
(c). The modulation depth of the fast oscillations in the experiment is nearly perfectly
reproduced with a factor f = 0.2 [183]. If f is increased, the modulation of the fast
oscillation would increases as well.
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Although the shape of the laser pulses is not ideal in the experiment, results with a
large contrast have been achieved with the all-optical control technique. Even though,
the dephasing dynamics of the hybrid plasmonic system occur on a timescale of a few
tens of femtoseconds only, the control was possible with a high contrast. In further
experimental steps in the future, the data quality could be improved with more ideal
laser pulses, i.e., Gaussian spectral shape. It can be envisioned that the electric or even
magnetic modes in more complicated plasmonic structures such as 3D metamaterials or
plasmonic nanoantennas could be controlled in the same fashion.

5.6. First steps towards four-wave mixing in plasmonic

nanostructures

So far in the experiments the plasmonic resonances were assumed to be solely homoge-
neously broadened. This approximation is valid in first place since scattering electron
microscope pictures usually reveal nearly no size variations of the plasmonic structures.
However, if the dephasing time of a plasmonic excitation is to be determined with high
accuracy, inhomogeneous broadening has necessarily to be considered.

From linear and many nonlinear experiments it is not possible to distinguish inhomo-
geneous from homogeneous broadening [40]. In semiconductor physics, usually FWM
experiments are employed for this purpose and the basic ideas are shortly discussed. For
further details the reader is referred to [185,186].

In a typical FWM experiment, two pulses E1 and E2 with variable delay and with
different wave vectors k1 and k2, excite a system and are nonlinearly mixed by a third-
order nonlinear process in the sample. So far, the situation is similar to the all-optical
control configuration by neglecting the control pulse. However, in a FWM experiment,
one makes use of a different nonlinear signal.

So far in the nonlinear regime behind the sample, only the nonlinear signals, which result
from an additive combination of the two fundamental wave vectors, were considered.
However, in the nonlinear regime, signals at difference frequencies should be generated
as well. They are a consequence of the complex conjugate terms in Eq. 5.4 and lead to
nonlinear polarization terms such as

P (2k1 − k2) = 3ǫ0χ
(3)E2

1E∗

2 (5.14)

and
P (2k2 − k1) = 3ǫ0χ

(3)E2
2E∗

1 . (5.15)

Figure. 5.17(a) shows these signals in the directions 2k2−k1 and 2k1−k2 schematically.
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Figure 5.17.: (a) Beam configuration in a FWM experiment. The signal in the direction
2k1 − k2 or 2k2 − k1 is detected. (b) Measurement using a plasmonic
grating.

Due to the complex conjugation, the electric field, which enters linearly into the equa-
tions, contributes a negative frequency term. Therefore, the frequency of the nonlinear
signal is calculated as 2ω1 − ω2 and 2ω2 − ω1. In the degenerate case, where ω1 and ω2

are similar, the FWM signal is found again at the fundamental frequency.

In order to determine the inhomogeneous broadening, the experiment is performed as
follows. The first pulse with wave vector k1 excites a material polarization in the sample
which decays with T2. After a delay τ , the second pulse with wave vector k2 arrives at
the sample and creates itself a material polarization, which interferes with the remaining
coherent part of the first one. Due to the oblique incidence of the light, the interference
generates a polarization grating in the sample which radiates its first orders in the
directions k1 and 2k2 − k1. The following discussion is restricted to the second term
since it is background-free.

In the case of purely homogeneous broadening, the intensity of the scattered signal Is

as a function of the pulse delay τ can be calculated as [186]

Is(τ) ∝ |P(τ)|2 ∝ [exp(−τ/T2)]2 . (5.16)

From the decay of Is(τ), the dephasing time T2 is determined.

In the case of additional inhomogeneous broadening, the coherent part of the material
polarization amplitude decays with T2 as well. However, due to the resonance frequency
distribution of the oscillators, their relative phase is lost in a time which is proportional
to the inverse of the inhomogeneous broadening τin ∝ (∆ωin)−1. Hence, the macroscopic
material polarization decays with τin as well. Due to the complex conjugation of E2 in
Eq. 5.14, the second pulse introduces a time reversal at the delay τ which results in a
rephasing of the individual oscillators. After another time τ the oscillators are in phase
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again and radiate the so-called photon echo. It can be shown that its temporal width
is proportional to τin, while the previous decay of Is still depends on T2. Thus, the
observation of the photo echo is a clear indication of inhomogeneous broadening.

By applying these experimental concepts, it should be possible to determine the inho-
mogeneous broadening of a plasmonic resonance in a FWM experiment as well. FWM
experiments with slightly different approaches have been presented before in plasmonic
systems [139, 187–189]. Fortunately, the present all-optical control setup provides all
necessities for the measurement. In a first experimental step, the signal in either the
direction 2k2 − k1 or 2k1 − k2 behind the sample has to be found. In order to simplify
the system, a pure plasmonic grating with a PPP resonance at 800 nm and without a
waveguide is used. The control pulse is blocked and the delay between start and probe
pulse is set to zero in order to maximize the signal. The FWM signal in the direction
2k2 − k1 is detected with a PMT which is optimized for the visible spectral range.

Although the FWM signal is background-free, stray light of the other components has to
be suppressed at the detector. Since the FWM signal is at the fundamental frequency,
it cannot be separated with a filter from the remaining fundamental light behind the
sample. Therefore, a lock-in technique with double modulation is utilized. Both beams
are separately modulated at slightly different frequencies Ω1 and Ω2 by optical chopper
wheels and the signal at the sum (Ω1 + Ω2) or the difference (Ω1 − Ω2) frequency is
detected with the lock-in. Therefore, the detection is only sensitive to signals which are
caused by both pulses.

Once the signal is found, it can be detected as a function of the time delay between the
pulses. Figure 5.17(b) shows a first experimental result. The signal has its maximum for
perfect pulse overlap but also shows side maxima in the envelope at ± 50 fs. The signal
is furthermore superimposed by a fast oscillation which corresponds to twice the carrier
frequency of the pulses. So far, the presence of the FWM signal is proven evident but
a deeper understanding of its temporal shape and the fast oscillations is still lacking.
This will be object of further investigations in the future.

In order to observe the photon echo in a plasmonic structure, the width of the individual
structures could be deterministically varied, hence a desired inhomogeneous broadening
would be introduced. Additionally, a temporal resolution of the FWM signal would be
necessary in order to extract the width of the photon echo signal. This could be achieved
by combining the FWM signal with a third laser pulse with variable delay in another
nonlinear medium. Since the amplitude of the FWM signal is very low so far, the last
step would be extremely challenging.
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6. Conclusion

Localized plasmon polaritons in metallic nanostructures are interesting systems in nanoop-
tics as they can be easily excited by light in the visible range. The coherent collective
oscillation of the free conduction band electrons leads to a material polarization which
manifests in broad resonances in the linear optical spectra. The resonance position is
mainly determined by the size and the shape of the nanostructure and by the dielectric
function of the surrounding media. The size of the structures is typically on the order of
10 to 100 nm. After the excitation, the collective electron oscillation loses its coherence
due to several elastic and inelastic scattering events. It turns out that the dominating
dephasing channel for larger particles is the radiative decay, where photons are emitted
from the structures. Typical dephasing times are on the order of 10 fs only.

Within the concept of plasmon hybridization, the influences of the near field coupling
of nanoparticle pairs on the linear spectra is discussed. Here, several resonances appear
which originate from different eigenmodes of the coupled system where the charge dis-
tribution in the two particles is either symmetric or antisymmetric. By utilizing the
concept of two coupled classical harmonic oscillators, the shape of the absorption spec-
tra can be successfully modeled. In certain nanostructure geometries, situations can be
found where only one fundamental mode (bright mode) is excited by the far field. The
other mode (dark mode) is only excitable via the near field coupling. The back-action
of the dark mode onto the bright mode leads to a narrow transmission window within
the broad plasmon resonance. This concept is equivalent to electromagnetically induced
transparency (EIT) in atomic systems and can be utilized in order to tailor the linear
optical spectra of plasmonic hybrid systems. Furthermore, these structures are ideal for
sensor applications.

The plasmonic modes in metallic nanostructures can be effectively hybridized as well
with photonic modes which are excited in dielectric slab waveguides. These waveguides
with a thickness of typically 180 nm provide transverse electric (TE) as well as transverse
magnetic (TM) modes. By introducing a periodic grating on top of the waveguide,
the eigenmodes can be excited by external illumination which is normal to the slab.
Dependent on the grating period, narrow Fano resonances appear in the linear spectra.
If the grating consists of metallic nanowires in a metallic photonic crystal structure,
particle plasmon polaritons can be excited simultaneously in the wires if the light is
polarized perpendicular to the wires. If the particle plasmon polaritons are resonant
to the TM waveguide modes, the near field coupling leads to a hybridization of the
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fundamental modes. In the linear spectra, two resonances appear which correspond to
the eigenmodes of the coupled system (waveguide plasmon polariton). Dependent on
the coupling efficiency, which is mainly determined by the structure geometry, the two
eigenmodes differ in amplitude and linewidth. Therefore, the hybridization to photonic
waveguide modes is an ideal method to tailor the linear optical response deterministically.
Since the linear optical properties of waveguide plasmon polaritons are well understood,
they serve as a model system within this thesis.

The linear optical spectra are obtained from white light transmission measurements.
In order to model the linear optical response theoretically, a scattering matrix algo-
rithm is used. Here, the Maxwell equations are solved for each layer of the structure
separately and the solutions are coupled to the solutions in the adjacent layers. As a
result, the absorbance, transmittance, and reflectance as well as the spectral phase can
be calculated.

Together with the shape of the waveguide plasmon polariton eigenmodes in the linear
spectra, the dephasing dynamics of the eigenmodes are tailored as well. In order to mea-
sure the dephasing dynamics of hybrid plasmonic systems, special techniques have to be
employed due to the ultrafast decay of the polariton polarization. Especially, nonlinear
interferometric autocorrelation measurements render to be ideal for this purpose. A pair
of identical sub-10 fs laser pulses excites the system with a variable time delay. In the
nonlinear regime, the pulses together with the excited polariton polarization are mixed
in a third-order nonlinear process. The shape of the measured autocorrelation function
depends strongly on the dephasing dynamics of the polaritonic system and a beating of
the nonlinear signal is observed.

To understand the influence of the polaritonic system on the shape of the autocorre-
lation function and to determine the dephasing times of the polaritonic eigenmodes, a
harmonic oscillator model is utilized where the eigenmodes are described as separate
damped oscillators. Via the polariton polarization, the nonlinear autocorrelation func-
tion is calculated and fitted to the experimental data. For certain sample configurations,
dephasing times up to 90 fs are achieved. By spectrally resolving the third harmonic
signal, the autocorrelations reveal additional information. Several spectral components
in the nonlinear regime are distinguishable which show a different temporal evolution.

Information about the spectral phase change of the transmitted light, which is induced
by the metallic photonic crystal structure, can be retrieved from the spectrally resolved
autocorrelations as well. Here, a technique is developed which is based on frequency-
resolved optical gating (FROG). This method is usually used in order to characterize
ultrashort laser pulses. By Fourier-filtering of the spectrally resolved interferometric
autocorrelation trace, the usual FROG trace is obtained. By applying a common re-
trieval algorithm, the spectral phase is finally extracted. A good agreement is found in
comparison to scattering matrix calculations.
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In the ultrafast experiments, metallic photonic crystals show a strong nonlinear optical
response. However, the origin of the nonlinearity is controversially discussed. In order
to achieve a deeper understanding of the nonlinear processes, third harmonic generation
spectroscopy experiments are performed. It turns out that metallic photonic crystal
structures with an embedded grating in the waveguide tend to be ideal for this kind of
experiments. Several peaks in the nonlinear spectra are found and the nonlinear spectra
show a complete different shape when compared to the linear spectra.

By carefully varying the structure geometry, one peak in the third harmonic spectrum
can be attributed to the particle plasmon resonance in the metallic nanostructures while
a second peak originates from the waveguide material. This result is further supported
by varying the waveguide material, i.e., its nonlinear susceptibility.

Several theoretical approaches confirm the experimental findings. In a first approach,
the third harmonic signal is rigorously calculated from the field distribution in the con-
stituent materials without applying a model for the modes in the system. Since the field
distribution spectrally differs in the materials, the peaks in the nonlinear spectra can be
unambiguously assigned to the materials. In a second approach, the model of coupled
harmonic oscillators is expanded with a nonlinear coupling term. From the qualitative
agreement to the experimental data it can be confirmed that the nonlinear coupling can
be neglected and the nonlinearities of the fundamental modes, i.e., the particle plasmon
polariton and the waveguide mode, are sufficient to explain the nonlinear spectra. In a
third theoretical description, the EIT concept is applied. It turns out the the destructive
interference of the dark and the bright mode, which are related to the waveguide mode
and the particle plasmon mode, respectively, has a consequence on the linear spectra
alone and does not occur in the nonlinear regime.

Furthermore, the influence of the group refractive index on the nonlinear response is
investigated theoretically. The amplitude of the group index is directly related to the
coupling efficiency of the particle plasmon polariton to the waveguide mode. The latter
one can be easily varied by changing the position of the plasmonic grating within the
waveguide material. A direct relation of the third harmonic signal from the waveguide
material to the group index is found. It can be concluded that a high group index slows
the light down in the waveguide material which increases the light-matter interaction
time and thus the amplitude of the nonlinear signal.

In order to coherently control plasmonic excitations dynamically, their short dephas-
ing times are a serious drawback. However, the hybridization of plasmonic excitations
in a metallic photonic crystal structure is a sophisticated method in order to achieve
sufficiently long dephasing times. By carefully designing the metallic photonic crystal
structure, one of the waveguide plasmon polariton modes can be tuned in resonance to
the laser while the other one in barely excited.

Coherent control is accomplished in a pulse sequence configuration. A first pulse gener-
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ates a polariton polarization in the sample. Dependent on the exact time delay, a second
pulse in the series either turns the polariton polarization completely down or reexcites
it. In order to temporally resolve the control process, a third pulse is utilized which is
mixed with the polariton polarization in the sample in a nonlinear fashion. Due to its
oblique incidence, a variety of nonlinear signal can be observed behind the sample. One
of the signals is separated and measured as a function of the time delay of the third
pulse.

Although the temporal shape of the ultrashort laser pulses is not ideal so far, a large
contrast between the signal in the two configurations is found where the polariton po-
larization is either turned on or off. The data show that the plasmonic excitation in the
metallic photonic crystal structure can be indeed coherently controlled at any desired
time after its excitation by all-optical means. Together with the linear polarization, the
nonlinear response is controlled as well which renders this technique ideal for ultrafast
switching applications in nonlinear optics.

In order to understand all the details of the experimental data, the harmonic oscillator
model is further extended in order to account for the three-pulse excitation. A beating
phenomenon in the nonlinear signal is attributed to the slight excitation of the second
waveguide plasmon polariton mode by the broad laser spectrum. The simulations prove
as well that the temporal shape of the laser pulses has only minor influence on the
outcome.

Finally, first experimental steps are discussed in order to distinguish between homo-
geneous and inhomogeneous broadening of plasmonic resonances. From semiconductor
physics it is known that four-wave mixing experiments have to be performed for this
purpose. The decay of the coherence in the system due to inhomogeneous broadening
can be inverted in time by a laser pulse and a photon echo can be detected at a delay
after the pulse. The observation of a photon echo would be a clear evidence for inhomo-
geneous broadening. The experimental configuration of the coherent control experiment
is ideal for such kind of experiments. Within this thesis first results are discussed. The
four-wave mixing signal was indeed observed in the experiment for a plasmonic nanos-
tructure. In further investigations, it would be very interesting to prove the existence of
the photon echo signal as well.
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7. Outlook

From the results of this thesis, several further investigations can be envisioned. In the
linear optical regime, the embedded metallic photonic crystal structures with the narrow
resonances in the linear optical spectra could be utilized as efficient sensors for fluids
and gases.

In the nonlinear optical regime, the spectrally resolved autocorrelation measurements
together with the extended FROG algorithm could be employed in order to measure the
spectral phase of an embedded metallic photonic crystal structure over a broad spectral
range. From these measurements, the theoretically expected large group refractive index
could be confirmed experimentally. Furthermore, the results could be compared to
measurements, where a nonlinear crystal serves as the nonlinear medium and where the
metallic photonic crystal structure interacts with the light only in a linear fashion. Any
variations of the spectral phase could be directly related to the nonlinear susceptibilities
of the structure.

Regarding the origin of the nonlinearity in plasmonic systems, a deeper investigation of
the normalized THG signal is necessary which can be below the signal of the substrate.
Additionally, higher diffraction orders of nonlinear signal can be studied and compared to
the simulations. In the next steps it would be interesting to investigate single plasmonic
structures as well. Here, THG imaging measurements could help to reveal the spatial
origin of the nonlinear signal within the structures. Furthermore, one could compare the
nonlinear signals in the case where the fundamental light is resonant to the PPP with
the case where the THG is resonant to the PPP.

The THG spectroscopy technique could be utilized in the future in order to investigate
the nonlinear response of more complicated plasmonic structure shapes and metamate-
rials, as well. By employing the polarization state of the fundamental and the higher
harmonic light it could be possible to even determine the nonlinear susceptibility ten-
sors. In 3D metamaterial structures, such as stereometamaterials [190], it could be
investigated how the electric as well as the magnetic coupling between the constituent
structures influences the nonlinear response. 2D and 3D plasmonic oligomers [60] with
single and multiple Fano and/or EIT resonances could be utilized for nonlinear genera-
tion as well.

For the all-optical control experiments it would be possible to exclude the linear optical
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interaction of the probe pulse with the structure. Such an experiment would require
an additional nonlinear medium behind the sample which combines the transmitted
fundamental light through the structure with the probe pulse. The variation of the
probe pulse delay could be accomplished as well in a fast-scan technique where the delay
is varied with a high frequency and the nonlinear signal is measured using a lock-in
technique.

More complicated plasmonic structures such as superlattices could be used for the all-
optic control experiments. It would be very interesting as well to study the temporal
behavior of purely plasmonic hybrid structures without photonic waveguide contribution.
In order to avoid inhomogeneous broadening, the hybrid modes in single plasmonic struc-
tures could be controlled as well. Furthermore, in magnetic photonic crystals it should
be even possible to control optical magnetism on a femtosecond time scale. By spectrally
resolving the THG signal which is utilized for the all-optical control experiments, more
information about the temporal evolution of the different spectral THG components
could be obtained. Certainly, an improvement of the laser pulse shape would enhance
the contrast of the results. First steps in this direction by utilizing a pulse shaper are
already in progress.

In order to investigate the inhomogeneous broadening of plasmonic nanostructures, not
only four-wave mixing experiments but also experiments using nonlinear difference fre-
quency generation or optical rectification would be very interesting. It remains to be
seen if the field enhancement around the metallic nanostructures can be utilized for an
enhanced terahertz radiation emission.
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A. Appendix

A.1. List of acronyms

1D one-dimensional

2D two-dimensional

3D three-dimensional

ACF autocorrelation function

BBO beta barium borate

CCD charge coupled device

EBL electron beam lithography

EIT electromagnetically induced transparency

FROG frequency-resolved optical gating

FWHM full width at half maximum

FWM four-wave mixing

ITO indium tin oxide

MIBK methyl isobutyl ketone

MIIPS multiphoton intrapulse interference phase scan

NMP N-methyl-2-pyrrolidone

PEEM photoemission electron microscopy
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PMMA poly(methyl methacrylate)

PMT photomultiplier tube

PPP particle plasmon polariton

SEM scattering electron microscope

SERS surface enhanced Raman scattering

SFG sum frequency generation

SHG second harmonic generation

SPP surface plasmon polariton

SRR split ring resonator

TE transverse electric

THG third harmonic generation

TM transverse magnetic

UV ultraviolet

WPP waveguide plasmon polariton

XFROG cross-correlation frequency-resolved optical gating
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