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Abstract
The investigation of surfaces and thin films is of particular interest in current research
as it provides a basis for a multiplicity of applications such as waveguides, sensors, solar
cells and optoelectronics. The origins of complex phenomena on surfaces and in thin films
can be revealed by applying angle-resolved spectroscopy in two dimensions: the angle of
incidence is scanned while analyzing the full emission spectrum in terms of exit angle and
emission energy.

The interface of a metal layer and a dielectric can support collective electron plasma
resonances, i.e. surface plasmon polaritons, which are accompanied by giant field en-
hancement while propagating along the interface. We characterize the Kretschmann and
the Otto coupling configuration in terms of their coupling efficiency and their impact on
the surface plasmon resonance as a function of wave-vector. Although being commonly
considered as equivalent in terms of plasmonic coupling, we identify differing depen-
dencies of their respective coupling efficiency on the coupling layer thickness and the
excitation wavelength which is fundamental for sensing applications.

Provided that a metal layer is embedded in a symmetric cladding in terms of its di-
electric function and the film thickness is reduced to the order of λ/10, modes from both
interfaces can couple and propagate as long-range surface waves. Surprisingly, even in-
trinsically absorbing films support low-loss surface waves, whose propagation length can
become arbitrarily long in the limit of vanishing film thickness. This phenomenon re-
quires only that the material’s dielectric function be predominantly imaginary over that
particular range of optical frequencies.

Furthermore we show that the orientation of transition dipole moments inside thin
monolayer films of effective media that contain oriented CdSe nano-platelets can be de-
termined by applying k-space spectroscopy. Thus we determine electronic and dielectric
contributions to the emission anisotropy and reveal the intrinsic nature of the direction-
ality in the emission. We show that this phenomenon is related to the anisotropy of the
electronic Bloch states that govern the transition dipole moment of the exciton.

Beyond the linear investigation of surfaces and thin films, 2D-k-space spectroscopy
can provide an insight into the principles of nonlinear wave-mixing interactions. The role
of surface plasmons in second harmonic generation, whether they act as field-enhancing
catalysts or as quasiparticles converted in the interaction can be revealed by k-space spec-
troscopy: by way of the signature in k-space, we identify a nonlinear interaction where
two surface plasmons annihilate to create a second-harmonic photon as well as the inter-
action of a plasmon and a photon by virtue of a degenerate three-wave mixing process.



We analyze the intrinsic origin of surface plasmon enhanced second harmonic gen-
eration in metal films by comparing the absolute nonlinear yield in attenuated internal
reflection configurations to theoretical calculations based on the hydrodynamic model. A
first estimation of the nonlinear parameters in the hydrodynamic model is given and the
contributions of the bulk and surface source are determined, showing that the in-plane
surface source is stronger than predicted.

For absorbing thin films however, we report the first evidence of field enhancement
and long-range surface wave enhanced second harmonic generation. Here, we identify
the out-of-plane surface source to have the strongest contribution to the second harmonic
yield.As the nonlinear susceptibility of a material can greatly increase if the probing fre-
quency approaches an absorption resonance, absorbing materials can indeed be consid-
ered as low-loss optical media for doing surface-wave optics in the nonlinear regime.

We show further, that, in contrast to the isotropic linear absorption, the two-photon
absorption in oriented nano-platelets is highly anisotropic. This transition dipole orienta-
tion is dependent on the probabilities of the involved processes and their selection rules.
We demonstrate that an additional silver layer covered with SiO2 enables surface plasmon
enhanced excitation of oriented nano-platelets, boosting the photoluminescent emission
which is highly directed through coupling to the plasmonic mode. The combination of
TPA and the plasmonic resonance even leads to further concentration of the absorption
range as a function of excitation wave-vector.

In summary, this work has shown that 2D-k-space spectroscopy –as applied to solid
surfaces, thin films and nano-particles– provides insight into the intrinsic material proper-
ties, as well as the surface- wave and radiation phenomena supported by these structures.



Zusammenfassung
Die Erforschung von Oberflächen und dünnen Schichten ist für die Forschung beson-

ders interessant, da zahlreiche Anwendungen wieWellenleiter, Sensoren, Solarzellen oder
optisch-elektronische Geräte darauf beruhen. Die Ursprünge komplexer Oberflächenphä-
nomene können durch winkelaufgelöste Spektroskopie in zwei Dimensionen aufgedeckt
werden: während der Anregungswinkel durchgestimmt wird, wird das gesamte Emissi-
onsspektrum als Funktion der Austrittswinkel und der Energie analysiert.

An der Grenzschicht zwischen einemDielektrikumund einemMetall können Resonan-
zen kollektiver Elektronenschwingungen, so genannte Oberflächenplasmonen auftreten.
Während ihrer Propagation entlang der Grenzschicht, werden sie von großen Feldverstär-
kungen begleitet. Wir charakterisieren die Otto- und die Kretschmann- Koppelanordnung
bezüglich ihrer Kopplungseffizienz und ihres Einflusses auf die Oberflächenplasmon- Re-
sonanz. Obwohl beide Anordnungen gewöhnlich als equivalent in Bezug auf die Anre-
gung von Plasmonen angesehen werden, identifizieren wir Unterschiede: die jeweiligen
Koppeleffizienzen unterscheiden sich deutlich in ihrer Abhängigkeit von der Dicke der
Kopplungsschicht und der Anregungswellenlänge, was ausserordentlich wichtig für z.B.
Sensoren ist.

Für dünne Metallschichten in dielektrisch symmetrischer Umgebung und unter der
Voraussetzung sehr dünner Schichten von der Grössenordnung λ/10, können Moden
von beiden Grenzschichten miteinander koppeln und sich als langreichweitige Oberflä-
chenwellen ausbreiten. Überraschenderweise existieren solche Oberflächenwellen auch
in absorbierenden Materialien, in denen die Propagationslänge sogar beliebig lang wer-
den kann, wenn die Schicht infinitesimal dünn wird. Die einzige Bedingung ist, dass der
Imaginärteil die dielektrische Funktion in dem entsprechenden Frequenzbereich domi-
niert.

Darüber hinaus zeigen wir, dass die Orientierung von Übergangsdipolmomenten in
dünnen Monolayer-Schichten, die orientierte Nano-Plättchen beinhalten, durch k-Raum-
Spektroskopie bestimmt werden kann. Wir unterscheiden elektronische von dielektri-
schen Beiträgen zur Emissions-Anisotropie und enthüllen den Ursprung gerichteter Emis-
sion, der auf die Anisotropie der elektronischen Bloch-Zustände zurückzuführen ist, die
das Dipol-Übergangsmoment des Exzitons bestimmt.

Zusätzlich zur linearen Erforschung von Oberflächen und dünnen Schichten, gewährt
2D-k-Raum-Spektroskopie Einblick in die Grundlagen nichtlinearerWellenmisch-Prozesse.
Die Rolle des Oberflächenplasmons in der Wechselwirkung, ob es sich um einen feld-
verstärkenden Katalysator oder ein Quasiteilchen, das umgewandelt wird, handelt, kann



durch k-Raum-Spektroskopie geklärt werden. Durch ihre Signatur im k-Raum identifizie-
renwir das Entstehen eines frequenz-verdoppelten Photons durch die Auslöschung zweier
Plasmonen und auch die Wechselwirkung eines Plasmons mit einem Photon in entarteten
Drei-Wellen-Mischprozessen.

Wir analysieren weiter den intrinsischen Ursprung der Verstärkung von harmonischer
Strahlung zweiter Ordnung durch die Anregung von Oberflächenwellen in metallischen
Filmen, indem wir Absolutwerte der harmonischen Intensität, gemessen in verhinderter
Totalreflexion, mit Berechnungen basierend auf dem hydrodynamischen Modell verglei-
chen. Eine erste Anschätzung der nichtlinearen Parameter des hydrodynamischen Mo-
dells wird gegeben und die Beiträge von Quellen an den Oberflächen und innerhalb der
Schicht werden bestimmt, wobei sich die in der Grenschicht liegende Oberflächenquelle
als Stärkste erweist.

Für absorbierende dünne Schichten erbringen wir den ersten Nachweis von Feldver-
stärkung durch langreichweitige Oberflächenwellen und daraus resultierende frequenz-
verdoppelte Strahlung. Hier liefert die aus der Oberfläche heraus gerichtete Quelle den
grössten Beitrag. Da dieNichtlineare Suszeptibilität imBereich einer Absorptions-Resonanz
deutlich erhöht sein kann, kommen absorbierende Materialien tatsächlich für nichtlineare
Optik mit langreichweitigen Oberflächenwellen in Frage.

Darüber hinaus zeigen wir, dass im Gegensatz zur isotropen linearen Absorption, die
zwei-Photonen-Absorption in orientierten Nano-Plättchen stark anisotrop ist. Diese Ori-
entierung der Übergangs-Dipolmomente führenwir auf die Übergangs-Wahrscheinlichkeiten
und die Auswahlregeln zurück. Wir zeigen, dass eine zusätzliche Silberschicht, bedeckt
mit einer dünnen SiO2-Schicht, die Oberflächen-Wellen-verstärkte Anregung orientierter
Nano-Plättchen ermöglicht, was zu erhöter Photolumineszenz führt, welche gleichfalls
an die plasmonische Mode koppelt und stark gerichtet abstrahlt. Die Kombination von
Zwei-Photonen-Absorption und Plasmonischen Resonanzen führt sogar zu noch stärke-
rer Konzentration der Absorption in Bezug auf ihren Wellen-Vektor.

Zusammenfassend haben wir gezeigt, dass 2D-k-Raum-Spektroskopie –angewendet
auf Festkörper-Oberflächen, dünne Schichten und Nano-Teilchen– Einblicke in intrinsi-
sche Materialeigenschaften gewährt und die Analyse von Oberflächenwellen und damit
zusammenhängender Strahlung ermöglicht.
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1 | Introduction

The surfaces of bodies are the field
of very powerful forces of whose
action we know but little - Lord Rayleigh

The study of thin films and solid surface phenomena has become the basic science behind
many engineering branches and technologically ambitious industries. A sample of solid
material is always in contact with othermedia via its surface and it is through this interface
that interactions with the environment occur. The physical and chemical properties of a
surface can be strongly altered by the surrounding medium. Thus the surface of a solid
plays an important part in key physical and chemical processes [1–4].

Surface science is vital in many materials-based industries such as optoelectronics,
molecular sensing industries and any industry working in nanotechnology. Modern com-
munication technology based on semiconductor devices and microelectronics with its in-
creasing trend towards greater miniaturization would be unthinkable without surface and
interface research [5, 6].

But how can a solid surface be defined?
A simple definition would be the plane at which the solid terminates. In practice, however,
this boundary is not limited to the last atom layer before the adjacent phase but extends
into it. Thus the surface is commonly regarded as consisting of that number of the solid’s
atomic layers after which bulk properties are reached. This decay distance in general is
of the order of 5 to 20 nm [7].

Multiple methods have been developed to identify the surface compositions and to
characterize their physical and chemical properties. Among them amultiplicity of spectro-
scopic methods based on direct particle interaction such as Auger electron spectroscopy,
electron energy-loss spectroscopy, low-energy electron diffraction but also static and dy-
namic secondary ion mass spectroscopy and many others [8–11]. These methods can

1



CHAPTER 1. INTRODUCTION

provide detailed information about surface composition and physical properties but re-
quire high vacuum and are thus not easy to apply. Besides, modification of the sample by
way of particle interaction cannot always be excluded during the analysis.

A different approach is used for scanning probe techniques where the surface is in-
terrogated by a sharp tip, realized, for example, by atomic force microscopy, scanning
near-field microscopy or scanning tunneling microscopy [12–14]. The surface’s compo-
sition as well as its profile can be explicitly determined with these techniques. However,
surface modification through physical contact or deposition of conductive coatings is of-
ten inevitable and large-area scanning is very time-consuming.

Proven alternatives for surface and thin film analysis are angle-dependent scattering
techniques. They have the advantage of being non-invasive, applicable at standard atmo-
spheric pressure, suitable in scanning setups, and adaptable to large areas. A distinction in
terms of excitation wavelength can be drawn between X-ray measurements (total reflec-
tion X-ray fluorescence analysis, grazing incidence X-ray reflectivity, energy-dispersive x-
ray spectroscopy and others) and the optical regime (ultraviolet, visible and near-infrared,
for transmission, reflection and scattering) [15–17].

In this work, we focus on angle-dependent techniques in the optical regime which
can be referred to as k-space spectroscopy due to the imaging properties of the setup.
Well-established methods such as surface enhanced Raman spectroscopy, sum-frequency
generation spectroscopy or UV-vis-IR ellipsometry are also based upon this principle [18–
22]. They enable the analysis of compositions at the nano-scale, orientation distributions,
structural information about the surfaces and their environment. Related properties such
as refractive index, concentration, film thickness, optical dispersion and nonlinear sus-
ceptibility can be determined. As such, k-space spectroscopy is finding the way for ap-
plications not only in surface and material science but also in environmental analysis,
art research, explosives and drug detection, and high-sensitivity detection of molecular
interaction [23–28].

The special aspect of our approach is the principle of two−dimensional k-space spec-
troscopy which combines tunable incident angles with wavelength and angle resolved
detection. Even complex phenomena such as collective charge oscillations, nonlinear
interactions, transition dipole orientations or coupled surface wave resonances which
exceed the simple composition of the topmost layers can be revealed by these k-space
spectroscopic measurements. Furthermore, nonlinear interactions in thin films and at
the surface can be resolved and the contributing source terms can be quantitatively de-
termined [29, 30]. This approach cannot be categorized into one of the afore-mentioned

2



1.1. NONLINEAR 2DK-SPACE SPECTROSCOPY
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Figure 1.1: k-space spectroscopy excitation and detection scheme. The beam position in
the back aperture is related to the incident angle in the lens focus via the wave-vector projection
kx,in = k⃗ sin(θin). Analogous the exit angle can be imaged to the CCD camera via its wave-vector
projection. Here, f is the focal length of the identical focusing and detection lenses.

angle-dependent techniques because it combines properties such as surface-enhancement,
nonlinear wave-mixing and polarization-dependent excitation and detection. Further in-
formation on the principle of k-space spectroscopy and the examined phenomena can be
found in the next section. Our experimental setup is illustrated in section 1.2.

1.1 Nonlinear 2D k-Space Spectroscopy

The principle of k-space spectroscopy relies on the relation of a well-defined beam’s po-
sition in the back aperture of an objective to the angle under which a sample in its focus
is encountered [29, 31] . This angle-dependent wave-vector projection can be understood
as a Fourier transform between k-space and position space. Two-dimensional k-space
spectroscopy means scanning of the incident angle while simultaneously analyzing the
reflected intensity in terms of its emission wave-vector as shown in Fig 1.1. In addition,
dispersive components can be integrated in the detection path to identify nonlinear inter-
actions and luminescent emission by their spectral distribution in energy. What follows
now is a discussion of the most prominent surface phenomena that have been investigated
in this work.

Surface Plasmons: A prominent example of surface phenomena is the surface plasmon
polariton (SP), a surface wave confined to the interface between a metal and a dielectric
[32, 33]. The sub-wavelength confinement of SPs to the interface can lead to giant field
enhancement. The latter property has provided a basis for applications such as plasmonic

3



CHAPTER 1. INTRODUCTION

sensor devices, microscopes, waveguide couplers, modulators and improved solar cells. It
is valuable in boosting the yields of nonlinear frequency conversion, such as in harmonic
generation and the sensing of molecular vibrations via surface enhanced Raman scattering
[29, 34–47]. Recently, SPs are used for optical switching, self-assembly of nano-films,
quantum plasmonic sensing and plasmonic superlenses [48–52]. Future applications and
combinations of effective media, surface waves and single photon emitters require further
investigation of fundamental linear and nonlinear properties of surface waves and coupled
propagating waves in thin films.

A detailed analysis of SP-excitation via evanescent fields is given in Chapter 2, reveal-
ing analogies and differences for the two common coupling configurations, namely the
Otto and the Kretschmann configuration [53, 54]. SP excitation in these attenuated total
internal reflection (ATR) setups allows the determination of pronounced surface and thin
film characteristics such as dielectric function, film thickness, concentrations and radia-
tive losses which are the basis for sensing devices [55–62]. Although being established as
standard coupling configurations in many applications, the coupling properties and espe-
cially the sources of nonlinear effects are of current interest in research and development.

We demonstrate the existence of fundamental differences between the Otto and the
Kretschmann coupling configurations, which are commonly considered as identical. The
differences concern the coupling properties for SP excitation which are examined for
white-light and pulsed laser excitation. As a result, the dependence of the coupling ef-
ficiency on material parameters and configuration parameters such as dielectric function
and film thickness is revealed.

Nonlinear Plasmonics: The combination of plasmonic field enhancement at the surface
and the breakup of the inversion symmetry of noble metals at an interface led to the con-
sequential application of SP’s to nonlinear optics. The fast developing field of nonlinear
plasmonics comprises harmonic generation from surfaces and thin films, wave-mixing
and its applications in microscopy and sensing techniques, generation of high harmonic
atto-second pulses, two-photon absorption, surface structuring and down conversion. [46,
63–68].

The yield of nonlinear conversion processes is strongly dependent on the intensity of
the driving fundamental field and its phase-matching to the emitted harmonic radiation.
Hence, second harmonic generation (SHG) is often used as indication for plasmonic field
enhancement [69]. As the total interaction length at a single surface or in a thin film
is orders of magnitude less compared to the sizes of typical nonlinear crystals employed
in frequency conversion, can there be a significant yield of harmonic generation? Can

4
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a) b)

d)c)

e)

Figure 1.2: Illustration of surfaces waves. a) Surface plasmon polariton at two semi-infinite
media. b) Second-harmonic generation and degenerate sum-frequency generation as example of
surface plasmon enhanced nonlinear interactions. c) Long-range surface wave in a thin film. d)
Electric field enhancement at the long-range surface wave resonance. e) Photography of a prism
sample in the Kretschmann configuration.

the huge field enhancement provided by the SP resonance be used to boost nonlinear
phenomena so that it can compete against established converters such as beta barium
borate (BBO) crystals? And if yes, what are the specific sources of nonlinear polarization
that are involved in the nonlinear conversion process?

In Chapters 3,4 and 5, we focus on surface plasmon enhanced SHG and wave-mixing
processes on single interfaces and in thin films. The groundwork for the theoretical analy-
sis of surface SHG was laid by Bloembergen et al. [70, 71] and has thereupon been applied
to plasmonics [18, 72, 73]. An established theoretical concept to calculate surface plasmon
enhanced SHG is to describe the electron dynamics with the hydrodynamic theory [72–
74]. This approach is adapted in Chapter 3 to determine the surface and bulk contributions
to the out-coupled SHG.

In Chapter 4 the harmonic conversion efficiency is compared to experimental results
from ATR coupling configurations both qualitatively and quantitatively. A direct com-
parison of absolute values for the conversion efficiency is given and the nonlinear source
parameters following the notation of Rudnick and Stern are determined [74]. Further-
more, the interactions involved in the nonlinear conversion process are analyzed and the
role of the surface plasmon, being a catalyst or an active participant is revealed. For this
purpose, the setup is modified to enable excitation with two independent laser beams and
hence investigation of degenerate three-wave-mixing.

5



CHAPTER 1. INTRODUCTION

Long-range surface waves in thin films: Thin films with symmetric cladding in terms
of their dielectric function are known to support coupled surface waves at both inter-
faces [75–79]. Long propagation lifetimes have been reported in the visible regime for
very thin films (< 20 nm) if embedded in transparent media [76, 80, 81]. As the electric
field is suppressed inside the film, strongly absorbing media whose dielectric function is
dominated by its imaginary part, can also support low-loss surface waves [82–84]. Close
to an absorption resonance, the nonlinear susceptibility of a material can greatly exceed
those values found off-resonance which could make absorbing thin films interesting for
nonlinear optics [85].

In Chapter 5, such long-range surfacewaves (LRSW) are investigated for thin chromium,
molybdenum and gold films. A modified ATR coupling configuration is applied to deter-
mine linear coupling properties, propagation lengths and mode profiles [86–89]. In ad-
dition, we examine to what extend field enhancement originates from the surface wave
resonance. Here, the second harmonic radiation coupled to the far-field is acting as indica-
tor for field enhancement that is local to the film and its interfaces [90–92]. These results
are compared to SP enhanced SHG from Chapter 4 and it is discussed if intrinsically ab-
sorbing materials can be considered as low-loss optical media for surface-wave optics in
the nonlinear regime.

Oriented nano-platelets: Colloidal nano-particles have become a promising field of re-
search and have already been implemented in light emitting devices, solar cells, biological
sensors and electronics [93–95]. Recently, new 2D materials such as II-VI nano-platelets,
nano-belts and transition metal dichalcogenides have emerged [96–99] which have been
found to share the exciting properties of being nearly ideal quantum wells. Additionally,
high carrier mobilities [100, 101], very short (radiative) exciton lifetimes [102–105] and
high exciton binding energies have been reported for these 2D materials [98, 106–108].
The latter were attributed to the strong dielectric confinement in 2D nano-crystals.

Quantum confined systems have also been found to have anisotropic distributions of
their transition dipole moments [109–111]. The existence of a bright plane and a dark
axis has been reported for wurzite CdSe/ZnS quantum dots (QDs) and nano-rods. These
observed properties have been attributed to the symmetry and the fine structure of the
electronic states. Hence, the orientation or distribution of transition dipole moments and
their coupling to the density of photon states determine the emission characteristics and
radiative rates [112, 113]. In addition, theoretical predictions for strongly anisotropic par-
ticles show that the dielectric contrast between the nano-particles and the surrounding
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a) b)

c)

Figure 1.3: Absorption and emission characteristics of oriented NPs. a) Absorption spec-
trum of our nano-platelets. A TEM image is shown in the inset. b) Scheme of the linear absorption
process, relaxation by phonon-scattering and emission from excitonic recombination. c) Scheme of
two-photon absorption and the respective emission. d) Photography of our confocal setup (high-
NA objective and sample).

ligands strongly alters the angular emission properties [114]. This is in strong contrast
to the case of highly symmetric spherical particles, such as PbSe dots, where isotropic
internal dipole distribution and local fields result in isotropic emission[115]. For applica-
tions in photonics such as lasing and efficient display technology intrinsically directional
emitters of light will become increasingly important.

In Chapter 6 we apply 2D k-space spectroscopy to characterize the absorption and
emission patterns of a monolayer of oriented CdSe nano-platelets. Our investigation re-
veals photoluminescence that is strongly anisotropic in terms of its k-space distribution,
while the off-resonant absorption into the energetically higher 2D-continuum of states
is isotropic. The internal distribution of transition dipoles can be reconstructed includ-
ing consideration of the local density of photon states, and local field and Fresnel effects.
Thus dielectric and electronic effects can be separated and the intrinsic nature of directed
emission can be revealed. Having these contrasting properties of isotropic absorption, yet
anisotropic emission, makes oriented CdSe nano-platelets, or superstructures of similarly
parallel-oriented platelets, an interesting, and potentially useful class of semiconductor-
based emitter for optical technologies.

SP enhanced TPA in oriented nano-platelets: Strong enhancement and directed emission
have been shown for colloidal nano-particles on top of plasmonic layers [116–124]. The
combination of individual photon-emitters and subwavelength-confined plasmon modes
promises improvement in numerous fields such as sensing, microscopy, photovoltaics and
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spectroscopy [125–128].
In Chapter 7 we combine monolayers of oriented nano-platelets with silver layers that

support propagating surface plasmons. With the results from the previous chapters, we
can determine the plasmon-enhanced absorption and emission characteristics. Distin-
guishing dielectric effects attributed to the sample geometry and the surrounding ligands
from electronic effects, we can analyze the coupling of propagating surface waves to tran-
sition dipoles in oriented nano-platelets.

Furthermore, nano-platelets have been identified to offer remarkably high two-photon
absorption (TPA) cross sections which has likewise become important in various applica-
tions, e.g. micro-fabrication, lithography, polymerization, data storage and spectroscopy
[]. The selection rules for this multi-photon process are investigated and compared to the
case of linear excitation.

Plasmonic resonances in combination with two-photon absorption are of actual in-
terest in fluorescence microscopy, sensing applications and nano-lithography [129–134].
Highly oriented nano-platelets with their distinct radiation pattern on top of plasmonic
thin films promise boosted excitation and directed emission normal to the interface. Thus
we compare linear excitation and TPA excitation of oriented nano-platelets with andwith-
out plasmonic layers in terms of their efficiency, field enhancement and directionality of
the emission.

Nonlinear 2D-k-space spectroscopy is a powerful tool for studying surface and thin
film phenomena. Beyond the determination of material and sample properties such as the
dielectric function, the surface structure or the film thickness, it delivers insight into the
intrinsic nature of the sample. Surface wave resonances, second harmonic yield, photonic
and plasmonic interactions as well as transition dipole orientations can thus be character-
ized and will be the subject of this thesis.

Applying k-space spectroscopy, we could quantify the influence of ATR coupling con-
figurations on the excitation of SP and especially on the generation of second harmonic
radiation. In this context, the first direct comparison of absolute values for the SHG yield
to the nonlinear parameters from the hydrodynamic model in the Otto and Kretschmann
coupling configurations is presented. In a next step, absorbing thin films are shown to
support low-loss surface waves, that are confined to the surface and reach long prop-
agation lengths. Even SHG from field enhancement is observed for LRSW in the Otto
configuration which, to our knowledge, has not been reported before.

Finally, compositemonolayerfilms of effectivemedia that contain oriented nano-platelets
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are investigated and it is shown how 2D-k-space spectroscopy enables access to the intrin-
sic Bloch states of these 2D confined nano-particles. Thereby, the origins of the anisotropy
in the photo-luminescent emission and even for the nonlinear process of two-photon ab-
sorption could be revealed.

The combination of 2D-k-space spectroscopy with different excitations and spectro-
scopic analysis in the detection thus enables a large variety of measurements. It provides
an insight into the intrinsic properties of surface and thin film phenomena which are an-
alyzed in the following chapters.
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CHAPTER 1. INTRODUCTION

1.2 Experimental Setup

Figure 1.4: Experimental setup for k-space spectroscopy. A Ti:sapphire laser provided
pulsed radiation (150 fs) with wavelengths tunable from 780 nm to 960 nm and a repetition rate
of 75,4MHz, which was polarized with reference to the plane of incidence on the sample. A cut-on
filter F1 removed residual pump and second-harmonic radiation. A pre-focusing-lens L1 adjusted
the beam’s spot size in the back aperture of the objective lens L2 (0.075◦) and thus the beam’s
waist on the sample (190µm). The input fundamental beam was displaced in the back aperture of
the objective lens by a traveling mirror thereby scanning the angle of incidence with respect to the
sample. The outgoing light was collected by another, symmetrically-arranged, achromatic lens L3
and a filter F2 removed the majority of fundamental intensity. A beam splitter BS was used to di-
vide the signal into one half going to a monitoring camera, and the other half transferred to a Pellin
Broca prism which separated fundamental and harmonic radiation, and luminescence. The relay
lenses L4 and L5 project the back aperture of L3 and hence the k-space information of the emis-
sion onto a cooled CCD camera. By using the full 1024x256 pixel CCD-array, the excitation can be
scanned while the full emission is detected at once and analyzed as a function of wave-vector (long
axis) and wavelength (short axis). The excitation can be selected between white-light excitation,
two-beam excitation and pulsed frequency-doubled excitation in the visible regime. The objective
lens L3 can be replaced by a high NA immersion oil objective, enabling confocal excitation.
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2 | Linear Analysis of Surface
Plasmon Polaritons

Surface plasmon polaritons (SP’s) are known as solutions of Maxwell’s equations since the
work of Zenneck and Sommerfeld [135, 136]. Perhaps their simplest manifestation occurs
at the planar interface between a conductor and a dielectric, where the plasma oscillations
in the conductor are coupled to an evanescently confined electromagnetic field. Due to
their evanescent field profile and the plasmon wave-vector larger than that of propagating
light waves in the surrounding dielectric, SP cannot directly be excited from the far-field.
However, there are several options to match the wave-vector of the incident light to that
of the SP [137]. Excitation of SP via the method of attenuated total-internal-reflection
(ATR) was first demonstrated by Otto [54], closely followed by Kretschmann and Raether,
who developed an alternative ATR configuration [53]. Matching of the incident wave-
vector’s projection onto the interface to that of the surface plasmon can also be achieved
by the use of diffraction gratings or other appropriate excitation configurations that can
provide a larger wave-vector component [138, 139]. It has even been shown that free-
space excitation by four-wave mixing is possible [66].

The strong confinement of SP’s to the surface can further lead to huge enhancement of
the electromagnetic field while undergoing the plasmonic resonance. Applications such as
plasmonic sensor devices, modulators, solar cells and the sensing of molecular vibrations
via surface enhanced Raman scattering are based on plasmonic field enhancement [29, 34,
46, 140–142]. For all these applications, efficient coupling and well-defined mode prop-
erties are indispensable, while easy implementation without manipulation of the sample
is highly desirable. Few experimental configurations enable tuning of essential coupling
properties without substantially changing the propagation properties or inserting addi-
tional resonances.

Fundamentals of coupling from free-space radiation to propagating SPs, as well as ef-
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ficient out-coupling, are discussed in this chapter for the Otto and the Kretschmann con-
figuration. A short definition of SPs is followed by a detailed analysis of linear coupling
efficiencies in both configurations. Therefore, we experimentally investigate plane-wave
excitation of SP realized with white-light illumination as well as Gaussian beam illumi-
nation from a pulsed Ti:Sapphire laser. The results are compared to a detailed multi-layer
calculation.

2.1 Surface Plasmons at the Interface of Two Semi-Infinite
Media

The treatment that follows can be found in greater detail in the books of e.g. Raether [32]
and Maier [33]. The physical properties of SP’s can directly be derived from Maxwell’s
Equations. Starting with the curl equations in the absence of external charge and current
densities[143]

∇×E = − 1

µ0

∂H

∂t

∇×H =
∂D

∂t
(2.1)

where E is the electric field, D = ϵ ϵ0E the dielectric displacement and H the magnetic
field, we can calculate the equation for a surface wave, that is confined to an interface
between two infinite media. Assuming harmonic time dependence,

E(r, t) = E(r)e−iωt (2.2)

and inserting this ansatz into the wave equation

∇2E− ϵ

c2
∂

∂t2
E = 0 (2.3)

yields
∇2E+ k20ϵE = 0 (2.4)

where k0 = ω/c is the wave-vector in vacuum and c is the speed of light. Without loss
of generality, the plane of incidence is chosen to be the xz−plane (Fig 2.1). Now, an
electromagnetic wave, that is confined to the surface and propagates in the x-direction,
can be described as

E(x, y, z) = E0e
i(kxx+kzz) (2.5)

12



2.1. SURFACE PLASMONS AT THE INTERFACE OF TWO SEMI-INFINITE
MEDIA

Figure 2.1: Geometry of a surface wave, that is confined to the interface between a metal
z < 0 and a dielectric z > 0. The wave propagates in x-direction and the electric field amplitudes
are defined as Ex(0, 0, z) and Ez(x, 0, 0).

and the wave equation 2.4 results in

∂2E(x, y, z)

∂z2
+ (k20ϵ− k2x)E(x, y, z) = 0. (2.6)

which yields

kz =
√

k20ϵ− k2x (2.7)

A similar equation exists for the magnetic field H. It is well known [32, 33, 144], that
transverse magnetic (TM) polarization (here referred to as p-polarization) is needed to
excite surface plasmons. For this case (Ey = Hx = Hz = 0) , Eqs. 2.1 reduce to

∂Hy

∂x
=

∂Dz

∂t
∂Hy

∂z
= −∂Dx

∂t
(2.8)

First, we consider the simple configuration of two infinite half-spaces (Fig. 2.1), a di-
electric with ϵd for z > 0 and a metal with ϵm for z < 0, with their interface at z = 0 in
the xy−plane. Inserting Eqs. 2.2 and 2.5 into 2.8 then leads to

ikd,xHdy = iωDd,z

ikd,zHdy = −iωϵ0ϵdEd,x

inside the dielectric medium z > 0. For the metal z > 0, the respective equations are

ikm,xHd,y = iωDm,z

ikm,zHd,y = −iωϵ0ϵmEm,x.
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Figure 2.2: AFM image (a) dielectric function of a thermally evaporated gold film (b) and
related SP dispersion relation (c). The averaged roughness of the gold film is 3 nm. The disper-
sion relation is shown for a surface plasmon at the interface between an infinite gold layer and air.
The dielectric function of gold was obtained experimentally by ellipsometric measurements and is
shown in b).

The boundary conditions at z = 0 require continuity of Hy, Ex and Dz . The first one
leads to continuity of the kx-components,

kd,x = km,x

which is equivalent to Snell’s law. The latter ones result in
kd,z
km,z

= − ϵd
ϵm

. (2.9)

With Eqs. 2.9 and 2.7, we can calculate the wave-vector of a surface wave, that propagates
in the x-direction and is confined in the z-direction

kSP = k0

√
ϵmϵd

ϵm + ϵd
(2.10)

In contrast to this ideal conception, the measured SP resonance and propagation prop-
erties are highly affected by the respective coupling configuration. The actual plasmon
wave-vector slightly differs from this exemplary wave-vector, which is defined at the
interface between infinite media. In addition, intrinsic SP mode properties are particu-
larly sensitive to surface roughness and contamination of the metal surface–both of which
significantly affect the SP’s propagation speed, lifetime and resonant field enhancement.
Fig. 2.2a) shows an atomic-force microscopy (AFM) image of an exemplary gold film. The
averaged surface roughness was measured to be 3 nm. Ellipsometric measurements were
performed to obtain the gold’s dielectric function (see Fig. 2.2 b), whichwas used in the fol-
lowing calculations. Fig. 2.2c) shows the dispersion relation of a surface plasmon (Eq. 2.10),
which propagates at the interface between gold and air, and the respective light-lines of
free-space propagation in air and BK7 glass.
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2.2. ATTENUATED TOTAL-INTERNAL-REFLECTION COUPLING
CONFIGURATIONS
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Figure 2.3: Standard ATR coupling configurations. a) shows the Kretschmann configuration,
which consists of a BK7-glass coupling prism, a thermally evaporated gold film of thickness D
and the surrounding dielectric (air). b) shows the Otto configuration, which is based on the same
principle, yet the layer order is inverted. Below the BK7-prism is an air gap of size D1 for ad-
justable coupling of the generated evanescent field to a gold film of thickness D. The gap size D1

is controlled via white-light interferometry. For both configurations, the SP can be excited on the
gold-air interface: By varying the angle of incidence θin, the wave-vector’s projection kx to the
interface can be matched to kSP.

2.2 Attenuated Total-Internal-Reflection Coupling
Configurations

Established as the standardATR-coupling configurations are theOtto and the Kretschmann-
Raether configurations that are considered to be equivalent in terms of their plasmonic
coupling, and relation to near-field enhancement. Due to its simplicity, the Kretschmann
configuration (Fig. 2.3a) is often employed for excitation of SP’s, where a collimated light
beam interrogates the metal film via a glass prism [53].
In our experiment, the Kretschmann configuration consisted of a BK7-glass coupling prism
(layerM0) on which a thin gold film (M3) of thicknessD was thermally evaporated. SP’s
can be excited at the interface between the metal and the surrounding dielectric (M2),
which was air in this case.

z > 0 glass M0 with ϵ0

0 > z > −D gold M3 with ϵ3

z < −D air M2 withϵ2

⎫
⎪⎪⎬

⎪⎪⎭
Kretschmann

Driven as a total internal reflection setup, the larger wave-vector in the glass (ϵ0)
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reaches the interface between metal (ϵ3) and dielectric (ϵ2) as an evanescent wave.

kx = k0
√
ϵ0 sin(θin) ≡ ksp (2.11)

As described by Eq. 2.11, the wave-vector’s component parallel to the surface can thus
be matched to that of the SP by varying the angle of incidence θin. When this condition
is met, the surface plasmon resonance (SPR) leads to a strong local enhancement of the
fundamental field.
The Otto configuration (Fig 2.3b) was based on the same principle, yet the layer order was
inverted. On a Quartz coupling prism (M0) followed an adjustable air gap (M1), that was
used to vary the coupling to SP’s on a gold-air-interface, resulting in the order

z > D1 glass M0 with ϵ0

D1 > z > 0 air M1 with ϵ1

0 > z > −D gold M3 with ϵ3

z < −D substrate M2 with ϵ2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

Otto

While the Kretschmann configuration is easier to apply, the Otto configuration offers
the advantage of tunability. The coupling strength can be changed by varying the air gap
(M1). Concomitant with a change to the coupling properties, the SP’s dielectric environ-
ment also changes, leading to a shift of the plasmon resonance. Due to this dependence,
we studied a series of different metal thicknesses in the Kretschmann configuration and
of varying air gap in the Otto configuration.

2.2.1 Fabry-Pérot Model

The model in section 2.1 tells us about surface plasmon modes but does not contain in-
formation about the reflected intensity in ATR coupling configurations. Thus we use a
theoretical model, where we consider a general 2D configuration with the above men-
tioned 3 layers for the Kretschmann and 4 layers for the Otto configuration (Fig 2.3). To
take multiple reflections inside the air gap M1 and the metal M3 into account, we apply
a multi-layer Fabry Pérot model [145] to analyze our data. The reflectivity for an electric
field, incident as plane-wave from medium M0 is then

r̄02 = r01 +
t01r̄12t10e2ik1,zD1

1− r10r̄12e2ik1,zD1
(2.12)

where

r̄12 = r13 +
t13r32t31e2ik3,zD

1− r̄30r32e2ik3,zD

r̄30 = r31 +
t31r10t13e2ik1,zD1

1− r10r13e2ik1,zD1

(2.13)
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CONFIGURATIONS

The Fresnel coefficients for reflection and transmission from medium i to medium j are
defined as

rsij =
ki − kj
ki + kj

tsij =
2ki

ki + kj

rpij =
kiϵj − kjϵi
kiϵj + kjϵi

tpij =
2
√
ϵi
√
ϵjki

kiϵj + kjϵi

(2.14)

All coefficients are functions of their respective wavelengths and incident angles. From
Eq. 2.12, we can calculate the reflected intensity as

IR = |r̄02|2I0 (2.15)

For the special condition |Re(ϵ3)| ≫ 1 and |Im(ϵ3)| ≪ |Re(ϵ3)|, the plasmonic reso-
nance can be approximated [32] by a Lorentzian type relation of the form

IR(kx) = 1− 4ΓiΓrad

[kx − (kSP + δkSP)]
2 + (Γi + Γrad)2

, (2.16)

where δkSP accounts for the finite metal layer thickness and the related resonance shift
with respect to the plasmon wave-vector kSP for a semi-infinite metal. The real part of
the plasmon wave-vector Re(kSP) +Re(δkSP ) defines the resonance position, whereas
the damping terms

Γi = Im(kSP)

Γrad = Im(δkSP)
(2.17)

are related to the imaginary part of the plasmon wave-vector. Here, we distinguish in-
ternal damping Γi caused by electron-electron and electron-phonon scattering and there-
for thermal dissipation, and radiative damping Γrad from out-coupling to the prism and
scattering on surface roughness. The characteristic plasmon absorption for impedance
matching is found as a minimum in Eq.2.16, which is zero for

Γi = Γrad (2.18)

and fixes the optimummetal layer thickness for a given excitation wavelength. The damp-
ing terms are also responsible for the finite surface plasmon propagation length, given by

LSP =
1

2(Γi + Γrad)
(2.19)
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Figure 2.4: Calculated reflected intensities as a function of wavelength and incident angle
for a 50 nm gold layer in the Kretschmann configuration (on the left-hand side) and an air gap of
1000 nm in the Otto configuration (on the right-hand side). The dashed lines mark the angle of
total internal reflection at glass-air interface.

which also determines the width of the plasmon resonance. A calculated white-light map
of the reflected intensity (Eq. 2.15) for several wavelength and incident angles is shown in
Fig. 2.4. Here, the calculations for the Kretschmann configuration were performed with
a gold film thickness D of 50 nm, and for the Otto configuration with an air gap size
D1 of 1000 nm. The excitation of propagating surface plasmons can clearly be seen as
strong absorption feature beyond the angle of total internal reflection (dashed blue line).
A detailed comparison to the experimental results can be found in the next section.

2.3 Linear Measurements

For the linear analysis, two different k-space configurations were applied. A white-light
excitation setup (Fig. 2.5), which provides an overview of the linear coupling efficiency
to propagating surface plasmons, and a pulsed laser setup (Fig. 1.4) for Gaussian beam
excitation at a single wavelength.

2.3.1 Spectroscopic Measurements

In the white-light setup (Fig. 2.5), the emission from an incandescent filament lamp is
linearly polarized and focussed on the sample, containing a whole wavelength spectrum
from 400 nm to 1000 nm and a broad angular width from 35 to 55 degrees. The reflected
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Figure 2.5: Experimental Setup for linear reflectivity measurements with white-light ex-
citation. A filament lamp provides a broad spectrum, which is collimated with the lens L1, linearly
polarized and focussed on the sample with the lens L2. In a symmetric configuration, the reflected
intensity is collected and collimated with another lens L3. The signal is detected with a spectrome-
ter scanning the k-space. The resolution is limited by the entry slit of the spectrometer, the source
size and the precision of the translation stage.

intensity is collimated and then collected with a spectrometer in k-space. By shifting the
spectrometer’s position, the emission is scanned by the spectrometer’s entry slit which
also determines the angular resolution.

On the left-hand side of Fig. 2.6, the experimental results for different thicknesses of
34 nm, 54 nm, and 74 nm in the Kretschmann configuration are shown. The right-hand
side shows the results for air gap sizes of 450 nm, 750 nm, and 1000 nm in the Otto con-
figuration. For a wavelength below 450 nm, strong absorption features from inter-band
transitions are known for gold [146].

The blue-dashed lines represent the calculated angle of total internal reflection (TIR).
To eliminate fluctuations in the excitation spectrum, the results were normalized to a refer-
ence measurement of an uncoated BK7-glass prism. Due to the lower reflection coefficient
of bare glass beneath the TIR-angle, the normalized reflection appears to be higher in the
red-shaded areas, where it effectively vanishes. The characteristic plasmonic absorption
feature can be found beyond the TIR-angle for all measured parameters.

In the Kretschmann configuration, the plasmonic coupling efficiency remains almost
constant over the measured spectral range and bends towards larger incident angles for
shorter wavelengths, as expected from the dispersion relation (Eq. 2.10, Fig. 2.2). Variation
of the gold film’s thickness strongly affects the coupling strength, which is maximum
for D = 50 nm. Here, the incident light is phase-matched to the propagating surface
plasmon, leading to nearly complete extinction of the reflected intensity. An increase
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Figure 2.6: White-light reflection measurements for varying gold layer thickness in the
Kretschmann configuration (on the left-hand side) and different air gap sizes in the Otto configura-
tion (on the right-hand side). The dashed blue line marks the angle of total internal reflection from
BK7 glass to air. Due to normalization effects, the red-shaded areas diverge in their intensities,
while the actual reflected intensity vanishes.

in the thickness leads to weaker coupling and narrowing of the feature, while thinner
layers cause broadening of the plasmonic resonance at a likewise decrease in the coupling
strength.
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Figure 2.7: Comparison of coupling efficiencies as a function of wavelength and coupling
layer thickness for the Otto and the Kretschmann configuration: Reflected intensity as a
function of wavelength and gold layer thickness for the Kretschmann configuration (upper image)
and air gap size for the Otto configuration (lower image). To obtain these images, the SP resonance
was tracked for every coupling layer thickness (D andD1, respectively) and plotted as a function
of wavelength. Thus the dashed blue lines mark the development of the measured plasmonic
resonances as a function of wavelength, which is exemplary shown on the right side for 54 nm
gold layer and 750 nm air gap, respectively. The red line designates the position of Gaussian beam
excitation for the measurements in section 2.3.2.

A different behavior can be found for the Otto configuration. Here, the coupling ef-
ficiency has an optimum for every air gap D1. Shorter wavelengths require smaller air
gaps for efficient coupling, while increasing gap sizes lead to a resonance shift towards
larger wavelengths. As for the Kretschmann configuration, the plasmonic absorption fea-
ture broadens as a function of the incident angle as the gap size is decreased. However,
as a function of wavelength, the opposite dependence can be found: while the coupling
strength is nearly constant in the Kretschmann configuration, a confinement can be found
for smaller gap sizes in the Otto configuration.
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This trend can be confirmed by calculating the ratio IR/I0 (Fig. 2.7) as a function of
wavelength and either gold layer thickness or air gap for the respective configurations.
Here, the minima in the reflected intensity which identify the SP resonance were tracked
for every coupling layer thickness (D and D1, respectively) and plotted as a function of
wavelength, as schematically shown on the right hand side. Following the dashed blue
lines, which mark the measured layer thicknesses, the trend of the respective plasmonic
resonance can be recognized. For the Kretschmann configuration at 74 nm layer thick-
ness, the coupling strength is increasing up to a relative maximum at a wavelength of
650 nm and then decreases again. For 54 nm thickness, the coupling remains constant
over the whole spectral range, while for a thickness of 34 nm, it starts at a higher level,
decreases to find a minimum at a wavelength of 700 nm and then rises again. While for
the Kretschmann configuration, the thickness for optimal coupling differs only a little
around 50 nm, the plasmonic coupling in the Otto configuration shows a strong spectral
dependence on the size of the air gap: at a specific distance, coupling can only occur for
a distinct spectral range. Shorter wavelengths require smaller air gaps for efficient cou-
pling. As observed in Fig. 2.6, the resonance as a function of wavelength also is narrower
for smaller gaps and shows broadening when the air gap is increased.

In summary, the linear coupling in the Kretschmann configuration strongly depends
on the gold layer thickness but shows minor dependence on the excitation wavelength.
In the Otto configuration, efficient plasmonic coupling occurs for specific combinations
of gap size and wavelength: the optical pathway determines the coupling strength.

2.3.2 Gaussian Beam Excitation

While white-light excitation can be approached by plane wave calculations, laser beams
usually have a Gaussian beam profile in terms of incident angle, transverse as well as in
position. This distribution function of incident angles tends to broaden the observed ab-
sorption features in k-space. Experimental results and calculations with pulsed excitation
from a Ti:Sapphire laser at 855 nm wavelength are shown in Fig. 2.8 for varying gold film
thickness in the Kretschmann configuration (upper images) and different gap distances in
the Otto configuration (lower images). The angular beam width was measured to be 0.075
degrees and the spectral full-width-half-maximum (FWHM) 8 nm, which relates to a pulse
length of 150 fs and a pulse energy of 2 nJ at a repetition rate of 75.4MHz. Since the theo-
retical model was fully determined by the experimental parameters, no degree of freedom
was left in the calculations. The experimental results are compared to calculations of the
reflected intensities with Gaussian beam excitation for the respective coupling configu-
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Figure 2.8: Comparison ofmeasured reflected intensities (on the left) and calculations (on
the right) for Gaussian beam excitation at 855 nm in the Kretschmann configuration (upper
images) and in the Otto configuration (lower images). The beam parameters were: angular beam
width: 0.075 degrees, spectral FWHM: 8 nm. Here, kx/k0 = 1 corresponds 41.8◦, the TIR-angle at
aBK7-glass-air interface.

rations. The right-hand side of Fig. 2.8 shows the calculations for a broad range of layer
thicknesses. As for the white-light measurements, the coupling to propagating surface
plasmons can be identified by the decrease in the reflected intensity beyond the TIR-angle
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(kx/k0 = 1), which corresponds to 41.8◦ for BK7-glass at a wavelength of 855 nm..

In the Kretschmann configuration, only weak coupling is observed for thick gold layers
above 80 nm. When the film thickness is reduced, the coupling efficiency increases up
to a maximum across 90 % at 44 nm. Further reduction again leads to lower coupling
efficiency, increased radiative damping and thus to a broadening of the resonance, which
is also shifted towards larger incident angles. Below 50 nm film thickness, a decrease in the
reflected intensity can be found below the TIR-angle (kx/k0 < 1), which is due to partial
transparency of very thin layers. Both, qualitatively (on the right) and quantitatively (blue
lines on the left), the calculation fits the experiment very well.

As expected from Fig. 2.7, the optimum coupling in the Otto configuration at a wave-
length of 855 nm can be found around 1400 nm air gap size. Variations in both directions
lead to reduction of the coupling efficiency. In the under-coupled regime of thicker cou-
pling layers narrowing of the resonance can be observed. Over-coupling in the region of
smaller spacings causes broadening of the absorption feature whilst being shifted towards
smaller incident angles and thus closer, to and even beyond, the TIR-angle. The calcula-
tions show the same characteristics and also match the quantitative coupling efficiency
very well. In addition, the first order Fabry-Pérot resonance is visible in the theory at
small incident angles kx/k0 < 1 and large air gaps in excess of 2.5µm.

The coupling efficiencies are compared in Fig. 2.9 as a function of gold layer thickness
and air gap for the Kretschmann configuration and the Otto configuration, respectively.
The air gap in Otto and the metal thickness in the Kretschmann configuration tune the
coupling strength from under-coupling to impedance matching, to over-coupling. Here,
the experimental data is compared to Gaussian beam calculations performed with the
measured beam parameters and to plane-wave calculations (red lines at 855 nm in Fig. 2.7).
For monochromatic excitation and negligible surface roughness (plane waves), perfect
coupling can be observed. Critical coupling for plane-wave excitation is found at a gold
layer thickness of 48 nm in the Kretschmann configuration. In the Otto configuration, an
1.4µm air gap enables impedance matching.

However, a finite beam width leads to reduced coupling efficiency. In addition, a reso-
nance shift towards smaller coupling layer thickness can be observed compared to plane-
wave excitation. As determined from the white-light measurements and the respective
calculations, the plasmon resonance is very sharp in terms of incident angles for matched
coupling layers and excitation wavelengths. A Gaussian beam in contrast, which contains
a broader range of incident angles has greater overlap with the broadened resonance in the
over-coupled regime. This results in the resonance shift and the decrease of the coupling
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Figure 2.9: Comparison of themeasured and the calculated coupling efficiency determined
by the dip in the reflected intensity. The Kretschmann configuration (at the top) and the Otto
configuration (at the bottom) are compared in terms of coupling efficiency for Gaussian beam
excitation at a wavelength of 855 nm and for plane-wave excitation.

efficiency compared to the case of plane-wave excitation. A maximum coupling efficiency
of 90% is reached for a gold layer thickness of 42 nm in the Kretschmann configuration.
In the Otto configuration, optimum coupling of 80% is observed for an air gap of 1.35µm.
Hence, the overall coupling efficiency depends on the matching of the incident beam’s
waist to the angular width of the plasmonic resonance. Despite this, the model matches
the experimental results very well.

Knowledge about linear coupling efficiency, the dependence on layer thickness, beam-
shape, wavelength andmaterial properties is indispensable for all applications that exploit
surface plasmon resonances. Strong influences of the above mentioned parameters on the
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overall coupling efficiency of free-space radiation to propagating SPs have been observed
and analyzed. This detailed characterization of ATR coupling configurations enables fur-
ther investigations of waveguide-like thin films (see Chapter 5) and second harmonic gen-
eration (Chapter 4).
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3 | Theoretical Analysis of
SecondHarmonicGeneration

In this chapter, we present a theoretical analysis of SP-enhanced SHG which is supported
by a stringent calculation based on the hydrodynamic model. Reinterpreting the pio-
neering experiment from Simon et al. [72], we give an insight into the local nonlinear
polarization for both, bulk and surface contributions. Discrepancies between harmonic
conversion efficiencies for both configurations can be explained, if source terms driven
by the fundamental field and harmonic out-coupling efficiencies are taken into account.
We give an estimate of the nonlinear conversion parameters established by Rudnick and
Stern [74] and expanded by Sipe et al. [73, 147–149] by comparing measured absolute
conversion efficiencies to the hydrodynamic model. Additionally, resonances below and
on the light-line are analyzed, as evidenced by their nonlinear signature [83].

3.1 SHG in the Hydrodynamic Model

The yield of SHG and the excitation of surface waves strongly depend on the matching
of the incoming wave-fronts to that of the generated wave. For SHG, matching is more
difficult to achieve as the nonlinear polarization is generated at every point in the nonlin-
ear medium and interferes with the already propagating harmonic radiation. The problem
is thus broken up into three tasks: (1) we have to calculate the local fields at the funda-
mental frequency – from which (2) the nonlinear source terms are evaluated. Here, we
distinguish between sources of nonlinear radiation at the interfaces (Q) and in the bulk
material (A,B), which are depicted in Fig. 3.1. The coupling efficiency of this radiation
out to the far-field has to be included (3), which depends on the matching conditions of the
generated evanescent field’s wave-vector to that of the propagating harmonic field. The
hydrodynamic approach [73, 150] is adapted to investigate the second harmonic genera-
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Figure 3.1: ATR excitation configurations with nonlinear sources. In the left image the
Kretschmann configuration consisting of a glass prism and a thermally evaporated gold layer with
thickness of order λ/10, surrounded by air. In the right image, the Otto configuration composed
of a glass prism, an air gap of thickness D1 (on the order of the wavelength λ) and a gold layer of
a fixed thickness D. Here, kx and Kx are the wave-vector projections onto the interface, relating
to the incident angles θω and θ2ω , at the fundamental frequency ω, and harmonic frequency 2ω,
respectively. A and B are the harmonic sources from the bulk metal and the Qs are the respective
surface sources.

tion and the conversion efficiencies in both the Otto and the Kretschmann configuration.
Here, cgs units are used for all calculations. A detailed derivation can be found in Ap-
pendix A.
As in chapter 3, we consider a general 2D configuration with 3 layers for the Kretschmann
configuration and 4 layers for the Otto configuration:

z > 0 glass M0 with ϵ0

0 > z > −D gold M3 with ϵ3

z < −D air M2 withϵ2

⎫
⎪⎪⎬

⎪⎪⎭
Kretschmann

and

z > D1 glass M0 with ϵ0

D1 > z > 0 air M1 with ϵ1

0 > z > −D gold M3 with ϵ3

z < −D substrate M2 with ϵ2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

Otto

The coupling to surface waves requires p-polarized excitation, so we limit the calculation
to this case. Without loss of generality, we define the plane of incidence to lie in the x-
z-plane. The polarization vector for the linear and nonlinear wave is therefore given by
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p̂i± =
kxẑ∓ ki,zx̂

k0
√
ϵi

P̂i± =
Kxẑ∓Ki,zx̂

K0
√
Ei

(3.1)

The minus sign identifies a p-polarized plane wave, that propagates “downward" in posi-
tive x-direction and negative z-direction. As the wave-vector components parallel to the
interface are continuous the z-components vary for different media i such that

ki,z =
√

k20ϵi − k2x (3.2)

For the SP-enhanced second harmonic, which is emitted at θ2ω , the wave-vector compo-
nents are given by

Kx = 2kx

Ki,z =
√

K2
0Ei −K2

x

(3.3)

where K0 = 2k0. For the second harmonic components, capital letters will be used
throughout this work.

Now, to calculate the emitted second harmonic radiation, we have to determine the
generated nonlinear polarization

ΠII(r, t) = ΠII(r)e−iΩt + c.c , where Ω = 2ω (3.4)

which can be separated into a time-dependent and a time-independent part.

3.1.1 Bulk Sources

The relevant contribution from the bulk material inM3, which was defined to contain the
nonlinear sources, is given by

Ap =

∫ 0

−D
e−iK3,zz′

P̂3+ ·ΠII(z′)dz′

Bp =

∫ 0

−D
eiK3,zz′

P̂3− ·ΠII(z′)dz′
(3.5)

for the down- (Ap) and up-propagating (Bp) sources, respectively. From the hydrody-
namic model, the nonlinear polarization in M3 is defined as

ΠII(r) = γ∇(E3(r) ·E′
3(r)) + δ′(E3(r) ·∇)E′

3(r) (3.6)

To allow different options for the exciting beam’s finite angular width and to distinguish
it from the related wave-mixing processes, we have to mark the second field as E′

3 here.
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The material parameters δ′ and γ, first introduced by Bloembergen [71] can be considered
as independent constants and are defined as:

γ = χ(Ω)
χ(ω)

2en0
γ̄

δ′ = −χ(Ω)
(χ(ω)
en0

+
mω2χ2(ω)

e3n2
0

)
δ̄′

(3.7)

where δ̄′ and γ̄ are phenomenological parameters, that can parameterize physics not in-
cluded in the hydrodynamic model. Here, −e is the charge of the electron and n0 =

5.9 · 1022/cm3 is the number density of electrons in gold, that are involved in the optical
response. The actual linear susceptibilities of the metal at ω and 2ω are given in cgs units
by

χ(ω) =
ϵ(ω)− 1

4π

χ(Ω) =
ϵ(Ω)− 1

4π

(3.8)

With an incident electric field in M0

Einc(r) = p̂0−E
p
0−e

−ik0,zzeikxx (3.9)

where Ep
0− is the field amplitude, the fundamental electric field in medium 3 can be cal-

culated by

E3(r) =ẑ(e−ik3,zz + rp32e
2ik3,zDeik3,zz)CzE

p
0−e

ikxx

+ x̂(e−ik3,zz − rp32e
2ik3,zDeik3,zz)CxE

p
0−e

ikxx
(3.10)

The components

Cs =
ts13

1− r̄s30r
s
32e

2ik3,zD

ts01e
ik1,zD1

1− rs10r̄
s
12e

2ik1,zD1

Cz =
kx
k0n3

tp13
1− r̄p30r

p
32e

2ik3,zD

tp01e
ik1,zD1

1− rp10r̄
p
12e

2ik1,zD1

Cx =
k3,z
k0n3

tp13
1− r̄p30r

p
32e

2ik3,zD

tp01e
ik1,zD1

1− rp10r̄
p
12e

2ik1,zD1

(3.11)

are Fabry Pérot coefficients, that contain multiple reflections inside the air gap M1 and
the metal M3:

r̄12 = r13 +
t13r32t31e2ik3,zD

1− r31r32e2ik3,zD

r̄30 = r31 +
t31r10t13e2ik1,zD1

1− r10r13e2ik1,zD1

(3.12)

Here, the Fresnel coefficients for reflection and transmission from medium i to medium j

are defined following Eq. 2.14.
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3.1.2 Surface Sources

Next, we calculate the surface sources. The tradition in characterizing the surface source,
going back to Rudnick and Stern[74], is to put the source in vacuum just beyond the metal
surface, but to characterize its response in terms of the linear fields on the metal side of
the interface. The effective dipole moment per unit area source is placed just outside the
metal. In general, we get

Q(R) = QeiKxx

= −ΓT x̂Ex
3 (R− zẑ)Ez(R− zẑ)− Γzẑ(Ez(R− zẑ))2

(3.13)

where z is the z-position of the corresponding interface. The Γ variables are nonlinear
parameters for the surface source which are defined as:

ΓT = − m

e2n0
χω

( e

m
− ω3χ(ω)

en0

)
χ(ω)b̄

Γz = − e3n0

4m2ω4
ā

(3.14)

where ā and b̄ are additional phenomenological parameter for the out-of-plane and the
in-plane component of the surface source. ā is directly corresponding to the parameter a
and b̄ is developed from the phenomenological parameters b introduced by Rudnick and
Stern [74]. While b̄ is expected to be of order unity, there is no prediction for ā unless
the dynamics at the surface are worked out completely, as it depends on the details of the
electron motion near the surface. An explicit minus sign is introduced here, as Γ is usually
defined to point from the metal to the surrounding dielectric, whereas here, it points from
M2 to M3.

For the Kretschmann configuration, where the SP propagates along the interface be-
tween M3 and M2, the surface source is defined as

QKr(R−Dẑ) = x̂Qx
Kre

iKxx + ẑQz
Kre

iKxx,

Qx
Kr = −ΓT (1− rp32)(1 + rp′32)e

i(k3,z+k′
3,z)DCxE

p
0−C

′
zE

p′
0−

Qz
Kr = −Γz(1 + rp32)(1 + rp′32)e

i(k3,z+k′
3,z)DCzE

p
0−C

′
zE

p′
0−

(3.15)

The surface source in the Otto configuration is given by

QOt(R− 0ẑ) = x̂Qx
Ote

iKxx + ẑQz
Ote

iKxx

Qx
Ot = Qx

Ot,up + R̄p
12Q

x
Ot,down

Qz
Ot = Qz

Ot,up + R̄p
12Q

z
Ot,down

(3.16)
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Here, the source term pointing from M3 to M1 as well as the one pointing from M1 to
M3 and being reflected there have to be considered, resulting in

Qx
Ot,down = ΓT (1− rp32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CxE
p
0−C

′
zE

p′
0−

Qz
Ot,down = Γz(1 + rp32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CzE
p
0−C

′
zE

p′
0−

Qx
Ot,up = −ΓT (1− rp32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CxE
p
0−C

′
zE

p′
0−

Qz
Ot,up = −Γz(1 + rp32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CzE
p
0−C

′
zE

p′
0−

(3.17)

With all source terms being defined, the emitted second harmonic radiation can be
calculated.

3.1.3 Harmonic Emission And Nonlinear Parameter

With this preliminary work, the radiated second harmonic field

EII
0+(r) = (EpII

0+ P̂0+)e
iKxxeiK1,zz (3.18)

can be calculated. Combining Eqs. (3.5,3.6,3.10,3.13,3.15,3.16), we obtain

EpII, Kr
0+ =

T p
31

(1− R̄p
30R

p
32e

2iK3,zD)
·

[
K0

K3,z
(Ap +Rp

32e
iK3,zDBp) +

K0T
p
23e

iK3,zD

K2,z

(
KxQz

Kr −K2,zQx
Kr

K0N2

)]

EpII, Ot
0+ =

T̄ p
10

(1− R̄p
30R

p
32e

2iK3,zD)
·

[
K0T

p
31

K3,z
(Ap +Rp

32e
iK3,zDBp) +

K0T̃
p
10

K1,z

(
KxQz

Ot −K1,zQx
Ot

K0N1

)]

(3.19)

for the Kretschmann and the Otto configuration, respectively. T̄ p
10 is the harmonic Fabry-

Pérot out-coupling coefficient given by

T̄ p
10 =

T p
10e

iK1,zD1

(1−Rp
10R̄

p
12e

2iK1,zD1)
(3.20)

and R̄30 and R̄12 follow their respective linear definitions at frequency ω. For the SHG ef-
ficiency, we expect the strongest influence in variations of the coupling layer’s thickness,
D andD1 respectively, as been discussed by Tzeng et al. [151] and Jensen [150]. Another
question is how the nonlinear parameters ā, b̄, δ̄′, and γ̄ influence the harmonic emis-
sion characteristics and the absolute conversion efficiency. In Chapter 4, an experiment
is designed to investigate second harmonic generation from ATR configurations. The ex-
perimental results are compared to our theoretical model and a discussion of the different
source contributions will be presented in section 4.1.1.
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3.2 Mode analysis

Due to SP hybridization, thin metal films support four modes of SP propagation which are
labelled as: the symmetric bound sb and leaky sl; and the anti-symmetric bound ab and
leaky al [83]. The modes are typically non-degenerate in their k-vectors, which are found
by solving the dispersion relation

tanh(k2,zD)(ϵ1ϵ3k
2
2,z+ϵ22k1,zk3,z)+ϵ2k2,z(ϵ1k3,z+ϵ3k1,z)=0 (3.21)

where ϵ1 and ϵ3 are the dielectric functions of the cladding and ϵ2 of the thin film with
the solution kx complex (ki,z =

√
ϵik20 − k2x). The modes ab and al are not accessible via

the Kretschmann configuration due to their large wave-vector component. However, the
symmetric modes are accessible, and also happen to possess field-enhancement localized
to the metal-air interface. The k-vector degeneracy for sb and sl is lifted as D is reduced
or ϵ2 is made lossy. The bound mode sb (also known as the Brewster mode) has energy
flow only into the metal, from both the air and glass media, and as such, is absorbed.
Consequently, the excitation of sb via a photonic plane-wave is the cause for ATIR, which
occurs at the sb plasmon angle.

In contrast, the leaky mode sl transports energy away from the metal, and into the
glass. Unlike for the sb mode, it is expected that only a fundamental field in the sl mode,
which drives a second-order polarization in the metal surface, will be able to radiate a
second-harmonic field into the glass prism, and subsequently be detected. Henceforth,
the solution to (3.21) for the fundamental sl mode will be selected for kωx as an ansatz for
SP-induced SHG from the metal-air interface.

However, for a modified Otto configuration with symmetric cladding around the metal
film in terms of its dielectric function, bound long-rangemodes (sb) and bound short-range
modes (ab) are accessible [79]. These long-range surfacewaves can exceed the propagation
lengths of SP at single interfaces by orders of magnitudes.

A theory to determine the modes, that are supported by a three-layer structure was
developed by Burke et al.[83]. To ensure continuity of the tangential magnetic fields, the
boundary conditions and therefore the dispersion relations

tanh(k3,zD)(ϵ1ϵ2k
2
3,z + ϵ23k1,zk2,z) + (k3,z(ϵ1k2,z + ϵ2k1,z)ϵ3) = 0

tanh(k1,zD1)(ϵ0ϵ3k
2
1,z + ϵ21k0,zk3,z) + (k1,z(ϵ0k3,z + ϵ3k0,z)ϵ2) = 0

(3.22)

have to be satisfied for the Kretschmann and the Otto configuration, respectively. Apply-
ing this theory on both structures, potential resonances can be calculated and compared
to the experimental results and the hydrodynamic model.

33



CHAPTER 3. THEORETICAL ANALYSIS OF
SECOND HARMONIC GENERATION

TIR

long-range

short-range

kSPP

sb

ab

Figure 3.2: Calculated reflected intensities for thin and thick films in the Otto configura-
tion. a) An SF-11 coupling prims is followed by a BK7 matching fluid spacer of 750 nm and a thick
(bulk) gold film. b) configuration consisting of a SF11-prism, 750 nm BK7 matching-fluid, a 40 nm
gold film and BK7-glass substrate. Coupled modes (long-range and short-range) can be determined
by their characteristic absorption feature.

An exemplary calculation for a four-layer coupling configuration, which consists of a
high-index SF-11 glass-prism, a 40 nm thick gold film and a symmetric BK7-glass cladding
with a 750 nm gap between gold and prism, is shown in Fig. 3.2 b). Both modes, long-range
and short-range can clearly be identified by their typical absorption feature. They lie on
both sides of the plasmonic resonance for two infinite layers (kSP), to which they con-
verge for increasing gold film thicknesses. For comparison, a calculation for SP-excitation
on a thick (bulk) gold film in the Otto configuration is shown in a). As shown in section
2.3.1 , the different propagation lengths can be determined from the respective resonance
width. A sharp resonance implies long propagation lengths. Unfortunately, our experi-
mental setup did not provide illumination wavelengths in excess of 1000 nm, such that we
could not measure the short-range mode. Experimental results of thin-film measurements
and long-range surface waves are discussed in detail in chapter 5.

On the basis of these calculations, experimental results of surface plasmon-enhanced
second harmonic generation can be interpreted: Supported surface modes can be iden-
tified and the absolute nonlinear yield can be related to either surface or bulk sources.
This paves the way for an experimental analysis to quantify the nonlinear parameters
ā, b̄, δ̄′, γ̄. Furthermore, surface-waves in thin films with symmetric cladding can be
analyzed in terms of their mode profile, propagation length and field enhancement.
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In 1968, Bloembergen et al. [71] published their pioneering work on second harmonic
generation (SHG) in reflection from media with inversion symmetry, a phenomenon, that
is strongly dependent on the intensity of the driving fundamental field and its matching
to the emitted harmonic radiation. Because of the sub-wavelength confinement to the
interface which can lead to a huge field enhancement and the inversion symmetry of
noble metals, the consequential application of surface plasmons (SP) to SHG has led to
the fast developing field of nonlinear plasmonics [60, 67, 68, 152, 153]. In return, SHG is
often used as indication for plasmonic field enhancement [29, 69].

In this chapter, the surface plasmon enhanced nonlinear yield is analyzed in terms of
absolute conversion efficiency, form of the nonlinear resonance and particle interactions,
that are involved in the actual conversion process. First, the two basic ATR configurations
(Otto and Kretschmann) are investigated in their second harmonic yield and out-coupling
efficiency to the optical far-field, which are then compared to the theoretical model, Chap-
ter 3. In this context, the nonlinear parameters ā, b̄, δ̄′, and γ̄ are determined for gold and
their influence on the emitted radiation is investigated. The modes which are supported
in the respective configurations are then evaluated in their contribution to SHG. Beyond
that, the origin of the second harmonic emission is rigorously investigated: A detailed
analysis of incident and exit angles provides an insight into the nonlinear conversion pro-
cesses. This attempt is supported by a study of two-beam excitation measurements and a
subsequent interpretation of degenerate four-wave mixing interactions.

The measurements were performed with a the short-pulsed laser setup from section
1.2 (see Fig. 1.4).
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4.1 Absolute Nonlinear Yield fromATRCoupling Con-
figurations

We constrain the theoretical model from Chapter 3 with the absolute second harmonic
yield from the experiment to arrive at estimates for the nonlinear parameters. Combined
with the linear analysis from chapter 2 we can also evaluate linear and nonlinear coupling
efficiencies in the Kretschmann configuration and the Otto configuration. The experimen-
tal data and calculated intensities can be found in Fig. 4.1 a-c) for the Kretschmann and
Fig. 4.1 d-f) for the Otto configuration, respectively.

Figure 4.1a) shows the reflected fundamental intensity and the emitted SHG in the
Kretschmann configuration. A k-space intensity spectrum over the relevant angular range
was measured for different gold layerM3 thickness. All other parameters were kept con-
stant. In the investigated wavelength range, metal layers over 100 nm could not provide
coupling to SP’s, as the evanescent field was not penetrating to the relevant interface.
Beginning from 79 nm Au thickness, the fundamental signal (red curve on the left-hand
side) was weakly coupled as a small dip of 5% ratio could be found at kx/k0 = 1.02,
which is close to the calculated ideal plasmon wave-vector and corresponds to 42.2◦ for
the used BK7-glass coupling prism. A reduction in thickness led to increased fundamental
coupling, which was optimum at 44 nm (i). Simultaneously, the dip broadens (iii) and its
position slightly shifts to larger wave-vectors. As M3 is almost transparent for very thin
layers, the edge of total internal reflection kx/k0 = 1 becomes visible.

The emitted second harmonic radiation (filled blue area) is weakly visible starting from
64 nm layer thickness. In general, the harmonic peak follows the fundamental dip in terms
of broadening (iii) and displacement as the thickness is decreased further. For a film thick-
ness 50 nm and thinner layers, the wave-vector position of the individual peaks starts to
shift towards smaller values with reference to the corresponding dips. However, the op-
timal yield of SHG, which shows a maximum at gold layer thickness of 39 nm (ii), occurs
for thinner layers as the optimal coupling to the fundamental. The experimental results
for SHG are supported by results from the theoretical model in Fig. 4.1b), which includes
the complete intensity from bulk (Ap, Bp from Eq. 3.5) and the respective surface source
(QKr from Eq. 3.17). The maximum peak position in the calculation can similarly be found
around 40 nm (ii) and broadening for thin layers is likewise visible (iii). Fig. 4.1c) shows the
harmonic source signal at the interface (Ap, Bp andQKr’s) inM2 (which is air) as red lines
and the out-coupling coefficient T p

31 (Eq. 3.19) as logarithmic contours. Similar to the mea-
surement, the field strength from the theory clearly follows the fundamental intensity, and
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Figure 4.1: Comparison of theory and experimental data for fundamental coupling and
second harmonic emission in the Otto and the Kretschmann configuration (a) Experimen-
tal data for varying layer thickness in Kretschmann configuration, red = reflected fundamental
intensity, blue = emitted second harmonic intensity. (b) Theoretical calculation for SHG according
to the hydrodynamic model. (c) Calculation of the harmonic source’s intensity at the metal surface
(red) and out-coupling coefficient as contours with logarithmic scale. Every full step is a power of
10. (d) Experimental data for different air gaps in Otto configuration. (e) Theoretical calculation
for SHG according to the hydrodynamic model. (f) Calculation of the harmonic source’s intensity
at the metal surface (red) and out-coupling coefficient through air gap and prism as contours with
logarithmic scale. Every full step is a power of 10.

in the case of the Kretschmann configuration, the effect of out-coupling parameter leads
to only small increase of the harmonic intensity for very small layer thickness.

Concerning variation of the air gap in the Otto configuration, shown in Fig. 4.1(d-f),
a behavior similar to the Kretschmann configuration was observed for the fundamental
intensity. Starting at an air gap of 2.8µm, only a small absorption feature is visible, where
the last Fabry-Pérot mode was expected (iv). Furthermore, a small harmonic Fabry-Pérot
contribution (v) can be seen, that is also due to the out-coupling parameter. The linear
coupling strength to the fundamental SP, which theoretically lies at kx/k0 = 1.02 for two

37
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infinite media, found a maximum (i) around a 1.5µm air gap. The dip broadens upon re-
ducing the air gap and shifts slightly to smaller wave-vectors, contrary to the Kretschmann
case.

While the lowest order Fabry-Pérot mode could be identified by its characteristic SHG
peak (iv), the SP-related SHG (ii) improves at a 0.7µm air gap, due to the better out-
coupling efficiency for this wavelength. As the air gap is minimized still further, the
absorption and SHG features in k-space broaden (iii). Below 0.5µm the SP mode (as evi-
denced by its SHG peak) was even inside the angle for total internal reflection (kx/k0 = 1),
where a propagating wave is expected. Here, hybridization with a waveguide like mode
in the coupling layer leads to further broadening of the peak. Evidence of strong out-
coupling can be revealed if the hydrodynamic theory is considered. In Fig. 4.1e) the calcu-
lated emitted second harmonic radiation is shown, which is in good agreement with the
experimental data.

The harmonic sources and individual coupling parameters have been examined more
closely to identify the cause of the broadening: Fig. 4.1f) shows the nonlinear source terms
from bulk and surfaces (Ap, Bp and QOt’s) at the interface of the metallic M3 and the
surrounding air gapM1 before coupling through air into the prismM0. In contrast to the
Kretschmann configuration, the out-coupling efficiency T̄ p

10 (Eq. 3.20) which is given by
the black contour lines, effectively acts as a selection effect for the emitted radiation and
is responsible for the large broadening (iii) of the harmonic radiation’s emission at small
gap sizes.

In Fig. 4.2, the ratio of the dip-intensity to an off-resonant reference at the fundamen-
tal wavelength and the absolute values of second harmonic yields for the Otto and the
Kretschmann configurations are collected. Thus the second harmonic conversion effi-
ciency is compared to the fundamental coupling. It can clearly be seen, that both harmonic
contributions have their relative maximum in an over-coupled regime beyond impedance
matching of the exciting fundamental with the surface plasmon. Both configurations show
up to 80% coupling efficiency for the fundamental wavelength while the second harmonic
yield is one order of magnitude greater for the Kretschmann configuration. The harmonic
signal in the Kretschmann configuration has its maximum value at a film thickness of
35 nm, which is close to the fundamental optimum at a film thickness of 42 nm but is
already in the over-coupled regime.

The hydrodynamic model matches the fundamental data for both configurations very
well. For the Otto configuration, impedance matching at the fundamental wavelength
is found at an air gap of 1.35µm, while the SHG maximum is located at an air gap of
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Figure 4.2: SHG yield and fundamental impedance matching in the Otto and the
Kretschmann configuration. The linear coupling efficiency and the absolute nonlinear con-
version efficiency are compared for the Kretschmann (upper image) and the Otto configuration
(lower image). Both values are a function of incident angle and the thickness of the coupling layer,
the gold film and the air gap, respectively.

0.8µm. The difference between the optimal coupling conditions for the fundamental and
the harmonic is much larger for the Otto than for the Kretschmann configuration. The gap
size plays a larger role for shorter wavelengths (i.e. the second harmonic), so the influence
of the out-coupling efficiency to the second harmonic yield is carrying weight, as it was
shown in Fig. 4.1f). Although the source strengths are comparable for both configurations
inside the metal, the absolute yield is less in the Otto configuration. This difference is
reproduced by the hydrodynamic model and the harmonic yield as a function of layer
thickness, and is in good agreement with the experiment.

The nonlinear parameters are obtained by using the least square method to fit the
reduced data set in Fig. 4.2 for both configurations collectively. The following orders of
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magnitude were found:

γ̄ ≈ 1

δ̄′ ≈ 1

b̄ ≈ 5

ā ≈ 10−2

These values match the predictions for the hydrodynamic model very well. The parameter
for the in-plane surface source b̄ is above the expected value of order unity, which can
be explained by surface imperfections (i.e. so-called hot-spots of greater local intensity)
and roughness, that are not contained in the model. As mentioned above, there is no
precise prediction for ā. A further analysis of the nonlinear parameters can be found in
the following section.

4.1.1 Influence of the Nonlinear Parameters

The nonlinear parameters were obtained as follows: ā could be constrained by noting its
waveguide-like resonance (Fig. 4.3b), which is very weak in the experimental data. This
feature, in combination with the out-coupling coefficient, leads to the broadening of the
harmonic signal, which was observed in Fig. 4.2. For values greater than 0.05, a “waveg-
uide" - like resonance appears in the Otto configuration at the angle of total internal re-
flection which is not observed in the experimental data. This resonance can be much
stronger than the plasmonic resonance for values of order unity and above but has only
minor influence here.

In the Kretschmann configuration, the conversion efficiency decreases for increasing
values of δ̄′. Aminimum can be found around δ̄′ ≈ 65, then the efficiency starts increasing
again. For values ∼ 60, the influence of the plasmon resonance is sufficiently lowered, so
that a second resonance at larger incident angles can be seen (Fig. 4.3a). This resonance is
not visible in the experiment and can be used to adapt the parameter. Variation of δ̄′ has
negligible influence in the Otto configuration.

The parameters with the largest influence on the nonlinear yield, b̄ and γ̄ are deter-
mined, using a least square routine for both experimental data sets, Kretschmann and
Otto. The different nonlinear parameters are varied one by one while the other values are
kept constant. The conversion efficiencies shown here are the maximum values obtained
by variation of film thickness and incident angle for each set of parameters.

Variation of b̄ has a strong influence in both configurations (Fig. 4.4a). In the Kretschmann
configuration, it is strictly increasing while for the Otto configuration, there is a minimum
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Figure 4.3: Calculated second harmonic emission for overly large values of the nonlinear
parameters: δ̄′ = 60 in (a) for the Kretschmann configuration. Additional emitted radiation is
visible for incident angles larger than the plasmon resonance. (b) shows a calculation in the Otto
configuration with ā = 0.1. Here, a “waveguide"-like resonance is visible at the TIR angle.

intensity around b̄ = 0.5. As the model gives smaller values for the conversion efficiency
than expected from the experiment, if all parameters are set to one, b̄ has to be increased
to a value ∼ 5 to match the experimental results. In Fig. 4.4b), one can see, that for val-
ues of order unity, the conversion efficiency is decreasing for increasing γ̄ in the Otto
configuration. It actually has a minimum at around ∼ 8, while it is strictly rising in the
Kretschmann configuration. The nonlinear parameters antagonize each other and b̄ and
γ̄ are identified to have the greatest influence on the conversion efficiency. The exact
parameters for the final fits calculated by least squares are:

b̄ = 5.96 in− plane component of surface SHG

δ̄′ = 0.8 bulk SHG

γ̄ = 0.77 bulk SHG

ā = 0.01 out− of − plane component of surface SHG

By comparing the different harmonic contributions, the bulk term Bp and the surface
sourcesQx

Kr, Q
x
Ot have been identified to be the dominant driving sources in both configu-

rations. The influence of the sourceAp is much weaker in the Kretschmann configuration
and negligible in the Otto configuration. Qz

Ot has to be treated carefully as it contains ad-
ditional “waveguide"-like resonances. The theory now matches both experimental results
very well, which can be seen in the comparison with the experimental results (Fig. 4.2).
The difference of one order of magnitude in the conversion efficiencies is included as well
as the angular dependence of the resonances.
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Figure 4.4: Absolute harmonic conversion efficiency as a function of the nonlinear pa-
rameters b̄ in (a) and γ̄ in (b) for the Otto and the Kretschmann configuration.

Given the similarity of their linear responses in k-space, it has generally been thought
that both coupling configurations, Otto and Kretschmann, are equivalent. However, as
demonstrated experimentally in this work, the second-harmonic responses in the two
configurations differ markedly in their qualitative behavior (as a function of coupling
strength), and quantitatively in terms of their radiated nonlinear yield. These surpris-
ing results can be understood in terms of the nonlinear sources in and on the metal, how
they are driven by the fundamental field and SP resonances, and the limitations imposed
by the out-coupling efficiency of the second-harmonic to the far-field. The analysis us-
ing the hydrodynamic model of the metal film, treated in the respective configurations,
confirms that the harmonic out-coupling efficiency dominates in SHG yield from the Otto
configuration, while the fundamental SP resonance governs the yield in the Kretschmann
configuration.

In addition, both coupling methods also show perturbations to the fundamental’s SP
momentum and lifetime in the limit of strong radiative damping. Curiously, these devi-
ations from the ideal un-coupled SP are caused by the strong influence of the coupling
layer and SP hybridization with a photonic mode in the Otto configuration, while the
Kretschmann configuration is only affected for very thin metal layers.

Although the Otto configuration is considered to be the most non-invasive method of
coupling SP to the far-field, thereby guaranteeing the longest SP lifetimes and greatest field
enhancements, those field enhancements do not lead to a proportionately higher yield of
second-harmonic radiation. The hydrodynamic model enables a qualitative analysis of the
experimental data as well as a quantitative calculation of the absolute second-harmonic
yield. Consequently, a classification of the nonlinear parameters could be given, showing,
that the in-plane surface source is stronger than predicted by the hydrodynamic model.
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4.1.2 Mode Analysis
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Figure 4.5: Comparison of the SHG peak positions for experimental data (blue dots) and
theory. Solutions from Burke’s theory for the modes, that are supported by the Kretschmann
(left-hand figure) and the Otto configuration (right-hand figure) are shown as shaded background.
The radiated second harmonic’s position (blue lines), source terms at the interface, where the SP
is propagating (dashed red lines) and fundamental dip position (red line) are calculated with the
hydrodynamic model.

Fig. 4.5 shows a comparison of the measured peak positions and the calculation for dif-
ferent layer thicknesses The blue lines represent the maximum of the calculated harmonic
radiation from Fig. 4.1b) and (e), while the dashed red lines show the source terms from
Fig. 4.1c) and (f), all calculated with the hydrodynamic model. The solutions for the sup-
ported modes from Burke’s theory (shaded background, the residual of Eq. 3.22) are also
included.

For the Kretschmann configuration, the experimental data is in good agreement with
the theory. The out-coupled second harmonic radiation directly follows the harmonic
source terms at the interface, where the SP is excited. For a film thickness below 30 nm, the
Gaussian beam calculation diverges from the mode analysis. In this regime, the solutions
of the mode analysis can only be approached by plane-wave calculations which can be
explained by the short lifetime of surface plasmons in very thin films, seen as broadened
SP resonances in Chapter 2. The second harmonic yield in this regime is very low and
therefore the peak’s position is dominated by the resonance in the Fresnel coefficients.
Due to technical reasons, no samples could be manufactured below 25 nm layer thickness
to investigate this regime experimentally. For very thin layers, vapor deposition leads to
island growth of the metal and produces rather rough surfaces. In this regime, the Burke
theory also contains mode splitting between the bound and the leaky solution of Eq. 3.22.
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As expected from Fig. 4.1f), the harmonic radiation in the Otto configuration does not
directly follow the source terms but is strongly influenced by the out-coupling parameter
(Eq. 3.20). This parameter, included in the hydrodynamic model (blue line), fits the ex-
perimental results (blue dots) remarkably well. Below 1.5µm air gap, it does not directly
follow the source terms at the interface (dashed red line) but is shifted to smaller wave-
vectors and even crosses the light-line for the fundamental wavelength. The maximum for
the source terms lies on the solution for the supported modes of Burke’s theory. Solutions
for the Fabry-Pérot modes already analyzed in Fig. 4.1e), (iv) and (v) were also found. The
fundamental dip position is found in between the out-coupled radiation and the source
terms. This influence of the effective layer thickness was already found for the intensities
in Fig. 4.2. The proximity of the coupling prism affects the dielectric environment and
hence the plasmonic resonance.

4.2 Plasmon-PhotonWave Mixing in 2D-k-Space Spec-
troscopy

In this section, experimental results are presented, that uncover the plasmon-photon non-
linear interactions which are responsible for the enhanced SHG from a metal nano-film.
What makes this approach distinctive is that the pioneering experiments [72] are revis-
ited where SP propagate with well-defined k-vectors on the surface of bulk metal; and
the application of k-space spectroscopy in the Kretschmann configuration to examine the
emitted SHG in a way that provides precise information on SP nonlinear phase-matching.
To promote SHG from a surface, the nonlinear phasematching conditions have to be taken
into account [18]. Similar to SHG in bulk-materials [154], the phase of the fundamental
field and the related nonlinear polarization have to be matched to the excited second har-
monic light’s phase.

For the Kretschmann configuration, the maximum intensity of SHG will therefore be
obtained for both SP-excitation and nonlinear phase-matching. Because each type of non-
linear interaction conserves momentum, they can be distinguished by their unique signa-
ture in k-space. The results show that the role of the surface-plasmon is not merely to
provide a local field enhancement for driving SHG at the metal surface, but it is the funda-
mental SP themselves that are annihilated and convert into the second-harmonic photon
[29]. This knowledge not only has didactic value, but is the key to developing new struc-
tures that fully exploit SP nonlinearities. A striking example would be the inverse process
to plasmon SHG, namely parametric down-conversion, which could be a source of entan-
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gled SP pairs at compact length scales.

4.2.1 Enhanced SHG from Plasmon-Photon Interactions

The analysis is restricted to SP in the Kretschmann configuration, which comprises a glass
prism coated with a metal film, exposed to air. As in the chapters 2 and 3, the media are
described by their complex dielectric functions: glass ϵ1, metal ϵ3 of thickness D, and air
ϵ2.

Assuming that all permutations of surface plasmon (p) and photon (f) are allowed in
the second-order nonlinear process of SHG, which can generate either p or f ; and that
each process can be identified by its condition for momentum conservation.

FUNDAMENTAL  INCIDENT  ANGLE   [deg.]

S
E

C
O

N
D
−

H
A

R
M

O
N

IC
  
E

X
IT

  
A

N
G

L
E

  
 [
d
e
g
.]

40 45 50 55 60
40

45

50

55

60

pf-f

pp-f

pf-pff-p

ff-f

θ
SP

2ω

θ
SP

ω

Figure 4.6: Feynmandiagrams andnonlinear phase-matching conditions for surface plas-
mons (p) and photons (f) interacting for SHG. Exemplary, the grand residuals of the phase-
matching conditions for SHG are mapped across the angles for an input fundamental of 800 nm
and an output second-harmonic of 400 nm. Each interaction is identified by its own dark line.
Dashed lines mark the angles θSP for linear phase-matching between (p) and (f). Calculation for
pure silver on BK7 glass in the Kretschmann configuration (thick-film limit).

The following nonlinear phase-matching conditions for the set of SHG processes are
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introduced:

2kωf (θin)− k2ωf (θout) = ∆ff−f (4.1)

kωp + kωf (θin)− k2ωf (θout) = ∆pf−f (4.2)

2kωp − k2ωf (θout) = ∆pp−f (4.3)

2kωf (θin)− k2ωp = ∆ff−p (4.4)

kωp + kωf (θin)− k2ωp = ∆pf−p (4.5)

2kωp − k2ωp = ∆pp−p (4.6)

where kωp and k2ωp are the k-vectors of the SP for the fundamental ω and second-harmonic
2ω frequencies, where in the thick-film limit kSP = k0

√
ϵ3ϵ2/(ϵ3+ϵ2). Photon plane-

waves propagate into and out of the glass mediumwith angles θin and θout (to the normal)
which project k-vector components parallel to the surface: kωf=k0(ϵω1 )1/2 sin θin and k2ωf =

2k0(ϵ2ω1 )1/2 sin θout (see Chapter 2). Here, silver [146] was used for the metal layer due to
its sharp resonance, which enables the study of the pf-f-interaction and produces enough
SHG to enable tracking in k-space. But silver samples also show degradation (tarnish)
over two weeks not visible with the naked eye, but measurable. In the SP resonance this
leads to increased imaginary components of the dielectric function, and thus to increased
losses, which weaken the SP resonance, and hence the field enhancement. Therefore, a
quantitative study of pf-f-interaction strength over varying auxiliary beam angles was not
possible.

The plasmon angle θSP is defined as the angle for linear phase-matching of the photon
to the SP, by solving for kf=kSP . The nonlinear phase-matching conditions, as given by
the ∆ in equations (4.1–4.6), were multiplied together and plotted in Fig. 4.6 as a gray-
scale map across θin and θout. Momentum conservation for each nonlinear interaction
(e.g. ∆ff−f = 0) thus appears as a dark line. Given that momentum conservation is a
general requisite for strong SHG, it is anticipated that k-space measurements of SHG from
a metal film will adhere to the dark lines, and therefore allow identification of the various
plasmon-photon nonlinear interactions.

A typical image taken by the setup is shown in Fig. 4.7 b), where a prism sample with
30 nm silver layer was illuminated at an angle of 45.0◦ with 86mW, a wavelength of
800 nm and p-polarization. Additional tests were performed with colored filters to de-
termine the wavelengths of the spots on the image. The spot Iω was indentified as the
reflected fundamental and I2ω as the generated second-harmonic which was emitted by
the sample at 44.3◦. This offset is due to the dispersion of the metal and the coupling
prism. Varying the input power from 20mW to 320mW revealed a linear response for
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Figure 4.7: Optical path and CCD image for one-beam excitation in the Kretschmann
configuration with a silver sample a) shows the three-layer system with reflections and second
harmonic contributions from both interfaces. b) shows raw data from the CCD for illumination at
45.0◦. Fundamental and second harmonic signal are clearly resolved in wavelength and k-space.

Iω , and quadratic responses for the I2ω , which confirms the second-order nonlinear pro-
cess. Changing the input beam to s-pol at constant power caused the harmonic emission
to vanish. In s-pol, the lack of an electric field component normal to the surface denies
the generation of SP and also annuls the quadrupolar source of nonlinearity at the metal
surfaces.

The SHG emission from the silver film sample was mapped in k-space using a high
resolution angle scan of the incident fundamental field (241 steps, 10 s exposures). An in-
tegration of the recorded intensity was performed only in wavelength around the second-
harmonic, thereby preserving greater angular resolution.

In Fig. 4.8a), the strong SHG, I2ω , adheres to an offset diagonal line θout = θin−0.7◦.
As mentioned above, the offset is caused by the dispersion of the glass and metal media.
A weak harmonic emission can be seen lying on a diagonal line θout=θin, which is gener-
ated at the prism-metal interface and results from corrugation of the silver. Because both
harmonic contributions follow a diagonal, they originate from a purely photonic process
(SHG via ff-f ). However, the prominent spot at θin=43◦ displays elongation in the θin axis,
which indicates a contribution other than the ff-f interaction. In Fig. 4.8b), profiles along
the θout axis were normalized to the maximum value in each curve. Near the corners of
Fig. 4.8b), I2ω follows the diagonal θout=θin−0.7◦, which comes from the ff-f interaction.
However, there is a strong off-diagonal component that remains fixed at θout=42.3◦. An
explanation can be given with regard to Fig. 4.6. The off-diagonal component originates
from the nonlinear interaction where two fundamental SP are converted into a second-
harmonic photon (pp-f). Furthermore, this technique can be extended to probe the full
gamut of interactions, far from the plasmon angle, by introducing an additional excitation
that ensures a supply of fundamental SP.
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Figure 4.8: Revealing pp-f interaction by analyzing incident and exit angles of second harmonic
radiation. (a) shows the harmonic emission as a function of incident and exit angle. By undergo-
ing the plasmonic resonance, enhanced emission and horizontal elongation is visible. Cuts in (b)
distinguish purely photonic conversion from plasmonic interaction.

By moving to a lower dispersion region (fundamental wavelength at 925 nm), absorp-
tion features for the second-harmonic became accessible in the limited angle range. In Fig
4.9, the beams Iω and I2ω were tracked and integrated to get the optical power while the
incident angle of the fundamental beam was scanned (173mW, 121 steps, 20 s exposures).
The reflected harmonic intensity I2ω shows a background contribution due to the ff-f in-
teraction. A strong narrow peak is visible at 42.8◦ that is attributed to the excitation of SP,
which caused a local field enhancement at the air-metal interface and therefore boosted
SHG. As identified earlier in the k-space maps, the interaction is pp-f. Adjacent to the
peak is a sharp notch at 42.6◦ which is destructive interference between the source contri-
butions from the glass-metal and metal-air interfaces. A broad minimum is visible in the
background at 46.8◦, which stems from ATR at 2ω. The fundamental curve Iω shows the
characteristic dip at 42.9◦. As indicated in chapter 2, this absorption feature is assigned to
the ATR effect arising when the mode for ω is excited at its plasmon angle, thus delivering
energy to the metal film wherein it is absorbed.

The only indication for the direct creation of a second harmonic plasmon (Eqs. 4.4-4.5)
is the absorption feature ATR(2ω) in the harmonic signal I2ω . However, no enhanced
emission was detectable at the predicted exit angle. Rather the background SHG of pho-
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Figure 4.9: Fundamental and second harmonic radiation from a 57nm silver sample. The
excitation beam at 925 nm is scanned in terms of incident angle. Its integrated intensity is detected
simultaneously with the generated second harmonic intensity for each angular position.

tonic origin was absorbed like in ATR. Whereas the direct excitation by absorption of
two-photons ff-p, respective a plasmon and a photon pf-p apparently was not sufficiently
efficient, purely plasmonic frequency doubling pp-p, Eq. 4.6, was impossible due to the
dispersion of the metal.

It has been demonstrated how k-space spectroscopy can identify the combinations of
elementary excitations (photons, surface-plasmons) which contribute to nonlinear fre-
quency conversion in metal surfaces. SHG was investigated from an optically-excited
metal nano-film in the Kretschmann configuration. The results revealed an interaction
where two surface-plasmons annihilate to create a second-harmonic photon. Knowledge
of the relevant nonlinear interactions that occur in nano-metallic structures is vital for the
development of applications in quantum plasmonics, such as sub-wavelength sources of
entangled surface-plasmons.

4.2.2 Degenerate Three-WaveMixing fromPlasmon-Photon Inter-
actions

It was predicted in the previous section, that the different types of plasmon-photon in-
teraction can be clearly identified by their signatures in k-space [29]. The special case of
two plasmons that generate a photon of twice the frequency was shown. The nature of
the nonlinear process, that the plasmon acts not only like a far-field enhanced catalyst but
as an active partner, has recently been revealed by Palomba et al. for χ(3)-processes like
FWM [46].
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Figure 4.10: Experimental setup for degenerate three-wave mixing with two incident
beams. Beam-splitter BS1 divides the beam into two parts, which both are independently dis-
placed in horizontal direction by traveling mirrors. Beam-splitter BS2 reunites both beams which
then impinge on the sample with incident angles dependent on their earlier displacement. The
temporal delay is controlled via a large bandg-ap photodiode at the remaining beam-splitter port.

Here, the focus lies on the χ(2)-conversion process, where the direct interaction of a
propagating SP and an incoming photon, both of fundamental frequency ω, leads to the
emission of a photon of the sum-frequency 2ω. The occurrence of sum-frequency genera-
tion (SFG) is in contrast to ordinary SHG, where two photons of fundamental frequency ω
merge into a harmonic photon. As for SFG not only energy but also momentum have to be
conserved. For the purpose of investigating plasmon-photon interactions in degenerate
SFG, two independent laser beams are required. Here, the wave-vector-projections that
fulfill the matching conditions and identify the associated conversion processes originate
from a modified setup (Fig. 4.10) with two incident beams that are separately adjustable in
terms of incident angle and femtosecond-pulse delay. A beam-splitter was integrated, to
divide the laser into two equal parts, each of them impinging on individually adjustable
traveling mirrors. Subsequently, the beams were reunited by a second beam-splitter BS2
and oriented towards the focussing lens L2, which transferred the particular translation of
both beams into corresponding incident angles with respect to the sample. The remaining
outcome of BS2 was sent to a photodiode to monitor the temporal delay. An exemplary
CCD image is shown in Fig. 4.11b), which was detected identically to one-beam excitation
(Fig. 1.4).

Thus degenerate SFG could be measured and it was determined how it is influenced
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SHG SHGSFG

b)

Figure 4.11: Nonlinear interaction from degenerate four-wave mixing with two-beam
excitation. (a) Schematic diagram of three-wave mixing with two-independent laser beams of the
same wavelength. (b) CCD image with raw data from scan beam, auxiliary beam, their respective
generated second harmonic and the emitted sum-frequency signal.

by SP’s on a flat metal surface, ensuring that propagating SP are not altered by intricate
geometrical effects. With this powerful method, it is possible to discover the origins of
plasmon-assisted second-harmonic generation. According to the analysis in the previous
section, the nonlinear interactions observable with our setup can be limited to the creation
of second harmonic photons. The definitions from Eqs. 4.1-4.6 can be further extended for
interactions involving two-beam excitation. As a function of their wave-vectors, they can
be distinguished using the following phase-matching conditions

2kωf ′(θ′in)− k2ωf (θout) = ∆f ′f ′−f (4.7)

kωf (θin) + kωf ′(θ′in)− k2ωf (θout) = ∆ff ′−f (4.8)

kωp + kωf ′(θ′in)− k2ωf (θout) = ∆pf ′−f (4.9)

As before, the fundamental beam is incident at θin while θout is the exit angle of the
generated second-harmonic radiation. Here, f ′ is an auxiliary beam, which was fixed to a
given off-resonant angle of incidence θ′in, while f was scanned (Fig. 4.11a). Using Eqs. 4.1-
4.9, the wave-vectors of incident and exiting photons, which are functions of the angles θin
and θout, can be related to the corresponding conversion processes. As such, each process
can be identified by its unique matching combination.

In order to conduct an experimental investigation of SFG and SHG with plasmonic
participation, the main focus is the pf-f-interaction (Eq. 4.2), involving a plasmon and a
photon from one single beam, and the pf ′-interaction (Eq. 4.9), where the photon is pro-
vided by a second beam. Both are expected to occur close to the SPR-angle.

Amap of the second-harmonic intensity produced by the two-beam excitation is shown
in Fig. 4.12 as a function of incident and exit angles. It can be compared to the match-
ing conditions given by Eqs. 4.1-4.9 to discriminate the different conversion processes.
Fig. 4.12a) shows the generated second-harmonic light of two beams with a delay τ = 1 ps.
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This ensures, that the beams do not interact. For the investigation of mixing interaction
between photons and plasmons, the auxiliary beam f ′ is fixed at θin = 43.7◦, which is
off-resonant to the plasmon-angle. The scan beam f is scanned from 40◦ to 50◦.

The strictly photonic conversion process ff -f2ω , where two incident photons of fre-
quency ω become a 2ω photon, occurs over the whole angle range, thereby forming the
diagonal line. The second-harmonic light generated by the auxiliary beam f ′f ′-f2ω exits
at a constant angle of θout = 43.2◦. There is half a degree offset of the exit angles θout for
both beams compared with their respective θin due to the dispersion in silver and glass.
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Figure 4.12: Resulting SHG-radiation as a function of incident and exit angle for a fixed
auxiliary beam. (a) shows the SHG of two beams, that are not overlapping in time. The increased
intensity when the scan-beam is adjusted to the SP-resonance is visible. In (b) the beams have a
zero delay and the wave-mixing process and enhanced SFG are clearly visible. The mixing signal of
the two incident beams is extracted in (c) by subtracting (a) from (b) and the pf ′-f2ω interaction
is identified. The theoretical calculation is shown in (d).
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When the scan beam approaches the angle for the surface plasmon resonance (θin =

42.6◦), the harmonic intensity momentarily decreases, but for larger angles θin increases
two orders of magnitude due to the plasmonic field enhancement. Because of the angular
width of the incident beam, plasmons p are generated over a slightly extended range of
incident angles and can then participate in nonlinear conversion processes. This leads to
the observed horizontal elongation, which is spread over 0.5◦ of incident angles. Following
the previous section, it is identified as the pp-f2ω conversion of two fundamental plasmons
p into a harmonic photon [29], which emerges at a constant exit angle θout = 42.2◦. At
angles very near to the diagonal, the pf -f2ω interaction is also thought to occur (Eq. 4.2)
and can hence not be discriminated from the pp-f2ω interaction.
Therefore, only the second-harmonic that considerably deviates from the diagonal trend
can precisely be assigned to the pp− f2ω wave-vector-matching conditions.

Fig. 4.12b) shows the same excitation setup with auxiliary beam f ′ and scan beam f

overlapping in time (τ = 0). The photonic SFG of the two beams ff ′-f2ω is visible as an
additional diagonal component. This wave-mixing signal shows, as seen in Fig. 4.12a) for
the scan beam, a horizontal elongation at the scan beam’s SP-excitation angle of incidence.
This feature is evaluated in Fig. 4.12c). The mixing signal is extracted by subtracting an
intensity map of a measurement having a non-zero delay from one taken at zero delay.
Elongation and increased intensity of the mixing signal at θin = 42.7◦ signify the pf ′-
f2ω process, where an auxiliary beam photon f ′ and a plasmon p each of frequency ω

become a 2ω photon. As in the former case, the horizontal component is caused by the
angular width of both incident beams, thus the scan-beam excites plasmons p over a 0.5◦

range of incident angles. Since the auxiliary beam f ′ is held at a fixed angle and the SP’s
excited by the scan beam f have a constant wave-vector, the generated second-harmonic
can only be emitted in one direction. This combination of incident and exit angle, i.e. the
related wave-vectors, together with a boost in harmonic intensity is clear evidence of the
predicted conversion process.

To confirm our results theoretically, a plane-wave Fabry-Pérot model was used follow-
ing the analysis in Chapter 2 and 3. It considers an accumulated nonlinear polarization
from both interfaces [73, 155]. The nonlinear polarization was calculated at both inter-
faces from the field components normal to the surface, considering the contributions of
two Gaussian beams, that were incident with angles θin and θ′in. The dielectric function for
silver ϵm was measured by white-light ellispsometry and the remaining model parameters
were derived from the experimental setup, while the relative phase between auxiliary and
scan beam was randomly dithered. To ensure correct exit angles θout for the generated
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second-harmonic light, the matching conditions Eqs. 4.1-4.9 were applied.

Fig. 4.12d) shows the theoretical calculation for two-beam excitation, which is in good
agreement with the experimental results. The SFG is clearly visible as additional diagonal
component and the SPR leads to strong harmonic intensity at θin =42.3◦. Also present is
the drop in the SHG-intensity from the scan beam for angles θin just below the surface
plasmon resonance. A slight horizontal broadening away from the diagonal in terms of
incident angle is visible for scan- and SFG-beam, whose characteristic strongly depends
on the beam waist and therefore the precision of the exciting beam’s wave-vector.

The use of this auto-correlation technique ensures pulse overlap between auxiliary
and scan beam even at large angular separations between both beams. This enables the
study pf -f -interaction far from the resonance. In addition, exit angles and profiles of
the emission can be studied: analogous to section 4.2.1, the presence of a plateau in the
emission anglewould be further evidence of pf -f -interaction (not justfield enhancement).

Fig. 4.13 shows a map of incident and exit angles for different positions of the auxiliary
beam. In Fig. 4.13a), the pp-f-interaction, already known from 4.2.1 is visible. Fig 4.13b)
identifies the different contributions and shows a summary of the expected interactions. In
Fig. 4.13c), the pf-f interaction is analyzed for an auxiliary beam incident at 41.7◦. It can be
seen, that the emission angle of the pf-f interaction is nearly constant, which makes sense
because the auxiliary beam also is at a constant angle. The surface plasmons are generated
at a constant k-vector, even though the angle of the scan beam is being varied: because
the scan beam has a Gaussian profile, and finite divergence, plasmons are generated over a
wider range of incident angles. So, the emission angle of SHG remains essentially constant
because of the constant plasmon wave-vector. Note how the profile of the pf-f-interaction
is very narrow in terms of k-vector compared to off-resonant excitation. The width relates
to the SP propagation length along the interface.

Hence, wave-mixing between a plasmon, generated by the scan beam, and a photon
from the auxiliary beam is visible and clearly identified. In Fig. 4.13d), the auxiliary beam
is moved to the plasmon angle, which leads to strongly increased harmonic emission.
Fig. 4.13e) again shows the intensity map for the auxiliary beam moved to an off-resonant
position at a larger incident angle of 46.9◦. The horizontal component, which identifies the
constant emission angle of the pf-f-interaction, is likewise visible. Additional information
can be obtained by analyzing the measured full width half maximum (FWHM) of the SHG
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Figure 4.13: Resulting SHG-radiation as a function of incident and exit angle for variation
of the auxiliary beam. (a) shows the SHG of two beams, that are not overlapping in time. The
inset shows the established pp-f -interaction. In (b) the beams have a zero delay and the wave-
mixing process and enhanced SFG are clearly visible. The mixing signal of the two incident beams
is extracted in (c) by subtracting (a) from (b) and the pf ′-f2ω-interaction is identified. (d) shows
the harmonic signal for an auxiliary beam, that hits the plasmon resonance and (e) for an incident
angle of 46.9◦. In (f), the full width half maximum as a function of exit angle is analyzed for the
different interactions, the inset shows the FWHM around the SP resonance.

emission profile:

ff − f produces FWHM of 0.26◦

ff ′ − f produces FWHM of 0.29◦

pf ′ − f produces FWHM of 0.14◦

pp− f produces FWHM of 0.11◦

SHG is driven by the fundamental field and hence the SHG emission depends only
on the fundamental’s beam divergence. Far from the SP resonance, the SHG is purely
photonic and the resulting FWHM is 0.26◦ for the ff-f-interaction and 0.29◦ for the ff ′-f -
interaction. For the scan beam at the SP resonance, where the pp-f process must dominate
due to field-enhancement, the emission FWHM is narrow: 0.11◦. This narrow emission
is due to the intrinsic width of the SP mode in k-space, which relates inversely to the SP
propagation length (Eq. 2.19). For the wave-mixing process, pf-f, an intermediate FHWM
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of 0.14◦ can be measured, which essentially comes from a cross-correlation of the photon
mode with the SP mode. With a time delay of 1 ps, there are in principle two single-beam
measurements that do not influence each other.

However, near the SP resonance, three interactions can occur: ff-f, pf-f and pp-f. Even
a single beam has a finite angular width and will essentially undergo wave-mixing from
different (angular) parts of the same beam. Far from the SP resonance, no SP are excited
and therefore, the SHG is purely photonic. Approaching the SP resonance, then some of
the beam converts to SP, which then mix with photons from the auxiliary beam in pf -f
interaction. At the resonance, the centre of the beam is exciting SP, thus yielding huge
field enhancement and which leads to the pp-f -interaction dominating.

The mixing process between ω SP and ω photon was clearly isolated by comparing an
effective one beam measurement (where both beams were not overlapping in time) with a
two-beammeasurement (that enabled interaction). While the common photonic SHGwas
measurable over the entire angular range, plasmon-driven SFG was limited to the regime
where SP’s are excited and could therefore be clearly distinguished.

A series of 2D-k-space spectroscopic measurements of SHG and degenerate SFG from
a gold film in the Kretschmann and the Otto configuration has been performed. The non-
linear sources contributing to SHG have been identified and their strength has been quan-
tified. Furthermore, the nonlinear interactions which generate second harmonic radiation
have been investigated. They could be characterized by their unique signature in k-space
due to the fact, that only a well-defined combination of wave-vectors can take an active
part in SFG and SHG. In particular the pp-f2ω and pf ′-f2ω interactions have been ob-
served. The results are in good agreementwith our theoretical calculations. Accordingly, a
useful tool has been demonstrated that can be applied to investigate particle-quasiparticle
nonlinear interactions.
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5 | Long-Range Surface Modes
On Thin Films

Common surface plasmon polaritons, investigated in the previous chapters, propagate
at the interface between two media and usually have short propagation lengths of only
a few microns (Fig. 5.1) [36]. In contrast, thin films with symmetric cladding in terms
of the dielectric function are known to support long range surface waves (LRSW) such as
waveguide-modes in transparent media or long-range surface plasmon polaritons (LRSPP)
in metallic thin films [75, 79, 83, 86]. These LRSWs are surface confined coupled modes,
which can yield propagation lengths of hundreds of microns up to the centimeter regime
[80, 88]. The linear and nonlinear properties of LRSPP on thin metal films have been
investigated in detail [90–92, 156, 157].

However, intrinsically absorbing materials are usually not considered as optical ele-
ments as attenuation accompanies any effort to guide or focus light. As a surprising result
from electrodynamic theory, solutions for propagating surface waves in a thin-film con-
figuration can even be found for such strongly absorbing materials [158]. Thus, absorbing
films can support low-loss surface waves which have been reported for semiconductors,
transition metals, metal oxides, and dichalcogenides as long-range surface exciton po-
laritons (LRSEP) [84]. Their linear propagation properties have been confirmed from the
ultraviolet to the infrared [76, 78, 159–166].

The propagation lifetime of LRSWs can be further increased as the thickness of the
absorbing film is reduced. Calculations for a film of absorbing material that is embed-
ded in a transparent medium even show that the propagation lifetime of LRSW becomes
arbitrarily long in the limit of vanishing film thickness [87]. The electric field is near to
zero inside the absorbing film and thus in large part propagating inside the transparent
cladding where it does not suffer losses. This effect only requires of the dielectric function
to be dominated by its imaginary part at the desired optical frequency.
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Figure 5.1: Schematic comparison of a surface plasmon polariton, that is confined to the
interface between a metal and a dielectric (on the left) and a long-range surface wave on
a thin film with symmetric cladding( on the right). The components of the electric field in
propagation (Ex) and the confinement to the surface (Ez) are also shown.

Close to an absorption resonance, the nonlinear susceptibility of a material can greatly
exceed those values found off resonance which could make absorbing thin films also in-
teresting for nonlinear optics [85, 167, 168]. This compelling aspect of absorbing materials
–their intrinsic nonlinear susceptibility– has not yet been studied in the context of LRSW.
To employ absorbing materials as nonlinear optical media, one needs to find a way to
have light interacting with the medium over a long propagation distance, i.e. polarizing it
over many wave cycles, but without the associated absorption. Observations further show
that the excitation of LRSW leads to a dramatic increase in the yield of second-harmonic
generation which is caused by a local field-enhancement. These results imply that intrin-
sically absorbing materials can indeed be considered as low-loss optical media for doing
surface-wave optics in the nonlinear regime.

In this Chapter, the propagation of surface-confined LRSWs is explored in thin chromium
and molybdenum films by using the Otto configuration for efficient coupling to the far-
field. The coupling to LRSW and their propagation lifetime and hence interaction length
are investigated and questions regarding the overall effective nonlinearity that the system
can achieve will be discussed. Furthermore, the enhancement of the electric field which
drives the nonlinear sources is determined and the contribution of the different sources
(see Chapter 4) are identified. Finally, the phase-matching between the relevant modes as
well as the efficient coupling to the far-field are examined. Understanding these factors
will be the key to propelling absorbing materials into applications such as electrooptic
modulation and frequency conversion.
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Figure 5.2: Excitation configuration for long-range surface waves. On a high-index coupling
prism (SF11) follows a tunable layer of BK7 matching fluid, a thin sample film and BK7 substrate
for a symmetric cladding around the sample. The coupling gap of thickness D1 is controlled via
white-light interferometry. The inset shows the real (solid lines) and imaginary (dashed lines) parts
of the dielectric functions for the investigated materials, Molybdenum (Mo), Chromium (Cr) and
Gold (Au) [146, 169, 170].

5.1 Theoretical Analysis

The study of SHG from LRSWs requires characterization of the LRSW mode in terms
of its wave-vector, propagation length, and its excitation by an evanescent field. The
enhancement of the driving electric field at the resonance, its confinement to the surface
and the contributions of the different nonlinear source terms in the bulk material and at
the surfaces have to be examined.

As in chapter 2 and 3, a stack of four isotropic, non-scattering optical media is consid-
ered. To ensure a symmetric cladding and still provide evanescent coupling, a configura-
tion similar to the Otto configuration was employed (Fig. 5.2). It consists of a high-index
SF11-glass coupling prism (ϵ0), BK7 matching fluid (ϵ1) as adjustable spacer layer of thick-
ness D1, the absorbing film (ϵ3) of thickness D, and the BK7-glass substrate. In the limit
that the coupling gap becomes very large (D1 ≫ λ = 855 nm), the mode solutions of the
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LRSW can be found by piecing together plane-waves in the media i = {1, 3, 2}, and solv-
ing for the wave-vectors and amplitude that fulfill the boundary conditions of Maxwell’s
equations, as shown in section 3.2, Eq. 3.22:

tanh(k3,zD)(ϵ1ϵ2k
2
3,z + ϵ23k1,zk2,z) + (k3,z(ϵ1k2,z + ϵ2k1,z)ϵ3) = 0

with a field profile in the media given by

Ei,x = [exp (iωt− ki,z · r) + exp (iωt + ki,z · r)]
∣∣∣∣
ki,z
k0

∣∣∣∣Ei

Ei,z = [exp (iωt− ki,x · r) + exp (iωt + ki,x · r)]
∣∣∣∣
ki,x
k0

∣∣∣∣Ei

For symmetric materials ϵ1 = ϵ2, Eq. 3.22 can be split into two discrete solutions

tanh(k3,zD) = −k1,zϵ3
k3,zϵ1

tanh(k3,zD) = −k3,zϵ1
k1,zϵ3

,
(5.1)

defining a long-range mode and a short-range mode, respectively. Solutions of Eq. 5.1
have the form

ksw = β + iα, (5.2)

where ki,z =
√

ϵik20 − k2sw and β is a propagation quantity, defining wavelength and
propagation direction of the surface wave. α describes the attenuation of the surface wave
along its propagation. As defined in Eq. 2.19, α depends on the intrinsic and the radiative
losses and is linked to the propagation length via

Lsw =
1

2α
=

1

2(Γi + Γrad)
.

To attend long propagation lengths, α << β. As discussed above, solutions of Eq. 5.1 are
not only valid for surface plasmons on metal films but can be found for many materials
with an appropriate cladding. A comparison of the kSW solutions for gold and molyb-
denum films [170] is shown in Fig. 5.3 at a wavelength of 855 nm. For increasing film
thickness, the long-range propagation quantity β on a gold film proceeds from a plane
wave solution in the cladding atD = 0, β/kcladding = 1, to the single interface solution
for a surface plasmon on infinite bulk gold. The attenuation α follows the same trend: In-
creasing film thickness leads to increased losses and hence lower propagation, converging
to the bulk limit.

However, the long range mode in molybdenum films follows the solution for gold up to
a film thickness of 60 nm. Then it starts decreasing to values even below β/kcladding = 1,
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(c) (d)

(a) (b)

Figure 5.3: Real (a,c) and imaginary (b,d) parts of the calculated wave-vectors for long-
range (a,b) and short-range (c,d) modes as a function of film thickness. Blue lines show the
calculations for molybdenum and yellow lines for gold.

which is in the free-space propagating regime, and then also converges to the solution for a
single interface. In contrast to gold, molybdenumdoes not support bound surfacemodes at
a single interface for the given wavelength. Hence a cut-off thickness of∼120 nm is found
above which no coupled mode solution exists. The values for α are only comparable to
gold for very thin films below 20 nm thickness. Above this value, α strongly increases for
Mo and converges to the single interface solution, at which it is ten times higher than α

for gold. As a consequence, preferably thin films have to be used for long propagation
lengths in molybdenum.

The short-range modes both show high losses especially for thin films and then con-
verge likewise to the single interface solutions. While the propagation quantity β for gold
converges to the single interface solutions from the upper side of 1which describes bound
modes, β for molybdenum approaches from the lower side of 1: No bound solution exists
for the propagating short-range mode in molybdenum at the given values for cladding
and wavelength.

For a profound analysis, the coupling properties to the LRSW in the excitation config-
uration have to be determined. As in Chapter 2, the excitation is polarized perpendicular
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Figure 5.4: Calculated reflected intensity from thin molybdenum films. (a) shows the cal-
culation for a 19 nm film and varying coupling gap. (b) shows different layer thicknesses at a
constant gap size of 750 nm. The dashed white line marks the TIR angle and the circle identifies
the parameters for optimum coupling efficiency.

with respect to the xz-plane (plane of incidence) while θin is defined to be the incident
angle. The reflected intensity including multiple reflections inside the different layers can
thus be calculated [145] by

r̄02 = r01 +
t01r̄12t10e2ik1,zD1

1− r10r̄12e2ik1,zD1

where the coupling prism is defined as medium 0 with ϵ0 in analogy to section 2.2.1.
A plane-wave calculation at a wavelength of 855 nm for different coupling gap sizes at

constant molybdenum film thickness of 19 nm, and for varying molybdenum film thick-
ness at constant gap size of 750 nm, can be found in Fig. 5.4. The dashed white line iden-
tifies the angle of total internal reflection and the circle marks the optimum coupling pa-
rameters. Excitation of the LRSW, and its out-coupled wave in the far-field on the prism
side, interferes with the direct TIR reflected wave of the fundamental which leads to a de-
structive interference, and hence the dip in reflection [32]. The LRSW resonance is found
close to the TIR angle and the coupling efficiency shows a strong dependence on both, the
coupling gap size and the film thickness.

5.2 Experimental Analysis

Experimental observations are presented, that show a remarkable boost in second-harmonic
yield due to the excitation of LRSW in films of strongly absorbing materials. Our analy-
sis indicates that the LRSW not only creates a local field-enhancement at the fundamental
frequency which is driving the nonlinear response. It also leads to an increase of the inter-
action length, in comparison to the electromagnetic skin-depth of the bulk material. The
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chromium and molybdenum films selected for this study have dielectric functions [146,
169, 170] that are dominated by their imaginary components in the near-infrared (see
dielectric functions in Fig. 5.2). So although being electrical conductors, at these frequen-
cies they operate well outside of the plasmonic regime. It is discussed here how the LRSW
that these films support, have an electric field profile that is highly discontinuous at the
film-cladding boundary. Furthermore, the driving field and the related nonlinear source
terms are determined and quantified in the form of the nonlinear parameters from Chap-
ter 3. The experimental results demonstrate that absorbing materials have the potential
to become a viable alternative to conventional transparent nonlinear media.

5.2.1 Spectroscopic Measurements

For the linear measurements, the white-light setup from section 2.3.1 was applied, yet the
centre angle of incidence had to be changed due to the high-index coupling prism. Fig. 5.5
shows the acquired spectra at different coupling gaps for a 19 nm molybdenum film and
a 8 nm chromium film, respectively. Here, the white-light spectra were normalized to a
reference sample consisting of the SF-11 coupling prism and BK7 matching fluid and a
background measurement from a bare SF-11 coupling prism was subtracted. For larger
gap sizes, the closest Fabry-Pérot modes are visible as broad absorption features to the
left of the TIR line.

The long-range mode excitation is identified by its sharp absorption feature closely
beyond the angle of total internal reflection (dashed red line). A spectral shift of the reso-
nance can be seen when the gap size is varied and hence the coupling condition is changed
as expected from the analysis in section 2.3.1: Shorter wavelengths require smaller gap
sizes for efficient coupling because the out-coupled evanescent field decreases. Likewise
broadening of the resonance can be observed for reduced coupling gap sizes in Fig. 5.5 a)
and d) as predicted by the calculations in Fig. 5.4.

For the thinner chromium film, the resonance is narrower than for the molybdenum
film, which signifies longer propagation lengths and also conforms with the calculation
in Fig. 5.3. However, the LRSW-resonance is considerably sharper in terms of incident
angle than the surface plasmon resonance from the semi-infinite films in Chapter 2. An-
other difference appears for shorter wavelengths: While the plasmonic resonance bends
towards larger angles, the thin film resonance closely follows the edge of the total internal
reflection. This can be related to the ratio of the refractive indices and thus the dispersion
of the core material and the cladding material. The calculations in Fig. 5.5 c) and f) are in
good agreement with their respective measurements.
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Molybdenum Chromium

Figure 5.5: White-light measurements for thin films of chromium and molybdenum. A
SF-11 coupling prism was followed by a tunable BK7 matching fluid spacer and a 19 nm molyb-
denum film, (a) and (b), and a 8 nm chromium film, (d) and (e), respectively, both on BK7-glass
substrate. (c) and (f) show calculations for the correspondent gap sizes.

5.2.2 Excitation at High Intensities

In Chapter 4, the second harmonic yield from metallic layers was investigated and related
to the plasmonic field enhancement at the surface [69]. With this knowledge, we can also
identify the field enhancement provided by LRSWs by analyzing the out-coupled SHG.
For this reason and to investigate the coupling properties aside from the plane-wave like
white-light excitation, the setup from Fig. 1.4 was used as before in Chapters 2 and 4. A
pulsed Ti:Sapphire laser with a wavelength of 855 nm and a pulse length 150 fs provided

64



5.2. EXPERIMENTAL ANALYSIS

Molybdenum Chromium

Figure 5.6: Reflected intensity and nonlinear yield for thin molybdenum and chromium
films and different coupling gaps. The red-shaded areas show the reflected fundamental in-
tensity, while the blue-shaded areas show the emitted second-harmonic intensity as a function
of incident angle. A reference of a SF-11 prism with BK7 matching fluid only is shown in the
background (gray). The dashed red line marks the TIR angle.

2 nJ pulses of 0.075◦ angular width.

Fig. 5.6 shows the experimental results from reflectivity measurements for a 19 nm
molybdenum film and a 8 nm chromium film. As shown in Fig. 5.2, the dielectric func-
tions of both materials are very similar at 855 nm wavelength, the real part being close to
zero and the imaginary part being above 20. The red-shaded areas represent the reflected
fundamental intensity. The characteristic absorption dip for both films lies close to the
TIR angle, marked by the dashed red line, and partially overlaps with its respective edge.

In addition, the finite beam width leads to a broadening of the absorption feature com-
pared to white-light measurements. The dip is less distinct than in the familiar plasmonic
measurements of Chapter 2. The LRSW modes are very sharp in k-space while the width
of the laser beam is a compromise between resolution in k-space and sufficient intensity
for SHG in position space. Thus the convolution of laser beam and surface wave results in
the broadened resonance. Ameasurement of the SF-11 coupling prismwith BK7matching
fluid only is laid underneath to be geared to the TIR angle and to validate that the absorp-
tion feature is located in the regime of bound surface waves. As expected from the linear
results in the previous section, the resonance for the thicker molybdenum film is broader
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Figure 5.7: As a reference: Reflected intensity and nonlinear yield for the SP resonance of a
thin gold film and different coupling gaps. The red-shaded areas show the reflected fundamental
intensity and the blue-shaded areas the emitted second-harmonic intensity as a function of incident
angle. A reference of a SF-11 prism with BK7 matching fluid only is shown in the background. The
dashed red line marks the TIR angle.

and thus has better overlap with the incident beam. In the case of chromium, the dip is
barely visible, as the resonance is too sharp to be resolved by the beam’s finite width.

The emitted second-harmonic radiation is presented as blue-shaded areas in Fig. 5.6.
The intensity of SHG shows a distinct peak as the incident angle of the fundamental beam
is scanned. Its rise close to the position of the fundamental resonance is an unambiguous
sign of LRSW-generated field enhancement: The excited LRSWs are strongly confined to
the surfaces which boosts the local fields and hence leads to strongly increased harmonic
emission. Decreasing coupling gaps lead to increasing harmonic intensities up to an op-
timum coupling thickness because they improve the coupling efficiency for short SHG
wavelengths (as shown in the white-light measurements). The measured harmonic inten-
sity for small gaps of 450 nm size is of the same order for both materials. In analogy to
the linear analysis, broadening of the nonlinear radiation is observed for small gap sizes,
while the resonance of the thicker molybdenum film is alway broader compared to the
thin chromium layer.

For very small coupling gaps, the harmonic emission even shifts across the TIR angle
into the propagating regime. Here, the close proximity of the coupling prism gains influ-
ence which leads to increased radiative losses. Looking closely, a shift towards smaller
incident angles can be observed for the linear resonance whereas the harmonic emission
remains at a constant exit angle. This behavior will be discussed in the following section.
A reference measurement for the SP resonance of a thin gold layer of 25 nm is presented in
Fig. 5.7. The shapes of the linear dip and the harmonic peak are comparable to the previ-
ous measurements for molybdenum and chromium. The nonlinear yield on the contrary

66



5.2. EXPERIMENTAL ANALYSIS

a) b)

Figure 5.8: Experimentally obtained propagation lengths for thin molybdenum and
chromium films. (a) Modeling of the surface wave resonance with the Fresnel model and a
Lorentzian fit to obtain the propagation quantities β andα. (b) Propagation lengths for thin molyb-
denum (19 nm) and chromium (8 nm) films obtained with Lorentzian fits.

is a factor 20 higher for the excitation of LRSPPs in gold compared to the case of LRSWs
in chromium or molybdenum.

5.2.3 Analysis of Propagation Lengths

The resonance at the fundamental wavelength can be analyzed to determine the LRSW’s
propagation length. The modal behavior of the system is better understood by using an
approximate expression near the vicinity of the SPR (see section 2.2.1, Eq. 2.16), by intro-
ducing the Lorentzian function [32]

IR = 1− 4ΓiΓrad

(kx − β)2 + α2
, (5.3)

where Γi and Γrad are the internal and radiative damping terms established in Eq. 2.17.
Fig. 5.8a) shows an exemple for a 19 nm molybdenum film and 960 nm BK7 coupling gap,
that is fitted with the plane-wave Fresnel model and the Lorentzian to obtain the propa-
gation quantities β and α. In this case, the extracted fit parameters yield β = 1.515 k0

and α = 2.3 · 10−3 k0, which, using Eq. 2.19, results in a propagation length of ∼ 60µm.
With this analysis, the propagation lengths from the white-light molybdenum and

chromium measurements were determined and collected in Fig. 5.8b). Narrowing of the
linear absorption feature is found for increasing coupling gaps which is interpreted as
due to lower radiation losses and hence longer propagation lengths. This observation
conforms with the results from the simple Fabry-Pérot theory and the linear Gaussian
beam measurements. However, as the coupling efficiency strongly decreases for large gap
sizes, the absorption feature shrinks which also leads to larger incertitudes of the results.
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As expected from the white-light measurements, the thin chromium film supports much
longer LRSW propagation lengths up to 200µm compared to the molybdenum film with
a maximum of 70µm.

5.2.4 Nonlinear Source Terms and Driving Electric Fields

As a surprising result the long propagation lengths for the chromium film do not yield
higher conversion efficiencies for the SHG. An explanation can be given by the theoretical
model from Chapter 3, which gives an insight into the harmonic source contributions
and the out-coupling efficiencies. The LRSW resonance is very narrow in terms of its
excitation wave-vector and thus requires larger coupling gaps for efficient coupling. As
already analyzed in the previous chapters, the out-coupling of SHG is less efficient for
large coupling gaps. In combination with the lower field confinement and hence local
field enhancement of LRSW, this results in decreased harmonic conversion efficiencies of
the SHG radiated to the far-field which will be discussed in greater detail in the following.
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Figure 5.9: Comparison of linear and nonlinear thin molybdenum film measurements to the hy-
drodynamic model. The red curves show the linear reflectivity and the blue lines the second har-
monic emission for the experiment (solid line) and the hydrodynamic model. The parameters were
SF-11 coupling prism, 710 nm BK7 coupling gap, 19 nmmolybdenum film on BK7 substrate, 855 nm
wavelength and 0.075◦ angular beam width.

Cuts for the linear and nonlinear measurements of a 19 nm molybdenum film with
710 nm BK7 coupling gap are shown in Fig. 5.9. The Gaussian beam model matches the
linear absorption dip well although the resonance is even narrower in the experiment,
which can be related to small deviations in the gap size or the dielectric function of molyb-
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denum. The second harmonic peak is matched very well by the hydrodynamic model and
even its broadening towards smaller incident angles is reproduced. The following param-
eters were used to match the second harmonic peak:

b̄ = 1.5 in− plane component of surface SHG

δ̄′ = 2.0 bulk SHG

γ̄ = 2.5 bulk SHG

ā = 0.1 out− of − plane component of surface SHG

n0 = 6.452 · 1022 /cm3 electron number density

Compared to the gold measurements of a single interface SP in chapter 4, the out-
of-plane component of the surface source in molybdenum is enhanced by one order of
magnitude. The bulk sources are of the same order, while the in-plane component of the
surface source in molybdenum is only one fourth. It is this change, and especially the
strong out-of-plane component, that defines the particular shape of the harmonic emis-
sion. The sharp resonance of the long-range mode has a distinct wave-vector, which leads
to harmonic emission that is almost independent of the coupling gap (as seen in terms of
its exit angle). This explains the constant excitation angle of the SHG in the experimental
results in Fig. 5.6 for different coupling gaps.

A comparison was made of calculations based on the hydrodynamic model for a 19 nm
molybdenum film and a 25 nm gold film with varying gap sizes at 855 nm wavelength, see
Fig. 5.10. For molybdenum, the linear resonance (left hand side) is found close to the TIR
angle (white dashed line). It is broadened for small coupling gaps and partially overlaps
with the propagation regime. An increasing gap size leads to a narrowing of the resonance,
and hence longer propagation length of the LRESP mode. However, these are accompa-
nied by decreased coupling efficiencies. The nonlinear calculation (on the right) produces
a second harmonic radiation at a constant angle of incidence. Broadening of the resonance
is observed for small gap sizes. The emission does not completely coincide with the linear
resonance which bends towards smaller angles for decreasing gap sizes. The maximum
intensity is found at a gap size of 750 nm which differs from the experiment, where the
optimum was expected below 450 nm gap size. This deviation could result from the deter-
mination of the gap size by white-light interferometry. For gaps filled with matching fluid,
which are on the order of the lowest interfering wavelengths, the interference spectra are
not always explicit and thus the error increases.

However the theoretical predictions for a LRSPP of thin gold layer show a different
behavior. Compared to LRSW in molybdenum, the linear resonance is found at larger
incident angles, i.e. there is a greater separation from the propagating regime. With the
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Molybdenum

Gold

linear ATR SHG

Figure 5.10: Comparison of theoretical calculations for a 19nm molybdenum film and
a 25nm gold film both excited with by prism coupling (SF11) and symmetric claddings (BK7).
The size of the coupling gaps vas varied as well as the incident angle. The left images show the
reflected intensity at 830 nm excitationwavelength and the right images show the second harmonic
radiation coupled to the far-field.

given beam parameters, maximum coupling efficiencies of 60% can be obtained which is
less than for the LRSW case. Here, the second harmonic clearly follows the fundamental
resonance as a function of excitation angles. The out-coupling is more efficient at smaller
gap sizes as expected from the results in Chapter 4 (where shorter wavelengths require
smaller gap sizes for efficient coupling). The field enhancement, and hence the radiated
second harmonic, are increased compared to the molybdenum film. As in the experiment,
the harmonic yield for gold exceeds the yield obtained for molybdenum by a factor of 20.

Calculations of the driving field for themolybdenum filmwith a coupling gap of 660 nm
are shown in Fig. 5.11. A strong enhancement of the intensity can be seen for the resonant
excitation, (a) compared to off-resonant excitation in (e). Enhancement of the electric field
can likewise be observed while undergoing the surface wave resonance (b) compared to
off-resonant excitation (f). The high resolution analysis in (b) reveals that almost no elec-
tric field exists inside the molybdenum layer: It is confined in the cladding close to the
interface. The components of the electric field, calculated for the inset in (a) are shown
in (c), Ex, and (d), Ez . The Ez component of the electric field is identified to exhibit the
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Figure 5.11: Calculations of the driving electric field (at 830nm) for a 19nmmolybdenum
film with a coupling gap of 660nm. (a) Intensity and (b) electric field with field-vectors for
resonant excitation. The Ex-component and the Ez-component of the electric field in the marked
area of (a) are shown in (c) and (d), respectively. (e) shows the off-resonant intensity and (f) the
off-resonant field calculations.

strongest enhancement and therefore is the driving source of the nonlinear radiation. This
is in good agreement with the experiment and the hydrodynamic model which also re-
sulted in a strong contribution of the out-of-plane surface source via its related nonlinear
parameter ā driven by Ez .

In summary LRSWs were observed to have very sharp resonances as a function of
incident angles. Thus propagation lengths of several hundreds of micrometers could be
obtained for large coupling gaps which unfortunately led to decreased coupling efficien-
cies. As the out-coupling efficiency for SHG strongly depends on the transmission through
the coupling gap, the out-coupled harmonic radiation was a factor of 20 lower for LRSWs
(molybdenum) than for LRSPPs (thin gold), which was also 2 orders of magnitude lower
than for SP’s (thick gold). Still, LRSWs were shown to exhibit field enhancement at the
interface which was on the same order of magnitude than for LRSPPs. Different coupling
techniques, e.g. gratings could be used for efficient out-coupling of SHG in LRSW samples,
which would also enable directed coupling of the narrow mode profiles to the far-field.
Finally, the out-of-plane component of the nonlinear sources was identified to have the
strongest contribution for LRSW samples which is in contrast to common SP samples.
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6 | Anisotropic Emission ofOri-
ented Nano-Platelets

With the achievements of the previous chapters, we can now characterize thin films of
effective media that contain nano-particles in terms of their specific absorption and emis-
sion. Usually, absorption and emission of an atomic emitter are considered as isotropic.
However, if the symmetry of an emitter is reduced, for example to a wire-like molecule,
its optical transition dipole moment (TDM) is oriented along the molecule axis[109–111].
Anisotropic distributions of the TDM have thus been found in quantum confined systems
and attributed to the symmetry and fine structure of the electronic states [112, 113, 171,
172]. Also planar molecular emitters like benzene have been shown to exhibit an in-plane
degenerate TDM and a dark axis perpendicular to it. The existence of a bright plane and
a dark axis has also been reported for wurzite CdSe/ZnS quantum dots (QDs) and nano-
rods[112, 113]. These directional emitters are very interesting e.g. for nanoparticle display
technology to improve the out-coupling efficiency and reduce stray light image fading.

More recently, new two dimensional materials such as II-VI nano-platelets and belts
as well as 2D transition metal dichalcogenides have emerged [96–99]. They have been
found to exhibit the exciting property of being nearly ideal quantum wells more so than
epitaxial quantumwells as they do not suffer fromwell width inhomogeneities, that result
in trapping and localization. High carrier mobilities >250-1000 cm2/Vs [100, 101] and
high exciton binding energies [98, 106, 107, 173] have been predicted and reported in
thesematerials whichwere attributed to the influence of the strong dielectric confinement.
It has also been demonstrated that these materials have very short (radiative) exciton
lifetimes[102, 104, 105, 108].

However, the anisotropic distribution of internal TDMs in these materials has been
less investigated [174]. Yet, the orientation and distribution of TDMs and their coupling
to the density of photon states determine the emission characteristics and radiative rates.
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Light-matter interaction and emission characteristics in semiconductors can be mediated
by their dipole matrix element. It is determined by the Bloch functions (states) associated
to the bands involved in an optical transition and the envelope function defining the selec-
tions rules [175]. Theoretical predictions for strongly anisotropic particles show further
that the dielectric contrast between the nanoparticle and the surrounding ligands and ma-
trix strongly alters the angular emission properties [114]. Together these dielectric and
electronic effects yield anisotropic emission radiation patterns. This is in strong contrast
to the case of highly symmetric spherical particles, such as PbSe dots, where isotropic
internal dipole distribution and local fields result in isotropic emission [115].

In order to reconstruct their internal transition dipole distribution we applied two di-
mensional k-space spectroscopy on a monolayer of oriented CdSe nano-platelets. The
absorption and emission characteristics are modeled including local field and local optical
density of states effects as well as Fresnel effects. The platelets were excited in the ener-
getically higher lying 2D continuum states where the absorption was found to have an
isotropic transition dipole distribution. Surprisingly, the distribution of the TDM for the
emitting heavy hole exciton is highly anisotropic. The emission can be characterized by
a bright plane that coincides with the platelet plane and a quasi dark axis perpendicular
to the platelet. This electronic effect leads to a strongly directed emission perpendicu-
lar to the platelet plane. Beyond these intrinsic electronic effects, the anisotropic shape
of the nano-platelets induces dielectric effects that further concentrate the intrinsically
enhanced emission perpendicular to the platelet. This is a fundamental advantage over
wurtzite CdSe nano-rods where the bright plane is perpendicular to the dielectrically fa-
vored axis.

From these results one may conclude that CdSe nano-platelets are an interesting, real-
istic and efficient directional emitters for photonic applications. The origin of this strong
anisotropy - going far beyond the shape effects introduced by local fields - will be dis-
cussed in this chapter as well as the implications paving the way to directionally emitting
2D fluorophores.

6.1 Analysis ofMonolayerCdSeNano-Particle Samples

Zinc-blend (ZB) CdSe nano-platelets of 4.5monolayer (1.37 nm) thickness and 19.6·9.6 nm2

lateral size were deposited on 170 µm thick fused silica substrates by a Langmuir-Blodget
technique. In this way, a monolayer of nano-platelets was obtained which lies flat on the
substrate (platelet plane parallel to substrate plane) with a random lateral orientation. A
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Figure 6.1: Simplified experimental setup with high-NA objective (NA = 1.49) which
was applied in a confocal mode. The excitation was provided by a frequency-doubled pulsed
Ti:Sapphire laser. Angle-dependent excitation was realized by a traveling mirror. The back aper-
ture of the objective was imaged to a nitrogen-cooled CCD camera and the emitted photolumines-
cence was selected by a narrow bandpass filter.

reference sample of a monolayer of CdSe dots (ZB structure) with the same emission en-
ergy was produced as an isotropic emitter. Details, including the sample’s absorption and
emission spectra can be found in Appendix B.

These samples were introduced to an inverted microscope like setup (Fig. 6.1) with a
high numeric aperture (1.49) immersion oil objective, thus producing a three layer system
consisting of substrate/ligands and nano-crystals/air. The samples were excited by the
second harmonic of a titanium sapphire laser (Coherent Mira, FWHM 150 fs, 75.4MHz,
0.1W/cm2 excitation density) in the continuum of the nanoparticle absorption at 2.99 eV
(415 nm). Angle dependent confocal excitation is realized by parallel displacement of the
beam with respect to the optical axis of the objective. The back aperture of the infinity
corrected objective is imaged to a sensitive CCD camera. This allows an angle-dependent
and hence k-vector dependent detection of the (spectrally integrated) photoluminescence
(PL) signal from the nanoparticle monolayer ensembles.

Figure 6.2 a) shows the concept of the experiment. An emitter placed in the sample
plane may have an angular distribution of its emitting dipole. Here, out-of-plane (OP)
dipoles are defined as z-oriented. In-plane (IP) dipoles lie in the x-y plane, i.e. parallel to
the sample plane. The Hertzian radiation pattern of IP or OP dipoles in the focus of the
objective can be related to a wave-vector distribution in the back focal plane. The emitted
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radiation can be decomposed into its Cartesian components k⃗ = k⃗x + k⃗y + k⃗z leading to
a two dimensional projection of the radiation patterns in the kx-ky-space.

By introducing a polarizer, radiation oscillating parallel to the x-z plane is selected,
thereby defining electric fields where E⃗ and k⃗ coincide in the x-z-plane as p-polarized. Ra-
diation with E⃗ pointing in x-direction and k⃗ lying in the y-z-plane is thus s-polarized. The
selection of cuts in the back focal plane (dashed white lines in Fig. 6.2 a) reduces the anal-
ysis to a 2D problem: kx projections contain information about dipoles lying in- and out-
of-plane (p-pol projection); ky projections (s-pol) contain only radiation from IP dipoles.
Figure 6.2 b) shows the result of a k-vector resolved emission of the oriented CdSe nano-
platelets (excited at normal incidence). Figure 6.2 c) shows the reference sample of CdSe
nano-dots. The measured intensity profiles of the kx- and ky-projections are plotted next
to the CCD images where dashed lines indicate the selected regions (cuts). The k-scale is
normalized to the wave-vector in air. Radiation with a wave vector |kx,y| > 1 cannot cou-
ple into air, resulting in increased reflected intensity collected by the objective for these
k-vectors.

The k-dependent emission profile is considerably different for platelets and dots. In
s-polarization NPLs show triangular maxima, dots show rounded maxima with a steep
decrease to the inside. S-polarization projections originate only from IP dipoles, their in-
tensity profile merely depends on the dielectric function and thickness of the nano-crystal
monolayer. In the following, the focus lies on cuts in kx direction, as only p-polarization
contains signal from in- as well as out-of-plane dipoles and thus reveals the transition
dipole distribution in the studied monolayers. Here the emission profile of nano-platelets
and dots is somewhat different. It will be shown that this is related to differing distri-
butions of their emission transition dipoles. This allows one to gain direct access to the
internal distribution of TDMs in the IP and OP directions, as we can model the measured
angularly dependent emission and absorption characteristics.

6.1.1 Two-Dimensional k-space analysis

A multilayer system (glass - effective medium of oleic acid and nano-crystals - air) was
used to model the k-vector dependent platelet emission (at the lowest 2.42 eV heavy hole
exciton transition of CdSe platelets) and the absorption (into the 2D continuum at 2.99 eV).
As the oriented CdSe platelets are surrounded by a ligand shell, consisting of oleic acid lig-
ands, the nano-platelet monolayer samples form an anisotropic effective medium on top
of the fused silica substrate. The anisotropic effective medium is modeled by approximat-
ing the platelets as oblate ellipsoids, comparable to what has been successful in Ref. [176].
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Figure 6.2: Polarization dependent in-plane and out-of-plane transition dipole contri-
butions to radiative emission for nano-platelets and quantum dots. (a) By choosing one
polarization axis, the back aperture image of a microscope objective can be analyzed with respect
to in-plane (IP) and out-of-plane (OP) transition dipole emission. Cuts in kx or ky direction are
well-defined and reduce the problem to a 2D geometry. (b) k-vector dependent emission of amono-
layer of oriented nano-platelets and (c) a monolayer of dots. The profiles attached to the images
display the cuts in ky containing only emission from IP oriented dipoles, whereas cuts in kx reveal
the relative occurrence of IP and OP dipoles, i.e. the anisotropy of the dipole distribution.

In the present case they are modeled as aligned ellipsoids[177] to account for their orien-
tation. A detailed discussion of effective medium theory can be found in Appendix B.

In a heterogeneous system a TDM couples into a different optical density of states
as compared to air. For the coupling of IP and OP transition dipoles in the nano-crystal
monolayers an effective density of states is used. According to Fermi’s Golden Rule, the
radiative rate of an emitter is proportional to the product of the Einstein coefficient A
(proportional to the TDM

∣∣µ2
∣∣) and the density of (photon) states ρ yielding Γr(ω) =

A(ω)ρ(ω) = ρ(ω)πω3!
|µ(ω)|2

ϵ with ϵ = ϵrϵ0 [174, 178, 179]. Using the normalized density
of states ρ0(ω) = ω2(ϵµ)3/2/π a decomposition of the total radiative decay rate and the
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TDM into IP and OP components is enabled. With the IP and OP Einstein coefficients:

AIP (ω) = ρ0(ω)
πω

3!Nr,IP
|µIP (ω)|2

ϵ

AOP (ω) = ρ0(ω)
πω

3!Nr,OP
|µOP (ω)|2

ϵ

(6.1)

the PL emission originating from spontaneous heavy hole exciton recombination can be
related to the density of photon states in the environment of the emitter. Nr,IP |µIP (ω)|2

andNr,OP |µOP (ω)|2 are the IP and OP projections of the dipole strengths with respect to
the principle axes of the dipole ellipsoid. Nr,IP andNr,OP are the relative weights, which
depend on its eccentricity. ρ̃p,s(ω, kx,y) = ρp,s(ω,kx,y)

ρ0(ω)
are the relative (photon) density of

states with respect to free space for p and s polarization. They account for the alteration
of the radiative rate in our heterogeneous system with respect to free space.

As cuts in the x-direction of the x-y-plane are used in the experimental analysis, only
the x component of the rotationally symmetric external radiation pattern are taken into
account, which is shown in Fig. 6.2. In this way the fits in Figs. 6.5 and 6.6 are obtained
and one can derive the ratio of the IP transition dipole contribution in x direction to the
OP contribution from z-oriented dipoles. From this two-dimensional (x-z-plane) IP to
OP ratio one can calculate the three-dimensional ratio that also takes into account the (IP)
dipoles oriented in the y direction. This corresponds to the true contribution of all OP and
IP contributions to the total emission. The fractionRx−z of IP and OP dipole contributions
to the emission in the x-z plane is defined as

Rx−z
IP =

Nr,IP |µIP (ω)|2

Nr,IP |µIP (ω)|2 +Nr,OP |µOP (ω)|2

Rx−z
OP =

Nr,OP |µOP (ω)|2

Nr,IP |µIP (ω)|2 +Nr,OP |µOP (ω)|2

(6.2)

and the 3D fraction of OP and IP contributions as:

R3D
OP =

1
2

Rx−z
OP

− 1
(6.3)

R3D
IP = 1−R3D

OP (6.4)

With these equations, the fractional IP andOP contributions can be calculatedwith respect
to 3D space.

The geometry used for k-space analysis consists of three dielectric layers schemati-
cally shown in Figure 6.3. Glass substrate, immersion oil and microscope objective are
taken as one layer with (ϵ1) followed by a thin sample layer (ϵ2) of thickness DML, that
contains either NPLs or QDs. The third layer is air (ϵ3). As mentioned above, the plane of
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Figure 6.3: Scheme of k-space coupling geometry. Glass coupling layer consisting of substrate,
immersion oil and objective (ϵ1), sample layer (ϵ2) and surrounding medium (air, ϵ3). The thickness
of the sample layer is determined by the thickness (diameter) of the NPLs (Dots) and their ligand
lengths.

incidence is chosen to be the x-z-plane, which defines the s-polarized field to point in the
y−direction.

With the vacuum wave-vector k0 = ω
c and the wave-vector component parallel to the

interface kx =
√
ϵ1k0 sin(θin), which is conserved between each layer, the perpendicular

components are given by

ki,z =
√

k20ϵi − k2x (6.5)

in media i = 1, 2, 3, respectively (see also Chapter 2).
If the emitter is placed in an uniaxial material the effective permittivity for the axis parallel
(ϵIPeff ) and the axis perpendicular to the interface (ϵOP

eff ) can be calculated. In the case of
pure s-polarization, the electric field vector is parallel to the interface and its wave-vector
is

ks2,z =
√

k20ϵ
s
2 − k2x, where ϵ

s
2 = ϵIPeff (6.6)

For p-polarized light, the electric field vector lies in the plane of incidence, and an angle-
dependent dielectric function can be defined as

ϵp2(θin) =
ϵIPeff ϵ

OP
eff√

(ϵIPeff sin θin)2 + (ϵOP
eff cos θin)2

(6.7)

to take into account the anisotropy of the material. The respective wave-vector is then
given by

kp2,z =
√

k20ϵ
p
2 − k2x (6.8)

More details can be found in Appendix B.
For reciprocal (linear, time-invariant) media, the linear density of states is proportional
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to the absorption rate for an identically oriented dipole [110].

ρ̃s,p(ω, kx) = C0

∣∣∣
Ex(ω, kx)

Es,p
0

∣∣∣
2
+ C0

∣∣∣
Ey(ω, kx)

Es,p
0

∣∣∣
2
+ C0

∣∣∣
Ez(ω, kx)

Es,p
0

∣∣∣
2

(6.9)

with
C0 =

1

8πk20

k0
k3,z

(6.10)

Now we can distinguish between in-plane and out-of-plane contributions to the density
of electromagnetic modes ρ̃p,s(ω, kx,y) = ρp,s(ω,kx,y)

ρ0(ω)
in the emitter medium:

ρ̃sIP (ω, kx) = C0

∣∣∣t̄s12e
1
2
iks

2,zDML(1 + rs23e
iks

2,zDML)
∣∣∣
2

ρ̃pIP (ω, kx) = C0

∣∣∣
kp2,z√
ϵp2k0

t̄p12e
1
2
ikp

2,zDML(1− rp23e
ikp

2,zDML)
∣∣∣
2

ρ̃pOP (ω, kx) = C0

∣∣∣
kx√
ϵp2k0

t̄p12e
1
2
ikp

2,zDML(1 + rp23e
ikp

2,zDML)
∣∣∣
2

(6.11)

where multiple reflections are taken into account by a Fabry-Pérot model (similar to the
previous chapters).

t̄s12 =
ts12

1− rs23r
s
21e

2iks
2,zDML

t̄p12 =
tp12

1− rp23r
p
21e

2ikp
2,zDML

(6.12)

Here,DML is the thickness of medium 2. Following the definitions in Eq. 2.14, the Fresnel
coefficients are given by

rsij =
ki − kj
ki + kj

tsij =
2ki

ki + kj

rpij =
kiϵj − kjϵi
kiϵj + kjϵi

tpij =
2
√
ϵi
√
ϵjki

kiϵj + kjϵi

for s- and p-polarization, respectively.
A combination of the IP and OP excitation and emission rates for s-polarization and

p-polarization can now be fitted to the experimentally observed PL intensity to deduce
the fraction of IP and OP dipole contributions.

Ss(ω, kx) = C1ρ̃
s
IP (ω, kx)AIP (ω)

Sp(ω, kx) = C1

[
ρ̃pIP (ω, kx)AIP (ω) + ρ̃pOP (ω, kx)AOP (ω)

] (6.13)
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(a)

(b)

Figure 6.4: Simulated 2D k-space spectra of pure in-plane (a) and pure out-of-plane (b)
transition dipoles: kx-vector dependent dipole emission and excitation. Sketches of the in-plane
and out-of-plane dipole radiation patterns are in the left column. The excitation geometry is shown
in the center. The false color plots display the modeled p-polarized emission I(koutx ) as a function
of the excitation wave vector (kinx ). The right column shows the emission patterns as a function of
exit angle θout with respect to the surface normal of the sample plane. koutx = sin(θout)

√
ϵ1ω/c

and ϵ1 is the permeability of the glass substrate at the emission frequency ω.

Figure 6.4 shows the theoretical predictions of the model for pure IP transition dipoles
(a) and pure OP transition dipoles (b). The middle column of the figure displays the two-
dimensional plots of the k-vector dependent luminescence intensity, which depends both
on the excitation angle θin and emission angle θout. Angles and wave vectors are related
by kax = sin(θa)

√
ϵa1ω

a/c with a = in, out and the permeability ϵ1 of the glass sub-
strate at the emission (out) our excitation (in) frequency ωa. A sketch of the experimental
geometry in excitation is shown in the middle. For pure IP or pure OP dipoles the 2D
k-space images show the same behavior for absorption and emission, respectively. Pure
IP and pure OP transition dipole orientations both lead to very specific emission patterns.
However, they show only minor differences to the emission in their respective absorption
patterns which result from variations of thematerials dispersion relations at the excitation
and emission frequencies.
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Therefore the qualities of the IP and OP dipole emission/ absorption will be discussed
using the corresponding angular emission patterns in the right hand column. Here the
angular emission pattern is plotted versus its exit angle with respect to the surface normal
of the plane. For the representation of the angle-dependent emission in the polar plots the
Jacobian transformation from koutx to θout has been taken into account so that

∫
I(k)dk =

∫
I(θ)dθ. The two side lobes in the pure IP dipole emission pattern correspond to modes

beyond the angle of total internal reflection (TIR) of the glass to air interface (|kx| = 1).
They can be observed on the back aperture of our objective due to the index matching
immersion optics used. A perfectly in-plane oriented transition dipole has no electric
field component in the z direction and we thus expect no emission or absorption at the
TIR angle. In contrast, pure OP dipoles can only interact with the light field in a small
region of angles seen as two lobes around the TIR angle.

6.2 Experimental Results and Discussion

Figure 6.5 (a) shows the measured p-polarized emission I(koutx ) as a function of the exci-
tation wave vector (kinx ) for platelets (left) and a CdSe QD reference sample (right). They
are obtained by plotting the cut in x direction of the back aperture image (see Figure 6.2 b)
and c) for every excitation angle kinx . There are substantial differences between the nano-
platelets and QDs: The 2D plot of the QDs is symmetric in excitation and emission. In
contrast, the CdSe nano-platelets show more pronounced minima at |koutx | = 1 in their
emission profile compared to the excitation profile. The angular emission I(kout) changes
in overall intensity but does not alter its shape as a function of excitation angle. This in-
dicates that different dipoles are involved in the absorption process at 415 nm and the
emission at 513 nm and the electronic system has no ’memory’ of the exciting field’s po-
larization. As seen in Figure 6.4 (b) out-of-plane transition dipoles only interact with the
light field around the TIR angle (|kx| = 1) and vanish for the range of angles and k-vectors
|koutx | ̸= 1. Hence nano-platelets must have a higher fraction of emitting IP transition
dipoles compared to that of absorbing dipoles.

Now the experimental results can be compared to the theory (panel b) with all model
parameters being determined by the measurement. It is important to note that the only
free parameters (determined by least square routine) are the dipole distributions, i.e. the
ratio of IP to OP dipole moments in absorption and emission. A very good agreement of
the model can be observed with the experimental results in both cases. In the following,
the emission and absorption transition dipole distributions of CdSe quantum dots and
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Figure 6.5: Comparison of calculated and experimental 2D k-space spectra for nano-
platelet and quantum dot samples. (a) The experimental 2D k-space spectra of our nano-
platelet and quantum dot samples are obtained by plotting p-polarized emission I(koutx ) for every
excitation wave vector (kinx ). QDs’ 2D spectra are symmetric, NPLs’ less so. This indicates that
NPLs have different transition dipole distributions for absorption and emission. (b) Calculated 2D
k-space spectra. Isotropic distributions are obtained from the analysis for QD emission and ab-
sorption as well as for NPL absorption. Highly anisotropic distributions are evident for emitting
NPL dipoles.

nano-platelets will be discussed in more detail.

Figure 6.6 a) and c) display the angle-dependent characteristics of platelets and dots for
p-polarized excitation (blue frame) and emission (green frame). Figure 6.6 b) shows that
the CdSe platelets are excited in the 2D absorption continuum, as the expected step-like,
constant density of states is observed near the excitation laser energy. For CdSe dots it
is also known that an excitation energy of 2.99 eV leads to continuum state absorption,
Figure 6.6 d). Here the excited carrier states do not depend on the spatial quantum con-
finement. Thus the TDM distribution is isotropic.

The model results are shown as red curves in Fig. 6.6 a) and c). Experimental data and
model are normalized to their total intensity, given by the integrated area under curve.
The ratio of IP to OP transition dipoles can be deduced as described in detail in the pre-
vious section. An isotropic distribution of TDMs is expected to have 67% IP (due to two
degenerate dipole orientations in x and y-direction) and 33% OP contributions. For ab-
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Figure 6.7: Angular dependent excitation (a) and emission (b) of monolayers of
CdSe nano-platelets (upper images) and spherical quantum dots (lower images) for s-
polarization and p-polarization. Data and model are normalized to their total intensity, i.e.
area under curve.

tinct from its absorption. It also deviates strongly from the isotropic emission TDM distri-
bution of the CdSe dots. From the model, a 95% IP to 5% OP distribution of the transition
dipole is found for the CdSe nano-platelets’ heavy hole emission. Due to the higher con-
tribution of IP transition dipoles the emission of CdSe platelets is concentrated strongly
along the surface normal. The ratio of the intensity within the angle of total internal re-
flection compared to the intensity of the side lobes increases from excitation to emission in
Figure 6.6 a) from 3.5 to 5.0. Therefore NPLs can be considered as highly directional emit-
ters. The strong anisotropic confinement in the CdSe nano-platelets has induced a pre-
dominant orientation of the TDM in a bright plane that coincides with the nano-platelets
plane. The electronic origin of the anisotropy of the heavy hole transition in zinc blend
nano-platelets is discussed in the next section and in greater detail in Appendix B.

The insets in Figure 6.6 b) and d) visualize the actual distributions of the TDMs for
all cases. The measured 95% IP contribution for CdSe platelets leads to a strongly oblate
shape, reflecting the bright plane.

For the sake of completeness, polar plots for s-polarization are also shown together
with p-polarized excitation (a) and emission (b) in Fig. 6.7 for nano-platelets and dots.
In s-polarization only minor deviations are observed between excitation and emission
and also between nano-platelets and dots. This could be expected as in this detection
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Figure 6.8: Radiation patterns of nano-platelet and quantum dot monolayer ensembles
in isotropic media. (a) The transition dipole distribution |µ|2(θ,φ) (shown here for platelets as
derived from the fits in Figure 6.6) is convolved with the radiation pattern of a Hertzian dipole. The
nanoparticle monolayers are oriented in the x,y plane. (b) The obtained radiation intensity pattern
of nano-platelets (blue) and dots (orange) of the pure electronic contribution, as if the emitters were
embedded in an infinite CdSe medium. (c) The external radiation patterns of platelets (magenta)
and dots (orange) are calculated for an isotropic dielectric surrounding of oleic acid (with n=1.46)
taking local field factors into account. The data in (b) and (c) is normalized to the total intensity
Itot emitted over 4π. (d) Comparison of radiation patterns of dots (orange) and NPLs with and
without dielectric effects (blue andmagenta) in the x-z plane. Clearly, platelets emit predominantly
in direction of the surface normal, which corresponds to 0 and 180 degrees. Dielectric effects
(magenta) further enhance this directionality.

configuration only IP dipoles can contribute to s-polarized emission. Differences in the
dielectric surrounding for the excitation and emission wavelengths are hence the only
source of deviations.

6.3 Analysis of Dielectric and Electronic Contributions

Up to now this analysis has concentrated on the external emission characteristics of the
nano-particles embedded in a multilayer system. With the theoretical model the internal
distribution of TDMs in the CdSe nano-platelets and QDs monolayers could be extracted.
This allows the reconstruction of radiation intensity patterns of a monolayer nanocrys-
tal ensemble in isotropic media. Figure 6.8 b) shows the case without dielectric contrast,
which resembles excitons radiating into an infinite CdSe medium. It is given directly by
the convolution of the internal dipole distribution |µ(θ,φ)|2 with the radiation pattern of
a Hertzian dipole as indicated in (a). This pure electronic contribution to the radiation
pattern is shown in (b) for NPLs in blue and for QDs in orange.

Now an isotropic surrounding is consideredwith dielectric contrast to CdSe. Amedium
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with the refractive index of a matrix in which nano-crystals are typically embedded is
chosen: oleic acid n=1.46 [180]. These dielectric effects are described by local field fac-
tors fx,y,z of the NPLs[176] at the exciton emission energy. By averaging over the two
in-plane components on the long axes of the platelets fx and fy the azimuthal random
orientation of the NPL monolayer ensemble is taken into account and the field factor el-
lipsoid |f(θ,φ)|2 is constructed (see Appendix B). The product[114, 181] of the field factor
ellipsoid times the dipole distribution |µ(θ,φ)|2 is convolved with the radiation pattern
of a Hertzian dipole to obtain the angular dependent radiation intensity of an emitter in
an isotropic dielectric medium. The result is shown in 6.8 c) for NPLs in blue and QDs in
orange. The cut through the x-z plane of the same data is plotted in (d). The intensity
emitted perpendicular to the platelet is ∼ 4 times higher than into the x-y plane.

Platelets have a highly anisotropic shape and high dielectric contrast to a typical ligand
or polymeric surrounding. Their local field factors in-plane exceed the field factor for a
field oscillating in the out-of-plane direction by almost an order of magnitude ∼ 16. The
radiation from in-plane dipoles, i.e. the bright plane, is thus also favored by the dielectric
effects so that in a realistic environment the emission becomes even more directed as seen
in Figure 6.8 (b). On the other hand, CdSe QD monolayer ensembles emit isotropically
since they have an isotropic dipole orientation. The local field factors of dots are isotropic
as well.

The distance from the origin to a point on the surface of the 3D objects is proportional
to the irradiance transmitted through the surface of a unit sphere at a given solid angle
I(θ,φ). The monolayer ensemble of NPLs (QDs) is placed in the center of the unit sphere
and aligned to the x-y plane. To compare the radiation characteristics of the NPL and
QD monolayer ensembles quantitatively we normalize to their total emitted power Itot =
∫ ∫

I(θ,φ) sin θdθdφ. For a more detailed discussion on local field factors and radiation
patterns see Appendix B.

It can be concluded from Figure 6.8 that the emission of the CdSe nano-platelets is
highly directed normal to the platelet plane due to the existence of a bright plane of IP
dipoles. This electronic effect is further intensified by the shape of the platelets in a dielec-
tric surrounding and allows to use the CdSe platelets as a new type of directional emitters
e.g. for display technology.

6.3.1 Microscopic Origin of the Anisotropy

In photoluminescence experiments, electron-hole recombination takes place between states
near the band edges, as population excited in the continuum relaxes fast and radiation-

87



CHAPTER 6. ANISOTROPIC EMISSION OF ORIENTED NANO-PLATELETS

E
n
e
rg
y

|Ag

|B2u

|Ag
|B2u

...
...

...

b

...
...

|ue |uhh |ulh |uso

(hh) (cont.)

a

k

hh band

lh band

so band

conduction

band

Energy

k=

A
b
s
o
rp
ti
o
n
(a
.u
.)

Energy (eV)

c

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

hh
lh

so

(cont.)

Figure 6.9: The contribution of different Bloch states determines the isotropic absorption
and anisotropic emission of CdSe nano-platelets (a) A bulk zincblende (ZB) semiconductor
has degenerate heavy-hole hh and light-hole lh sub-bands. The effective masses along the growth
direction are heavier for hh than for lh, so the top of the valence band in NPLs is formed almost
exclusively by hh states. (b) Schematic of the conduction band electron and valence band hole
energy levels in a rectangular (D2h) NPL with ZB crystal structure. Symmetry labels for envelope
|ν⟩ and periodic parts |uj⟩ of a few states, |ν⟩|uj⟩, are given. The envelope functions, characterized
by their basic symmetries (|Ag⟩ and |B2u⟩), are shown on the left. The Bloch states are given color-
coded at the bottom of (b). (hh): Dipole-allowed near-band-edge transitions (emission). (cont.):
Dipole-allowed high energy transitions in absorption. In emission only hh levels (red) are involved,
resulting in prevailing out-of-plane emission. In continuum absorption (cont.) hh, lh and split-off
so holes are equally involved, which results in isotropic absorption. The corresponding transitions
of (hh) and (cont.) are indicated in the NPL absorption spectrum in (c). In contrast to the bulk case
shown in (a) the confinement lifts the degeneracy of the hh and lh.

less to the band-edge. As shown in Figure. 6.9 (b) column (hh), this involves only emission
from the heavy hole hh to which all excited higher excitons and electron-hole (e-h) pairs
cool down. The emission dipoles of these hh excitons lie in the x-y plane and are thus IP.
The intrinsic nature of the observed directed emission is thus related to the anisotropy of
the electronic Bloch states governing the exciton transition dipole moment. This theoret-
ical expectation is in excellent agreement with our measured 95% IP dipole orientation,
considering our error margin of 5%.

Consequently, emission is mostly orthogonal to the NPL surface. Notice this is inde-
pendent of the envelope function symmetry, and hence compatible with previous works

88



6.3. ANALYSIS OF DIELECTRIC AND ELECTRONIC CONTRIBUTIONS

suggesting emission can have finite contribution from excited (B2u) excitons [108]. On the
other hand, our absorption experiments are performed at high energy. As shown in Fig-
ure 6.9 (b) column (cont.), optical transitions include any kind of hole state (hh, light-hole
lh, split-off so or their mixture). On average, this means that the continuum absorption
in our CdSe nano-platelets is isotropic with respect to the internal dipole distribution.
This is again in agreement with our experimental results of nearly isotropic transition
dipole distribution (70% in-plane to 30% out-of-plane) in absorption (ideally 67% to 33%).
Details on Bloch states, envelope function and selection rules can be found in Appendix B.

By the means of two dimensional k-space spectroscopy we have demonstrated the di-
rected emission of highly oriented CdSe nano-platelet monolayers. Our analysis shows
that heavy hole exciton transition dipoles of the platelets’ are oriented in a bright plane
that coincides with the platelet plane. For nano-platelets the resulting out-of-plane di-
rected emission is further favored by dielectric and local field effects. However, the transi-
tion dipole distribution in the platelets’ 2D continuum has no preference: As the absorp-
tion and emission of quantum dot monolayers it is isotropic. We further showed that the
observed anisotropic transition dipole distribution for the lowest hh excitons is directly
related to the basic anisotropy of the electronic Bloch states governing the dipole moment.
Hence k-space spectroscopy allows direct access to the internal Bloch states.

The combination of isotropic absorption and highly anisotropic emission makes CdSe
nano-platelets an interesting directional emitter for photonic applications like in display
technology or lasing, where directed emitters are desirable. As losses to non out-coupled
modes (e.g. under oblige angles) are suppressed due to the directed emission, we expect a
significant increase of the radiative out-coupling efficiency in displays. Gain media of ori-
ented platelets in super structures for example are expected to have superior performance
over random oriented or spherical nano emitters. Improved inversion conditions and re-
duction of losses through spontaneous emission might be achieved with high directional
gain and flexible pump directions.
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7 | k-SpaceResolvedTwo-Photon
Absorption inOrientedNano-
Platelets

Due to their large two-photon absorption (TPA) cross section, semiconductor nano-crystals
are of current interest in many applications such as non-linear gain media [182], opti-
cal power limiting, photo-dynamic two-photon (TP) cancer therapy [183] or bio-labeling
[184]. TPA has further become important in various applications, e.g. micro-fabrication,
lithography, polymerization, data storage and spectroscopy [185–187]. Cell and animal
in-vivo imaging [188]can also be realized by confocal two-photon imaging combining
high spatial resolution and deep tissue penetration [189]. The scheme of TPA is shown in
Fig. 7.1 a): Simultaneous absorption of two photons whose combined energy corresponds
to the gap between electronic states leads to excitation from a lower state to a higher
energy electronic state. This third-order nonlinear process depends on the square of the
excitation intensity.

The combination of individual photon-emitters such as quantum dots, dye molecules,
colloidal nano-particles and sub-wavelength-confined plasmonmodes onmetalfilms promises
significantly enhanced emission while being excited at the plasmonic resonance [117–120,
122–124]. Thus improvements in numerous fields have been achieved such as sensing,
microscopy, photovoltaics and spectroscopy [125–128]. Directed emission from coupling
into the plasmonic mode has likewise been observed [116, 121, 122].

Plasmonic resonances in combination with TPA are of current interest in fluorescence
microscopy, sensing applications and nano-lithography [129–134]. Highly oriented nano-
platelets with their distinct radiation pattern (section 6.3) on top of plasmonic thin films
promise boosted excitation and directed emission normal to the interface. In addition,
nano-platelets are known for their extraordinary TPA cross-section [103].
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Figure 7.1: TPA cross-section and absorption spectrumofNPs. a) Comparison of two-photon
absorption cross sections for different absorbers. CdSe nano-platelets have the largest reported
cross section of up to 5 · 107 GM. b) Intrinsic absorption coefficient as a function of excitation
wavelength. The characteristic 2D density of states can be seen in the absorption spectrum.

The preliminary work from Chapters 5 to 6 enables investigation and understanding
of such samples which combine oriented nano-platelets with plasmonic layers. Therefore,
the k-space setup from Chapter 6 (Fig. 6.1) is used for angle-dependent excitation and de-
tection with spectral resolution. This enables simultaneous observation of the plasmonic
resonance, SHG and photoluminescence.

The next section treats TPA excitation of oriented nano-platelets without plasmonic
layers to characterize the excitation and emission patterns. The internal distribution of
transition dipole moments (TDM) and the degree of in-plane orientation for this set of
nano-platelet samples is determined as well. Differences between linear and TPA absorp-
tion are discussed in terms of their respective TDM distribution. Subsequently, a silicon
dioxide covered silver layer is added (between the substrate and the NP monolayer) which
enables plasmonic coupling. Surface plasmon enhanced excitation and directed emission
into the plasmon mode are investigated and potential applications are discussed.

7.1 Two-Photon Absorption Of Oriented CdSe Nano-
Platelets

CdSe nano-platelets have been identified to offer remarkably high TPA cross sections
with respect to the particle volume [173] as compared to other semiconductor nano-
particles like CdSe or CdS dots and rods [176, 190]: TPA cross sections of up to 5 · 107 GM
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(1GM=1GöppertMayer=10−50 cm4 s photon−1) have been reached for CdSe nano-platelets
which is way beyond typical two-photon absorbers which have cross sections smaller than
1000GM[191]. Indeed, it is the largest ever reported for colloidal semiconductor nano-
crystals [103]. Higher cross sections per particle or volume result in lower excitation in-
tensities to obtain a sufficiently high response in TPA applications with the same amount
of material. A comparison for different two-photon absorbers is shown in (Fig. 7.1 c).

Due to their strong confinement in normal (z-) direction, nano-platelets have a 2D
density of states resulting in step-like TPA spectra with strong continuum absorption
and a weak first excitonic resonance. In summary nano-platelets are extremely efficient
and desirable broadband two-photon absorbers for applications in confocal two-photon
imaging and non-linear opto-electronics.

7.1.1 Sample Characterization And Experimental Setup

The investigated Zinc-blend (ZB) CdSe nano-platelets had a thickness of 4.5 monolayer
(1.37 nm). The lateral size of these NPLs in x and y direction (being determined by TEM-
analysis, see inset in Fig. 7.1 b) has been averaged (L =

√
19.6 · 9.6 nm2) accounting for

the NP’s random orientation inside this plane. The aspect ratio is then defined asAR = n·
dML/L. The lattice parameter for zinc blende CdSe[192] is twice the monolayer thickness
dML = 0.304 nm with n being the number of CdSe monolayers. The studied NPLs are
assumed to be cadmium-terminated on both basal planes as shown by Li et al. [192] and
She et al..[182]. They consist of four Se and five Cd monolayers and their heavy hole
emission is found at 513 nm (Fig. 7.1 b).

The NPLs were deposited on 170 µm thick fused silica substrates by a Langmuir tech-
nique. The sample can thus be modeled as a three layer system consisting of the glass sub-
strate, a monolayer of nano-platelets and their ligands, and the surrounding air (Fig. 7.2):.

In Chapter 6, similar monolayer samples of CdSe nano-platelets have been shown to
exhibit a high degree of in-plane (x-y-plane) transition dipole orientation. Now, the con-
focal k-space spectroscopy setup from Fig. 6.1 is applied to investigate angle dependent
linear and two-photon absorption of these oriented CdSe nano-platelets. A Ti:Sapphire
laser (FWHM 150 fs, 75.4MHz, 0.1W/cm2 excitation density) provided p-polarized pulsed
radiation at 830 nm wavelength for TPA excitation. For linear excitation, a beta barium
borate (BBO) crystal was introduced for frequency doubling, resulting in an excitation
wavelength of 415 nm.

The k-space analysis is performed using a high numeric aperture (1.49) immersion
oil objective shown in Fig. 7.2. Excitation and detection are symmetric in the confocal
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Figure 7.2: Excitation and emission scheme of oriented NPs. A high NA immersion oil
objective is used to excite a sample of oriented nano-platelets. By projecting the back aperture
of the objective onto a highly sensitive CCD camera, the wave-vector dependence of the emission
and hence its angular emission pattern can be observed. Simultaneous variation of the excitation
wave-vector in the back aperture enables 2D k-space spectroscopic measurements. Total internal
reflection occurs for wave-vectors larger than the wave-vector in the surrounding air, (k > 1). b)
shows a typical emission pattern for oriented nano-platelets. The kx- and ky-cuts can be referred
to p-polarized and s-polarized emission, respectively.

setup. The beam position in the back aperture of the objective can be defined as wave-
vector component and relates to the incident angle in the focus via a Fourier transform.
The excitation and emission characteristics can hence be characterized by imaging the
back aperture on a sensitive CCD camera. Furthermore, a polarizer is inserted in the
detection to determine in-plane (IP) and out-of-plane (OP) contributions of the emission
(see Fig. 6.2). Detailed information about the samples and the experimental configuration
can be found in section 6.1 and in the Appendix B.

7.1.2 Transition Dipole Distributions for TPA Excitation

To determine the distribution of transition dipoles involved in the respective absorption
and emission processes, we applied the analysis from Section 6.1.1. Here, all parameters
are defined by the experimental setup except for the ratio of purely IP and OP oriented
transition dipoles which is obtained by fitting the experimental results with a least square
routine. According to this model, a ratio of 67% IP dipoles to 33% OP dipoles is expected
for an isotropic transition dipole distribution.

A comparison of linear and TPA excitation and the related emission patterns is shown
in Fig. 7.3. The case of linear excitation at a wavelength of 415 nm was discussed in detail
in Chapter 6. Here, the absorption is nearly perfectly isotropic with a 3D-ratio of 70%IP
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Figure 7.3: Comparison of linear and TPA excitation of oriented nano-platelets and the
related emission patterns. The upper image shows linear excitation at a wavelength of 415 nm
on the left and the related photoluminescent emission at a wavelength of 513 nm on the right. The
lower image shows TPA excitation at a wavelength of 830 nm and the corresponding emission at
a wavelength of 513 nm. The dashed lines correspond to our theoretical calculation and the insets
contain the respective 3D-ratio of in-plane oriented transition dipoles.

and 30% OP transition dipoles (compare Eq. 6.4). For the emission, a highly anisotropic
transition dipole distribution was found with 95% IP and only 5% OP dipoles. This results
in strongly directed emission perpendicular to the nano-platelets. In photoluminescence
experiments at room temperature, electron-hole recombination takes place between states
near the band edges (see Appendix C). The excitonic emission is thus governed by the
heavy hole transition which is only enabled by in-plane polarized light and accounts for
the emission anisotropy. The absorption in the continuum in contrast includes heavy
hole hh transitions as well as light hole lh and split-off so transitions which results in an
isotropic distribution (see Chapter 6).

For two-photon absorption however, emission and excitation show anisotropic tran-
sition dipole distributions. The emission pattern is not altered compared to the case of
linear excitation and shows the same ratio of 95% IP and 5% OP transition dipoles. This
could be expected as the recombination process is still governed by the hh exciton. For

95



CHAPTER 7. K-SPACE RESOLVED TWO-PHOTON ABSORPTION IN
ORIENTED NANO-PLATELETS

TPA excitation however, the model delivers a 85% IP to 15% OP ratio of the transition
dipoles which reflects a considerable orientation. To account for the nonlinearity in the
TPA process [193], the calculated intensities from Eq. 6.13 had to be squared to fit the
experimental results leading to

Ss(ω, kx) = (C1ρ̃
s
IP (ω, kx)AIP (ω))

2

Sp(ω, kx) =
(
C1

[
ρ̃pIP (ω, kx)AIP (ω) + ρ̃pOP (ω, kx)AOP (ω)

])2 (7.1)

An explanation for the anisotropy in TPA excitation can be given regarding the prob-
ability of a TPA process taking place which is given by the 2nd order Fermi golden rule:

WTPA =
2π

!
∑

i,f

∣∣∣∣∣
∑

m

⟨f |e⃗ · p⃗|m⟩ ⟨m|e⃗ · p⃗|i⟩
Em − Ei − hν

∣∣∣∣∣

2

δ (Ef − Ei − 2hν) (7.2)

where |j⟩ is the wave function and Ej the energy in the initial (j = i), the intermediate
(j = m), and the final (j = f ) state. Here, e⃗ is the light polarization vector and p⃗ the
momentum operator.

The initial states are in the valence band (hh-subband, lh-subband and so-subband)
and the final states are in the conduction band (cb). Intermediate states for two-photon
transitions are virtual, non-resonant, states, which are short-lived and hence energetically
not well defined. The transition probability of such processes is proportional to the sum of
perturbation terms involving all possible intermediate states and can thus be decomposed
into a linear combination of resonant states. We can envisage the whole process as the
sum of several paths through different non-resonant intermediate states |m⟩.

The optical selection rules for these transitions are given by the matrix elements in
the numerator. A detailed discussion of possible interband and intraband transitions and
their optical orientation (which corresponds to the polarization of the optical excitation)
can be found in Appendix C. It can be seen from the denominator and the δ-condition in
Eq. 7.2, that the probability for transitions is maximized for intermediate states near the
laser energy, where

Em ≈
Ef − Ei

2
(7.3)

A schematic representation of the decomposition into the different possible transitions
can be found in Fig. 7.4. As discussed in Chapter 6 and the Appendix B, the luminescent
emission takes place through recombination of the hh-exciton. This interband transition
is interrelated to an optical orientation of the TDM inside the platelet-plane which causes
the strong anisotropy of the emission pattern.

However, the decomposition of the TPA excitation comprises a multiplicity of tran-
sitions with different optical orientations. Their overall orientation is thus given by the
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Figure 7.4: TPA excitation and its decomposition into possible transitions. Two-photon
excitation from an initial state |i⟩ to a final state |f⟩ takes place through a virtual non-resonant
state. The efficiency of this process is proportional to the sum of perturbational terms involving all
possible intermediate states |m⟩. In this connection, the transitions close to the (Ef − Ei)/2 and
thus close to the bandgap energy have the highest probability. These contributions can further be
analyzed in terms of their optical orientation (IP and OP), which directly relates to the polarization
of the excitation. It should be noted that the displayed path are only examples of all the contributing
linear combinations.

sum of allowed transitions weighted with their respective probabilities. As discussed be-
fore (Eq. 7.3), the transition probabilities are highest for energies near the laser energy
(1.5 eV at 830 nm), which in our case are energies close to the bandgap energy (2.4 eV).
The transitions with the highest probability, as shown in Fig. 7.4, are thus containing ei-
ther hh-cb or cb-cb contributions which are optically in-plane oriented (see Appendix C
for further details on selection rules and related orientations).

This analysis confirms our experimental results where the excitation by TPA shows a
high degree of orientation. With a ratio of 85% IP transition dipoles, this orientation is con-
siderably higher as for linear excitation (isotropic with 67% IP) but not yet fully oriented
as in the luminescent emission with its ratio of 95% IP transition dipoles. This reflects the
high, yet not exclusive, probability of transitions with optically in-plane orientation that
are involved in TPA excitation of oriented nano-platelets.
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Figure 7.5: Excitation and emission scheme of oriented NPs on a thin silver layer. The
sample consists of a 30 nm silver film, a 15 nm SiO2 spacer and amonolayer of oriented CdSe nano-
platelets. In excitation, coupling to SP occurs by meeting the wave-vector of the resonance which
is beyond the angle of total internal reflection, kex/k0 > 1. SP-excitation through the emission
is likewise possible. b) shows a CCD image with the fundamental excitation at a wavelength of
830 nm, the generated SHG at 415 nm and the PL-emission at 513 nm which is directed through
coupling to the SP-mode

7.2 Surface PlasmonEnhancedTPAandDirectedEmis-
sion

With the preliminary characterizationswe can investigate the coupling of transition dipoles
in oriented nano-platelets to propagating surface plasmons (SPs) in thin metal films. En-
hancement of the excitation through the SP resonance, as well as directed emission into
the plasmonic mode can thus be examined.

To enable coupling to SP, a thin silver layer is thermally evaporated onto the sub-
strate and covered by a thin silicon dioxide (SiO2) spacer to avoid quenching. Hereon, a
monolayer of oriented nano-platelets is deposited by Langmuir technique as described in
Chapter 6.

The excitation and detection scheme is shown in Fig. 7.5 a). Resonant excitation of
SPs occurs for wave-vectors larger than that of the surrounding dielectric, which is air in
this case (kex/k0 > 1) and thus beyond the angle of total internal reflection (TIR). The
wave-vector position of the SP resonance is strongly dependent on the dielectric functions
of the silver layer and the glass used for the objective, and hence the wavelength of the
excitation. Likewise, the width of the plasmonic resonance in terms of incident angle and
its wave-vector projection depends on the dielectric functions. A raw image of the CCD
camera at SP excitation is shown in Fig. 7.5 b). Here, the PL-emission pattern is strongly
altered compared to Fig. 7.2 b) due to the sharp SP-resonance for TPA excitation and the
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Figure 7.6: 2D k-space analysis of oriented NPs in linear and TPA excitation with and
without plasmonic layer. The upper row shows the experimental results for the sample without
silver layer (a and b) and for the one with additional silver layer (c and d). The lower row shows the
respective simulations from the theory. Linear (a and c) and TPA (b and d) excitationmeasurements
were performed for both samples and the corresponding k-space emission spectra were detected.

directed emission into the plasmonic mode. As in the previous experiments, we vary the
excitation while simultaneously detecting the complete emission in terms of its k-space
distribution.

2D k-space maps as a function of excitation and emission wave-vector are shown in
Fig. 7.6. Here, the emission patterns of samples with andwithout plasmonic layer are com-
pared for linear and TPA excitation, respectively. As expected from previous results for
linear excitation without plasmonic layer, we observe isotropic absorption and anisotropic
emission in (a). The latter can be identified by the strong decrease of emitted intensity at
kem/k0 = 1 where OP dipoles only can radiate to the far-field. For TPA excitation in (b),
absorption and emission are anisotropic which has been discussed in detail in the previous
section. Our theoretical model matches the experimental results remarkably well.

A different behavior can be observed for the sample with additional silver layer and
its SiO2 cover, which enables coupling to propagating SPs. Here, the intensity of the
emission is strongest, if both excitation and emission wave-vector are close to the plas-
monic resonance. In this configuration the SiO2-layer affects the SP resonance, which is
expected at k415nmSP /k0 ≈ 1, 18 for linear excitation, k513nmSP /k0 ≈ 1, 1 for the PL emis-
sion, and k830nmSP /k0 ≈ 1, 03 for TPA excitation, each one normalized to the respective
wave-vector k0 in air. The emission normal to the sample (kem/k0 ≈ 0), which is clearly
visible for samples without silver layer, is almost completely suppressed. This is a clear
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Figure 7.7: k-space cuts for excitation and emission of oriented NPs with and without
plasmonic silver layer. The left-hand side shows the wave-vector dependence of the integrated
emission for linear excitation and TPA excitation. SP-enhanced excitation through an additional
silver layer is further compared to excitation without silver layer. The shaded areas refer to the
reflected intensities of the laser used for excitation and the dashed lines to our theoretical calcu-
lations. The right-hand side shows the respective emission patterns as a function of exit angle
kem/k0.

evidence for SP-enhanced excitation of CdSe nano-platelets and the following directed
emission into the plasmonic mode. It could be seen in Fig. 2.6 that the SP resonance is
considerably broadened in the regime of the linear excitation (415 nm) and also of the
emission (513 nm). This corresponds to the broadened SP resonance for linear excitation
in (c). Here, the diagonal signal was identified to result from an internal reflection and is
hence not characteristic for the emission.

For TPA excitation in the near-infrared (830 nm) in contrast, the SP resonance is ex-
pected to be very narrow (d). Indeed, the experimental results show a narrow peak in
terms of excitation wave-vector while the emission is still as broad as for linear excita-
tion. These characteristics are confirmed by our theoretical calculations in the lower row.

Fig. 7.7 shows cuts at the wave-vector positions of the respective resonances to illus-
trate the specific characteristic of SP-enhanced excitation and emission. Due to the di-
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electric function of silver at the emission wavelength, the respective SP resonance is still
relatively broad. Nevertheless , the emission on the right-hand side is significantly nar-
rowed in terms of wave-vector if it is coupled to a plasmonic mode leading to a direc-
tion of the emission. Furthermore, the emission is basically limited to the region of the
plasmonic resonance in contrast to the emission without plasmonic layer which has the
specific anisotropic shape.

For TPA excitation, this difference is even stronger: A very narrow peak can be seen,
which corresponds to the distinct SP resonance in the near-infrared. The plasmonic field
enhancement is thus boosting the photoluminescent emission from the nano-platelets.
The shaded background refers to the reflected intensity of the laser beam at the respec-
tive excitation wavelengths. For the sample without silver layer, the TIR edge is clearly
visible. For excitation in the near-infrared with silver layer, the plasmonic resonance is
clearly visible as a dip in the reflected intensity. At the wavelength of linear excitation,
the corresponding dip is too broad to be distinguishable.

We have shown, that in contrast to linear absorption, the two-photon absorption in
oriented nano-platelets is highly directed. This transition dipole orientation was referred
to the probabilities of the involved processes and their selection rules. Furthermore, it was
demonstrated that an additional silver layer covered with SiO2 enables surface plasmon
enhanced excitation and highly directed emission into the plasmonic mode. The com-
bination of TPA and the plasmonic resonance even led to further concentration of the
absorption range as a function of excitation wave-vector.

The integrated intensity of the detected emission for SP-enhanced excitationwasweaker
than for excitation without silver layer. Our NPs emitted at a wavelength of 513 nmwhich
leads to a broadened SP resonance and is in a regime where the silver is lossy. For reflec-
tion measurements, it is thus preferable to use NPs which have their emission at larger
wavelengths and provide better coupling to SP. For our platelets however, especially with
TPA excitation, the SP leads to enhanced excitation while the emission does not efficiently
couple to the SP. With the silver layer acting as a mirror, the emission into the upper half-
space (air) is thus expected to be much increased. This effect will be subject of future
measurements.
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8 | Conclusion

Following the structure of this work, we will emphasize here the most important results
of the individual chapters.

Surface Plasmons: Efficient optical access of surface plasmon polaritons (SP) from the
far-field has traditionally been accomplished by using evanescent coupling in either the
Otto or Kretschmann configurations. With a detailed characterization of these attenuated
total internal reflection (ATR) coupling configurations we have determined how the ef-
ficient excitation of propagating SP depends on the setup parameters. Knowledge about
linear coupling efficiency, its dependence on the coupling layer thickness, the excitation
wavelength and the material properties is indispensable for all applications that exploit
surface resonances. In Chapter 2 we have shown that the Otto and the Kretschmann
coupling configuration, commonly regarded as identical in terms of plasmonic coupling,
exhibit differing dependencies on the combination of excitation wavelength and cou-
pling layer thickness. The optimum metal layer thickness for efficient coupling in the
Kretschmann configuration lies around 45 nm as the dielectric contrast of the coupling
prism and the dependence on the excitation wavelength compensate each other. For the
Otto configuration in contrast, the coupling efficiency is very sensitive to the size of the
coupling gap.

As a result, the Kretschmann configuration enables measurements (e.g. in sensing ap-
plications) over a wide spectral range without modifications of the setup. On the other
hand, the Otto configuration with its tunable coupling gap can be used to investigate spe-
cific interactions in a selected wavelength region. In addition, both coupling methods
also show perturbations to the SP momentum and lifetime in the limit of strong radia-
tive damping. In the Otto geometry these deviations from the ideal SP are caused by the
strong influence of the coupling layer and SP hybridization with a photonic mode. The
Kretschmann geometry is only affected for very thin metal layers.

Our k-space measurements further revealed a strong connection between the angular
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width of the plasmonic resonance, the waist of the excitation beam and the coupling effi-
ciency. By comparing plane-wave excitation with excitation by a focussed laser beam, we
could relate the absorption feature in the reflected intensity to the width of the plasmonic
resonance and the SP propagation length. In combination with our theoretical model, we
can determine intrinsic material properties of thin films and their environment which is
the basis of sensing applications. Installed in an interferometer and combined with homo-
dyne detection, the surface plasmon resonance provides a basis for quantum plasmonic
sensing. These findings are not only valuable for applications but also for the analysis of
plasmon-enhanced nonlinear interactions.

Nonlinear Plasmonics: To analyze SP-enhanced nonlinear interactions, a series of k-
space spectroscopic measurements of second harmonic generation (SHG) and degenerate
sum-frequency generation (SFG) from a gold film have been performed. We have exper-
imentally demonstrated in Chapter 4, that the second-harmonic response in the in the
Kretschmann and the Otto configuration differs markedly in its qualitative behavior (as
a function of coupling strength), and quantitatively in its radiated nonlinear yield. These
surprising results can be understood in terms of the nonlinear sources in the bulk metal
and on themetal surfaces, how they are driven by the fundamental field and SP resonances,
and the limitations imposed by the out-coupling efficiency of the second-harmonic to the
far-field.

Our analysis using the hydrodynamic model of the metal film (Chapter 3), treated in
the respective geometries, confirms that the harmonic out-coupling efficiency dominates
in SHG yield from the Otto geometry, while the fundamental SP resonance governs the
yield in the Kretschmann geometry. Even though the field enhancement is comparable for
both coupling configurations, the intensity of SHG coupled to the far-field is one order of
magnitude lower in the Otto configuration compared to the Kretschmann configuration.
We have shown, that the hydrodynamic model enables a qualitative analysis of the exper-
imental data as well as a quantitative calculation of the absolute second harmonic yield.
Thus a first evaluation of the nonlinear parameters could be given, showing, that the in-
plane surface source is stronger than predicted while the other parameters are in good
agreement with the predictions from Rudnick and Stern [74]. To our knowledge, this is
the first direct comparison of absolute values for SHG from the Otto and the Kretschmann
configuration to the nonlinear parameters from the hydrodynamic model.

In addition, the plasmonic modes propagating at the surface were analyzed in terms of
their wave-vector and its dependence on the thickness of the coupling layer. The match-
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ing conditions of SP to the far-field radiation were also determined, which is especially
important for the investigation of coupled modes in very thin films.

Furthermore, the nonlinear interactions which generate second harmonic radiation
have been investigated for a gold film in the Kretschmann-geometry (4.2). They could
be characterized by their unique signature in k-space due to the fact, that only a well-
defined combination of wave-vectors can take an active part in SFG and SHG. The results
from single-beam measurements revealed an interaction where two surface plasmons p
annihilate to create a second harmonic photon (pp-f2ω). The surface plasmon thus plays
an active role in the nonlinear conversion process.

For excitation with two independent laser beams, the mixing process between a plas-
mon p excited by the a beam and a photon f ′ provided by an auxiliary beam, the inter-
action pf ′-f2ω , was clearly isolated. This plasmon-driven SFG was limited to the regime
where SP’s are excited and could therefore be clearly distinguished from the common pho-
tonic SHG which was measurable over the entire angular range, Thus we have demon-
strated how 2D-k-space spectroscopy can identify the combinations of elementary exci-
tations (photons, surface plasmons) which contribute to nonlinear frequency conversion
in metal surfaces.

The interactions of photons and plasmons involved in second harmonic generation
and degenerate sum-frequency generation could be identified and the nonlinear sources
in the bulk material and at the surface could be quantified. Knowledge of the relevant non-
linear interactions that occur in nano-metallic structures is vital for the development of
applications in quantum plasmonics, such as sub-wavelength sources of entangled surface
plasmons. In future experiments, multilayer systems of silver and gold could be applied
featuring desirable properties such as sharp resonances and hence increased interaction
lengths. The combination with magnetic media can lead to increased nonlinearities which
depend on the direction of the magnetic field.

Long-range surface waves in thin films: Long-range surface waves (LRSW) in thin films
of molybdenum, chromium and gold were investigated in this thesis and compared in
terms of linear coupling and nonlinear yield in Chapter 5. Compared to bulk SP, the LRSW
resonance in thin films was observed to be much narrower which relates to their highly
increased propagation lengths. Propagation lengths of several hundreds of micrometers
could be obtained for large coupling gaps and very thin films. Surprisingly, the thinmolyb-
denum and chromium films supported LRSW with long propagation lengths even in the
near-infrared where these materials are very lossy. Intrinsically absorbing materials can
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thus sustain low-loss surface waves. Provided that the configuration is chosen to be a film
of absorbing material that is embedded in a transparent medium, the propagation lifetime
of LRSW can even become arbitrarily long in the limit of vanishing film thickness which
makes LRSW interesting in sensor applications and for micro-electronics.

Enhanced SHG from the excitation of LRSW was observed which is a strong evidence
of field enhancement provided by the surface wave resonance. By means of our theo-
retical model we have identified the out-of-plane component of the nonlinear sources to
have the strongest contribution for LRSW samples which is in contrast to bulk SP. How-
ever, the very sharp resonance of LRSW in terms of incident angle complicates excitation
with expanded laser beams as the overlap of the modes and thus the coupling efficiency
is decreased. The large coupling gaps required for efficient excitation of LRSW further
reduced the out-coupling efficiency for SHG. The harmonic intensity coupled to the far-
field from LRSW excitation (molybdenum) was measured to be only half of that for LRSPP
(thin gold), and even 2 orders of magnitude lower than for SP (thick gold).

By applying different coupling techniques such as gratings, the overlap with the nar-
row mode profile and thus the coupling efficiency to the far-field could be significantly
increased. The combination of long propagation distances and the increased nonlinearity
of absorbing materials opens the doors to using absorbing materials for doing nonlinear
optics of surface waves. Furthermore, the sharp resonance of LRSW provides a basis for
sensitive surface analysis with high angular resolution. Thin films of hybrid materials
with tailored dielectric functions could further increase the propagation lengths, while
incorporating gain media could pave the way for lasing or all-optical integrated circuits
such as optical transistors.

Oriented nano-platelets: The distribution of transition dipoles in a monolayer of ori-
ented semiconductor nano-particles has been characterized for one and two-photon ab-
sorption (TPA) and their respective photoluminescent emission. In Chapter 6, we have
investigated the angular dependent excitation and emission of oriented CdSe nano-platelet
monolayers. Our investigation has revealed photoluminescencewith a strongly anisotropic
k-space distribution. By the means of two dimensional k-space spectroscopy with high
numerical aperture we have recovered the transition dipole distributions in our 2D nano-
platelets for absorption and emission and thus revealed the origins of the emission anisotropy.

Analysis in both the evanescent and propagating regimes shows that this phenomenon
is related to the anisotropy of the electronic Bloch states that govern the transition dipole
moment of the exciton. Hence k-space spectroscopy allows direct access to the internal
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Bloch states. Regarding the selection rules for the optical transitions and their orienta-
tion, we identified the emitting heavy hole exciton to form a bright plane of optically
active dipoles aligned in the platelet plane. This alignment leads to a strongly directed
emission perpendicular to the platelet plane, while the off-resonant absorption into the
energetically higher 2D-continuum of states is isotropic. As such, the intrinsic nature of
directed emission can be revealed by a reconstruction of the internal distribution of tran-
sition dipoles. For nano-platelets the resulting out-of-plane directed emission is further
favored by dielectric and local field effects.

This contrasting combination of isotropic absorption and anisotropic emission makes
CdSe nano-platelets an interesting directional emitter for photonic applications or lasing.
Gain media of oriented platelets in hyper-structures are expected to have superior perfor-
mance over random oriented or spherical nano emitters. Improved inversion conditions
and a resulting reduction of losses through spontaneous emission might be achieved for
platelets oriented perpendicular to the optical pump beam. Hybrid Maxwell-Garnett me-
dia containing nano-particles in a symmetric cladding could further support their own
LRSW resonances leading to enhanced excitation and directed emission into this surface
mode.

SP enhanced TPA in oriented nano-platelets: Our 2D-k-space measurements from Chap-
ter 7 have shown, that in contrast to the isotropic linear absorption, the two-photon ab-
sorption in oriented nano-platelets is highly anisotropic. A transition that relies on the
simultaneous absorption of two photons involves an intermediate virtual state. The orien-
tation of such a transition can be determined by its decomposition into a linear combina-
tion of the allowed transition paths weighted with their respective transition probabilities.
As this probability increases for states close to the photon energy, the absorption is gov-
erned by the heavy-hole states close to the band-edge, which relate to transition dipoles
oriented in the platelet plane. Our angle-resolved TPA-analysis revealed a 85% in-plane
(IP) orientation compared to 67% IP orientation for the (isotropic) linear absorption and
95% for the nearly perfectly oriented emission transition dipoles.

With the results from Chapters 2 to 6, we were able to investigate the coupling of
highly oriented nano-particles to propagating surface plasmons. We have demonstrated
that oriented nano-platelets on top of a silver layer covered with a SiO2-spacer show
significantly enhanced emission while being excited at the SP resonance. Furthermore,
the photoluminescent emission was also coupled to the plasmonic mode which resulted
in high directionality in terms of its exit angle. While the SP resonance is broadened in
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terms of wave-vector at the wavelength for linear excitation, the combination of TPA and
SP resulted in a very narrow range of excitation wave-vectors.

In a next step, we want to determine the emission characteristics and particularly the
intensity emitted into the upper half-space, which is air. Additional reflection from the
silver layer is expected to lead to a considerable increase of the emitted intensity in this di-
rection which does not interfere with, for example, two-photon excitation at larger wave-
lengths. This combination of surface plasmon enhanced excitation with highly directed
emission could pave the way for an interesting class of semiconductor-based emitters for
optical technologies. Nano-particles which show emission in the near-infrared could fur-
ther improve the coupling to SP and hence the directionality of the emission.

We have demonstrated how two-dimensional k-space spectroscopy in the optical regime
is a powerful tool for the analysis of surfaces and thin films. Beyond the determination
of intrinsic material properties, such as the dielectric function, it provides an insight into
the surface structure and additionally enables the characterization of the applied coupling
configurations. Even the investigation of complex phenomena such as nonlinear particle
interaction, the coupling to surface-confined modes or the distribution and orientation
of transition dipole moments in semiconductor nano-particles was made possible by the
means of k-space spectroscopy.
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A | SHG in the Hydrodynamic
Model

A.1 Conventions

The approach here largely follows that of J.E. Sipe, V.C.Y. So, M. Fukui, and G.I. Stege-
man, “Analysis of second-harmonic generation at metal surfaces," Phys. Rev. B 21, 4389
(1980) (hereafter referred to as SSFS) [73]. We give some of the development in more detail
and also include a momentum relaxation time in the equations, which was not included
in SSFS. Furthermore, the model was expanded to allow simulation of different excita-
tion geometries, namely the Otto configuration, three-wave-mixing and Gaussian beam
excitation.

Here, “cgs units," are used and the charge on the electron is taken to be −e.

A.2 The linear fields

The plane of incidence is defined to be the x-z-plane and the materials are aligned with
the x-y-plane. All the fields at fundamental frequency are written as

f(r, t) = f(r)e−iωt + c.c. (A.1)

Here, ω is the frequency of the incident beam, later Ω = 2ω will be used for the second
harmonic frequency.

We consider a general configuration with 3 material layers for the Kretschmann con-
figuration and with 4 layers for the Otto configuration, as an additional coupling layer
is needed. The Kretschmann configuration consists of a glass coupling prism (M0) onto
which a thin metal film (M3). SP’s can be excited at the interface between the metal
and the surrounding dielectric (M2), which is air in this case. The arrangement in the
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APPENDIX A. SHG IN THE HYDRODYNAMIC MODEL

Kretschmann configuration is

z > 0 glass M0 with ϵ0

0 > z > −D metal M3 with ϵ3

z < −D air M2 with ϵ2

⎫
⎪⎪⎬

⎪⎪⎭
Kretschmann

The Otto configuration is based on the same principle, however, the order of layers is
inverted. A glass coupling prism (M0) followed an adjustable air gap (M1) , that was used
to vary the coupling to SP’s on a metal-air-interface, resulting in

z > D1 glass M0 with ϵ0

D1 > z > 0 air M1 with ϵ1

0 > z > −D metal M3 with ϵ3

z < −D substrate M2 with ϵ2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

Otto

ϵ0, ϵ1, ϵ3, ϵ2 are the dielectric constants in their respective media. We will assume that
ϵ1 is real, but ϵ3 will be complex.

We take an incident electric field

Einc(r) = [(ŝEs
1− + p̂1−E

p
1−)e

−ik1,zz]eiκ·R (A.2)

where, κ̂ is a real unit vector that lies in the x-y-plane, R = (x, y), while

kx ≡ κ = k0
√
ϵi sin θ (A.3)

is the incident field’s wave vector projection onto the interface under an incident angle θ.

ki,z =
√

k20ϵi − κ2, (A.4)

with k0 = ω/c, c being the speed of light, is thewave vector’s component in the z-direction
for the different media. The square roots in A.4 are defined as Im

√
Z ≥ 0 and, for the

case that Im
√
Z = 0, then Re

√
Z ≥ 0 for a complex quantity Z .

The polarization is defined by ŝ = κ̂×ẑ, a real unit vector in the xy−plane. It identifies
the polarization direction for “s-polarized" light. Similarly the unit vector p̂− identifies
the polarization direction of “p-polarized" light. In general, we take

p̂i± =
κẑ∓ ki,zκ̂

k0
√
ϵi

(A.5)

The “-" sign in the subscript identifies the p-polarized direction for a “downward" prop-
agating (or evanescent) wave in positive x-direction and negative z-direction, following
the definitions of Born and Wolf.
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A.2. THE LINEAR FIELDS

There will be a reflected wave in medium 1, of the form

Erefl(r) = [̂s r̄s02E
s
1− + p̂1+r̄

p
02E

p
1−]e

ik1,zzeiκ·R (A.6)

and here r̄p02 and r̄s02 are respectively the s and p polarized overall slab Fresnel reflection
coefficients. These are given by

r̄02 = r01 +
t01r̄12t10e2ik1,zD1

1− r10r̄12e2ik1,zD1
(A.7)

with
r̄12 = r13 +

t13r32t31e2ik3,zD

1− r31r32e2ik3,zD
(A.8)

where the rij and tij are the reflection and transmission Fresnel coefficients for a single
interface. For s-polarization, those are given by

rsij =
ki,z − kj,z
ki,z + kj,z

,

tsij =
2ki,z

ki,z + kj,z

(A.9)

and for p-polarized light they are given by

rpij =
ki,zϵj − kj,zϵi
ki,zϵj + kj,zϵi

,

tpij =
2
√
ϵiϵjki,z

ki,zϵj + kj,zϵi

(A.10)

The reflecitvity of the structure for light incident from medium 0 is thus |r̄s02|2 for s-
polarized light and |r̄p02|2 for p-polarized light. The general form of A.7 is easily physically
interpreted in terms of the different amplitude processes for how light can be reflected. In
particular, the denominator describes “multiple bounces" within medium 3. Its zeros (in
the complex plane) identify the “quasi-particles" of the system.
For an incident field A.2 there will also be a field in medium 2; it is given by

Etrans(r) = [̂s t̄s02E
s
1− + p̂2−t̄

p
02E

p
1−]e

−ik1,zD1e−ik3,zDe−ik2,zzeiκ·R (A.11)

where t̄p02 and t̄s02 are respectively the s and p polarized overall slab Fresnel transmission
coefficients, respectively, given by the transmitted fundamental field

t̄02 =
t01t̄12eik1,zD1

1− r10r̄12e2ik1,zD1
(A.12)

with

t̄12 =
t13t32eik3,zD

1− r̄30r32e2ik3,zD

r̄30 = r31 +
t31r10t13e2ik3,zD

1− r10r13e2ik1,zD1

(A.13)
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Although we label the field “trans", in fact in many instances there is no propagating field
radiated into medium 2; in exciting a surface plasmon, for example, k2,z has an imaginary
part and the field evanescently decays in medium 2. But here, the formulas are completely
general.
The field in the metal, medium 3, can be determined, and is given by

E3(r) = ŝ(rs32e
2ik3,zDeiω3z + e−iω3z)

ts13
1− r̄s30r

s
32e

2ik3,zD

ts01
1− rs10r̄

s
12e

2ik1,zD1
Es

1−e
iκ·R

+ (p̂3+r
p
32e

2ik3,zDeiω3z + p̂3−e
−iω3z)

tp13
1− r̄p30r

p
32e

2ik3,zD

tp01
1− rp10r̄

p
12e

2ik1,zD1
Ep

1−e
iκ·R

(A.14)

where the polarization vectors are defined as

p̂3+ =
κẑ− k3,zκ̂

k0
√
ϵ3

p̂3− =
κẑ+ k3,zκ̂

k0
√
ϵ3

(A.15)

Combining these quantities and the polarization dependent Fresnel coupling coefficients
to medium 3

Cs =
ts13

1− r̄s30r
s
32e

2ik3,zD

ts01e
ik1,zD1

1− rs10r̄
s
21e

2ik1,zD1

Cz = (
κ

k0k0n3
)

tp13
1− r̄p30r

p
32e

2ik3,zD

tp01e
ik1,zD1

1− rp10r̄
p
21e

2ik1,zD1

Cκ = (
k3,z
k0n3

)
tp13

1− r̄p30r
p
32e

2ik3,zD

tp01e
ik1,zD1

1− rp10r̄
p
21e

2ik1,zD1

(A.16)

we can extract the components for the field in medium 3

E3(r) = ŝ(e−ik3,zz + ρse
ik3,zz)CsE

s
1−e

iκ·R

+ ẑ(e−ik3,zz + ρpe
ik3,zz)CzE

p
1−e

iκ·R

+ κ̂(e−ik3,zz − ρpe
ik3,zz)CκE

p
1−e

iκ·R

(A.17)

where

ρs = rs32e
2ik3,zD

ρp = rp32e
2ik3,zD

(A.18)

A.3 The Bulk Metal Source and its Radiated Fields

For fundamental fields of the form A.1 there will be a second harmonic polarization

PII(r, t) = PII(r)e−iΩt + c.c (A.19)
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in the bulk metal, where Ω = 2ω, of the form

PII(r) = βE3(r)(∇ ·E′
3(r)) + γ∇(E3(r) ·E′

3(r)) + δ′(E3(r) ·∇)E′
3(r) (A.20)

where we treat the metal as isotropic and the notation for the coefficients (β, γ, δ) is his-
torical. For optical fields in the bulk metal where ϵ3 is uniform we have ∇ · E3(r) = 0,
and only the second two contributions will persist

PII(r) = γ∇(E3(r) ·E′
3(r)) + δ′(E3(r) ·∇)E′

3(r) (A.21)

To expand the excitation beyond single plane waves, e.g. Gaussian beams, and enable in-
teractions between incident fields, we have to consider all combinations for the E3 com-
ponents. Therefore, to distinguish the origin of both contributions, one field is marked as
E′
3.

The different contributions can be worked out using A.17, leading to

E3(r) ·E′
3(r) =ei(κ+κ′)·R·

(
CsE

s
1−C

′
sE

s′
1−e

−i(k3,z+k′
3,z)z + ρsCsE

s
1−C

′
sE

s′
1−e

i(k3,z−k′
3,z)z

+ CsE
s
1−ρ

′
sC

′
sE

s′
1−e

i(−k3,z+k′
3,z)z + ρsCsE

s
1−ρ

′
sC

′
sE

s′
1−e

i(k3,z+k′
3,z)z

+ CzE
p
1−C

′
zE

p′
1−e

−i(k3,z+k′
3,z)z + ρpCzE

p
1−C

′
zE

p′
1−e

i(k3,z−k′
3,z)z

+ CzE
p
1−ρ

′
zC

′
zE

p′
1−e

i(−k3,z+k′
3,z)z + ρzCzE

p
1−ρ

′
zC

′
zE

p′
1−e

i(k3,z+k′
3,z)z

+ CκE
p
1−C

′
κE

p′
1−e

−i(k3,z+k′
3,z)z − ρκCκE

p
1−C

′
κE

p′
1−e

i(k3,z−k′
3,z)z

+ CκE
p
1−ρ

′
κC

′
κE

p′
1−e

i(−k3,z+k′
3,z)z + ρκCκE

p
1−ρ

′
κC

′
κE

p′
1−e

i(k3,z+k′
3,z)z

)

(A.22)

from which we can calculate

1

ik0
∇(E3(r) ·E′

3(r))e
−i(κ+κ′)·R =

(
e−i(k3,z+k′

3,z)z(Lκ
I−κ̂+ Lz

I−ẑ)

+ ei(k3,z−k′
3,z)z(Lκ

I0aκ̂+ Lz
I0aẑ)

+ ei(−k3,z+k′
3,z)z(Lκ

I0bκ̂+ Lz
I0bẑ)

+ ei(k3,z+k′
3,z)z(Lκ

I+κ̂+ Lz
I+ẑ)

)

(A.23)
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with

Lκ
I− =

κ+ κ′

k0

(
CsE

s
1−C

′
sE

s′
1− + CzE

p
1−C

′
zE

p′
1− + CκE

p
1−C

′
κ

)

Lz
I− = −

k3,z + k′3,z
k0

(
CsE

s
1−C

′
sE

s′
1− + CzE

p
1−C

′
zE

p′
1− + CκE

p
1−C

′
κ

)

Lκ
I0a =

κ+ κ′

k0

(
ρsCsE

s
1−C

′
sE

s′
1− + ρpCzE

p
1−C

′
zE

p′
1− − ρκCκE

p
1−C

′
κE

p′
1−

)

Lκ
I0b =

κ+ κ′

k0

(
ρ′sCsE

s
1−C

′
sE

s′
1− + ρ′pCzE

p
1−C

′
zE

p′
1− − ρ′κCκE

p
1−C

′
κE

p′
1−

)

Lz
I0a =

k3,z − k′3,z
k0

(
ρsCsE

s
1−C

′
sE

s′
1− + ρpCzE

p
1−C

′
zE

p′
1− − ρκCκE

p
1−C

′
κE

p′
1−

)

Lz
I0b =

−k3,z + k′3,z
k0

(
ρ′sCsE

s
1−C

′
sE

s′
1− + ρ′pCzE

p
1−C

′
zE

p′
1− − ρ′κCκE

p
1−C

′
κE

p′
1−

)

Lκ
I+ =

κ+ κ′

k0

(
ρsCsE

s
1−ρ

′
sC

′
sE

s′
1− + ρzCzE

p
1−ρ

′
zC

′
zE

p′
1− + ρκCκE

p
1−ρ

′
κC

′
κE

p′
1−

)

Lz
I+ =

k3,z + k′3,z
k0

(
ρsCsE

s
1−ρ

′
sC

′
sE

s′
1− + ρzCzE

p
1−ρ

′
zC

′
zE

p′
1− + ρκCκE

p
1−ρ

′
κC

′
κE

p′
1−

)

(A.24)

Turning to the second term in A.21, since the∇ operator will ultimately act on E3(r),
we can write

∇ → ẑ
∂

∂z
+ iκκ̂ (A.25)

leading to

(E3(r) ·∇) → Ez
3(r)

∂

∂z
+ iκEκ

3 (r) (A.26)

and

(E3(r) ·∇)E′
3(r) = Ez

3(r)
∂

∂z
E′

3(r) + iκEκ
3 (r)E

′
3(r) (A.27)

which can be simplified by collecting the different terms by vector components

1

ik0
(E3(r) ·∇)E′

3(r)e
−i(κ+κ′)·R =

[
e−i(k3,z+k′

3,z)z(Ls
II−ŝ+ Lκ

II−κ̂+ Lz
II−ẑ)

+ ei(k3,z−k′
3,z)z(Ls

II0aŝ+ Lκ
II0aκ̂+ Lz

II0aẑ)

+ ei(−k3,z+k′
3,z)z(Ls

II0bŝ+ Lκ
II0bκ̂+ Lz

II0bẑ)

+ ei(k3,z+k′
3,z)z(Ls

II+ŝ+ Lκ
II+κ̂+ Lz

II+ẑ)
]

(A.28)
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with

Ls
II− =

κ′

k0
CκE

p
1−C

′
sE

s′
1− −

k′3,z
k0

CzE
p
1−C

′
sE

s′
1−

Lκ
II− =

κ′

k0
CκE

p
1−C

′
κE

p′
1− −

k′3,z
k0

CzE
p
1−C

′
κE

p′
1−

Lz
II− =

κ′

k0
CκE

p
1−C

′
zE

p′
1− −

k′3,z
k0

CzE
p
1−CzE

p′
1−

Ls
II0a = −ρp

(κ′

k0
CκE

p
1−C

′
sE

s′
1− +

k′3,z
k0

CzE
p
1−C

′
sE

s′
1−

)

Ls
II0b = ρ′s

(κ′

k0
CκE

p
1−C

′
sE

s′
1− +

k′3,z
k0

CzE
p
1−C

′
sE

s′
1−

)

Lκ
II0a = −ρp

(κ′

k0
CκE

p
1−C

′
κE

p′
1− +

k′3,z
k0

CzE
p
1−C

′
κE

p′
1−

)

Lκ
II0b = −ρ′p

(κ′

k0
CκE

p
1−C

′
κE

p′
1− +

k′3,z
k0

CzE
p
1−C

′
κE

p′
1−

)

Lz
II0a = −ρp

(κ′

k0
CκE

p
1−C

′
zE

p′
1− +

k′3,z
k0

CzE
p
1−C

′
zE

p′
1−

)

Lz
II0b = ρ′p

(κ′

k0
CκE

p
1−C

′
zE

p′
1− +

k′3,z
k0

CzE
p
1−C

′
zE

p′
1−

)

Ls
II+ = ρpρ

′
s

(
−κ′

k0
CκE

p
1−C

′
sE

s′
1− +

k′3,z
k0

CzE
p
1−C

′
sE

s′
1−

)

Lκ
II+ = ρpρ

′
p

(κ′

k0
CκE

p
1−C

′
κE

p′
1− −

k′3,z
k0

CzE
p
1−C

′
κE

p′
1−

)

Lz
II− = ρpρ

′
p

(
−κ′

k0
CzE

p
1−C

′
zE

p′
1− +

k′3,z
k0

CzE
p
1−C

′
zE

p′
1−

)

(A.29)

Now combining (A.23,A.28) in A.21 and defining

PII(r) = PII(z)ei(κ+κ′)·R (A.30)

we find

PII(z) =
[
ie−i(k3,z+k′

3,z)z(Ls
−ŝ+ Lκ

−κ̂+ Lz
−ẑ)

+ iei(k3,z−k′
3,z)z(Ls

0aŝ+ Lκ
0aκ̂+ Lz

0aẑ)

+ iei(−k3,z+k′
3,z)z(Ls

0bŝ+ Lκ
0bκ̂+ Lz

0bẑ)

+ iei(k3,z+k′
3,z)z(Ls

+ŝ+ Lκ
+κ̂+ Lz

+ẑ)
]

(A.31)
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where

Ls
− = k0δ

′Ls
II−

Lκ
− = k0γL

κ
I− + k0δ

′Lκ
II−

Lz
− = k0γL

z
I− + k0δ

′Lz
II−

Ls
0a = k0δ

′Ls
II0a

Lκ
0a = k0γL

κ
I0a + k0δ

′Lκ
II0a

Lz
0a = k0γL

z
I0a + k0δ

′Lz
II0a

Ls
0b = k0δ

′Ls
II0

Lκ
0b = k0γL

κ
I0b + k0δ

′Lκ
II0b

Lz
0b = k0γL

z
I0b + k0δ

′Lz
II0b

Ls
+ = k0δ

′Ls
II+

Lκ
+ = 2k0γL

κ
I+ + k0δ

′Lκ
II+

Lz
+ = 2k0γL

z
I+ + k0δ

′Lz
II+

(A.32)

Now, the propagation parameters for the radiated second harmonic field in medium 0
have to be defined

K0 = 2k0

K = κ+ κ′

K = κ+ κ′

Wi =
√

K2
0Ei −K2, where Ni =

√
Ei

(A.33)

and the unit vectors at Ω are defined following their definition at ω

K̂ = κ̂ (A.34)

and thus the polarization vectors are given by

Ŝ = K̂× ẑ = ŝ

P̂i± =
Kẑ∓Wiκ̂

K0Ni

(A.35)
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and the related second harmonic Fresnel coefficients are

Rs
ij =

Wi −Wj

Wi +Wj

T s
ij =

2Wi

Wi +Wj

Rp
ij =

WiEj −WjEi
WiEj +WjEi

T p
ij =

2NiNjWi

WiEj +WjEi

(A.36)

With this notation, a radiated harmonic field from a source

PII(r, t) = PII(r)eiΩt + c.c

with PII(r) of the form (31,32), is given by

EII(bulk)
0 (r) =

(
EsII(bulk)

0+ Ŝ+ EpII(bulk)
0+ P̂0+

)
eiK·ReiW0z (A.37)

with

EsII(bulk)
0+ = 2πiK0

(K0T̄ s
10T

s
31/K3,z)

(1−Rs
32R̄

s
30e

2iK3,zD)

(
As +Rs

32e
2iw3DBs

)

EpII(bulk)
0+ = 2πiK0

(K0T̄
p
10T

p
31/K3,z)

(1−Rp
32R̄

p
30e

2iK3,zD)

(
Ap +Rp

32e
2iw3DBp

) (A.38)

with

T̄ s,p
10 =

T s,p
10 eiK1,zD1

(1−Rs,p
10 R̄

s,p
12 e

2iK1,zD1)

R̄s,p
12 = Rs,p

13 +
T s,p
13 Rs,p

23 T
s,p
31 eiK3,zD

(1−Rs,p
31 R

s,p
23 e

2iK3,zD)

R̄s,p
30 = Rs,p

31 +
T s,p
31 Rs,p

10 T
s,p
13 eiK1,zD1

(1−Rs,p
10 R

s,p
13 e

2iK1,zD1)

(A.39)

TheA’s and B’s are the second harmonic fields generated by the bulk source over thewhole
thickness D of the metal film, meanwhile allowing interference of the different angular
components:

As =

∫ 0

−D
e−K3,zz′

Ŝ ·PII(z′)dz′

Bs =

∫ 0

−D
eK3,zz′

Ŝ ·PII(z′)dz′

Ap =

∫ 0

−D
e−K3,zz′

P̂3+ ·PII(z′)dz′

Bp =

∫ 0

−D
eK3,zz′

P̂3− ·PII(z′)dz′

(A.40)
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First the s-polarization quantities are evaluated

As = iK0

∫ 0

−D

(
e−i(K3,z+k3,z+k′

3,z)z
′
Ls
− + ei(−K3,z+k3,z−k′

3,z)z
′
Ls
0a

+ ei(−K3,z−k3,z+k′
3,z)z

′
Ls
0b + ei(−K3,z+k3,z+k′

3,z)z
′
Ls
+

)
dz′

= K0

[ei(K3,z+k3,z+k′
3,z)D − 1

K3,z + k3,z + k′3,z
Ls
− +

ei(K3,z−k3,z+k′
3,z)D − 1

K3,z − k3,z + k′3,z
Ls
0a

+
ei(K3,z+k3,z−k′

3,z)D − 1

K3,z + k3,z − k′3,z
Ls
0b +

ei(K3,z−k3,z−k′
3,z)D − 1

K3,z − k3,z − k′3,z
Ls
+

]

Bs = K0

[ei(−K3,z+k3,z+k′
3,z)D − 1

−K3,z + k3,z + k′3,z
Ls
− +

ei(−K3,z−k3,z+k′
3,z)D − 1

−K3,z − k3,z + k′3,z
Ls
0a

+
ei(−K3,z+k3,z−k′

3,z)D − 1

−K3,z + k3,z − k′3,z
Ls
0b +

ei(−K3,z−k3,z−k′
3,z)D − 1

−K3,z − k3,z − k′3,z
Ls
+

]

(A.41)

then the p-polarization quantities with

P̂3+ ·PII(z) = ie−i(k3,z+k′
3,z)zLp+

− + iei(k3,z−k′
3,z)zLp+

0a + iei(−k3,z+k′
3,z)zLp+

0b + iei(k3,z+k′
3,z)zLp+

+ ,

P̂3− ·PII(z) = ie−i(k3,z+k′
3,z)zLp−

− + iei(k3,z−k′
3,z)zLp−

0a + iei(−k3,z+k′
3,z)zLp−

0b + iei(k3,z+k′
3,z)zLp−

+

(A.42)

and

Lp+
− =

KLz
− −K3,zLκ

−
K0N3

,

Lp+
0a =

KLz
0a −K3,zLκ

0a

K0N3
,

Lp+
0b =

KLz
0b −K3,zLκ

0b

K0N3
,

Lp+
+ =

KLz
+ −K3,zLκ

+

K0N3
,

Lp−
− =

KLz
− +K3,zLκ

−
K0N3

,

Lp−
0a =

KLz
0a +K3,zLκ

0a

K0N3
,

Lp+
0b =

KLz
0b +K3,zLκ

0b

K0N3
,

Lp−
+ =

KLz
+ +K3,zLκ

+

K0N3

(A.43)
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which gives

Ap = iK0

∫ 0

−D

(
e−i(K3,z+k3,z+k′

3,z)z
′
Lp+
− + ei(−K3,z+k3,z−k′

3,z)z
′
Lp+
0a

+ ei(−K3,z−k3,z+k′
3,z)z

′
Lp+
0b + ei(−K3,z+k3,z+k′

3,z)z
′
Lp+
+

)
dz′

= K0

[ei(K3,z+k3,z+k′
3,z)D − 1

K3,z + k3,z + k′3,z
Lp+
− +

ei(K3,z−k3,z+k′
3,z)D − 1

K3,z − k3,z + k′3,z
Lp+
0a

+
ei(K3,z+k3,z−k′

3,z)D − 1

K3,z + k3,z − k′3,z
Lp+
0b +

ei(K3,z−k3,z−k′
3,z)D − 1

K3,z − k3,z − k′3,z
Lp+
+

]

Bp = K0

[ei(−K3,z+k3,z+k′
3,z)D − 1

−K3,z + k3,z + k′3,z
Lp−
− +

ei(−K3,z−k3,z+k′
3,z)D − 1

−K3,z − k3,z + k′3,z
Lp−
0a

+
ei(−K3,z+k3,z−k′

3,z)D − 1

−K3,z + k3,z − k′3,z
Lp−
0b +

ei(−K3,z−k3,z−k′
3,z)D − 1

−K3,z − k3,z − k′3,z
Lp−
+

]

(A.44)

A.4 The Surface Sources and Their Radiated Fields

For the surface sources, we only consider the contribution near the interface, where the
linear field will be enhanced by surface plasmon excitation. This is z = 0 for the Otto
configuration and z = −D for the Kretschmann configuration. The traditional approach
to describe the surface source, going back to Rudnick and Stern, is to put the source in the
surrounding dielectric, just beyond the metal surface, but to characterize its response in
terms of the linear fields on the metal side of the interface.
Starting with the Kretschmann configuration, the linear fields in medium 3 at r = R−Dẑ

are evaluated:

Es
3(R−Dẑ) =

(
eik3,zD + ρse

−ik3,zD
)
CsE

s
1−e

iκ·R

Ez
3(R−Dẑ) =

(
eik3,zD + ρpe

−ik3,zD
)
CzE

p
1−e

iκ·R

Eκ
3 (R−Dẑ) =

(
eik3,zD − ρpe

−ik3,zD
)
CκE

p
1−e

iκ·R

(A.45)

And the effective dipole moment per unit area source, placed outside the metal, is given
by

QKr(R) = QT (R) + ẑQz(R), where

QT
Kr(R) = −ΓTET

3 (R−Dẑ)Ez′

3 (R−Dẑ)

Qz
Kr(R) = −ΓzEz

3(R−Dẑ)Ez′

3 (R−Dẑ)

(A.46)

with
ET

3 (R−Dẑ) = ŝEs
3(R−Dẑ) + κ̂Eκ

3 (R−Dẑ)

121



APPENDIX A. SHG IN THE HYDRODYNAMIC MODEL

Expressions for ΓT and Γz will be given below; an explicit minus sign is introduced
in A.46 because historically ẑ is taken to point from metal to air, whereas here, it points
from air to metal. Combining (A.45,A.46) leads to

QKr(R) = ŝQs
Kre

i(κ+κ′)·R + κ̂Qκ
Kre

i(κ+κ′)·R + ẑQz
Kre

i(κ+κ′)·R = QKre
i(κ+κ′)·R

(A.47)
where

Qs
Kr = −ΓT (1 + rs32)(1 + rp′32)e

i(k3,z+k′
3,z)DCsE

s
1−C

′
zE

p′
1−

Qκ
Kr = −ΓT (1− rp32)(1 + rp′32)e

i(k3,z+k′
3,z)DCκE

p
1−C

′
zE

p′
1−

Qz
Kr = −Γz(1 + rp32)(1 + rp′32)e

i(k3,z+k′
3,z)DCzE

p
1−C

′
zE

p′
1−

(A.48)

The SHG field in medium 0 from this source is then given by

E(Kr,surface)
0 (r) =

(
Es(Kr,surface)

0+ Ŝ+ Ep(Kr,surface)
0+ P̂0+

)
eiK·ReiW0z (A.49)

where

Es(Kr,surface)
0+ = 2πi
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10T

s
31e
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30R

s
32e
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)(
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)
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p
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p
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(K0T
p
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)(K(K0Qz
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K0N2

)

(A.50)

For the Otto configuration, the linear fields in medium 1 at r = R− 0ẑ have to be evalu-
ated:

EsOt
3 (R− 0ẑ) =

(
1 + ρs

)
CsE

s
1−e

iκ·R

EzOt
3 (R− 0ẑ) =

(
1 + ρp

)
CzE

p
1−e

iκ·R

EκOt
3 (R− 0ẑ) =

(
1− ρp

)
CκE

p
1−e

iκ·R

(A.51)

Contrary to the Kretschmann case, the nonlinear source term that points from the metal
to air, as well as the source term. That points from the air to the metal and the reflection
there has to be taken into account. Hence,

Qs
Ot,down = ΓT (1 + rs32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CsE
s
1−C

′
zE

p′
1−

Qκ
Ot,down = ΓT (1− rp32e

2ik3,zD)(1 + rp′32e
2ik′

3,zD)CκE
p
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′
zE

p′
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Qz
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′
zE
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zE
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1−

(A.52)
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The total surface sources in Otto configuration are

Qs
Ot = Qs

Ot,up + R̄s
12Q

s
Ot,down

Qκ
Ot = Qκ

Ot,up + R̄p
12Q

κ
Ot,down

Qz
Ot = Qz

Ot,up + R̄p
12Q

z
Ot,down

(A.53)

This leads to the second harmonic field in medium 0

E(Ot,surface)
0 (r) =

(
Es(Ot,surface)

0+ Ŝ+ Ep(Ot,surface)
0+ P̂0+

)
eiK·ReiK1,zz (A.54)

where

Es(Ot,surface)
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0+ = 2πi

(K0T̄
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)(K(K0Qz
Ot −K1,z(K0Qκ

Ot)

K0N1

) (A.55)

A.5 The Total Fields and the Second Harmonic Reflec-
tion Coefficients

Adding the contributions from bulk and surface, we get the total second harmonic fields
radiated into medium 0:

EII
0 (r) =

(
EsII

0+ Ŝ+ EpII
0+ P̂0+

)
eiK·ReiK1,zz (A.56)

For the Kretschmann configuration, this leads to
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32e
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(A.57)
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For the Otto configuration, the harmonic fields can be written as

EsII, Ot
0+ =

T̄ s
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(1− R̄s
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32e
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(A.58)

In the “cgs units" being employed here, the Poynting vector is (E×B)
4π , so the power inci-

dent for s-polarized light is

P s(ω) =
n1|Es

0−|2

2π
Abeam(ω) (A.59)

where Abeam(ω) is the area of the incident beam. For such an excitation, the power radi-
ated at 2ω is

P s(2ω) =
n1|EsII

0+ |2

2π
Abeam(2ω) (A.60)

where Abeam(2ω) is the area of the beam at 2ω.
In the plane wave approximation, for an incident beam of area Abeam(ω) , the area pro-
jected on the surface will be Asurface = Abeam(ω)/ cos θ, where cos θ follows from (4),

cos θ =
k1,z
k0

(A.61)

Similarly, Abeam(2ω) = Asurface cosΘ, where cosΘ follows from

cosΘ =
K1,z

K0
(A.62)

So with

Abeam(2ω) = Asurface cosΘ

= Abeam(ω)
cosΘ

cos θ

= Abeam(ω)
K1,z k0
K0 k1,z

(A.63)

the radiated intensity in s-polarization is

P s(2ω) =
N1|EsII

0+ |2

2π

K1,z k0
K0 k1,z

Abeam(ω) (A.64)
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and thus the conversion efficiency per unit incident power is

P s(2ω)

[P s(ω)]2
=

2πN1|EsII
0+ |2

n2
1|Es

0−|4
K1,z k0
K0 k1,z

1

Abeam(ω)
(A.65)

Similarly, for incident p-polarized light and p-polarized SHG, the conversion efficiency
per unit incident power is

P p(2ω)

[P p(ω)]2
=

2πN1|EpII
0+ |2

n2
1|E

p
0−|4

K1,z k0
K0 k1,z

1

Abeam(ω)
(A.66)

The nonlinear parameters to match these conversion efficiencies to the experimental re-
sults are deduced following the works of Rudnick and Stern [74], and Sipe et al. [73].
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B | Anisotropy in the Emission
of CdSe-Nano-Platelets

B.1 Sample Analysis

Zincblend (ZB) CdSe core onlyNPLswith thefirst exciton absorption bands around 512 nm
(4.5 Monolayers (ML)) and (19.6 ± 2.6) x (9.6 ± 1.6) nm2 lateral size as well as ZB CdSe
quantumdots (of similar absorption and emission wavelengths) were synthesized as in
Ref. [194]. They are covered with oleic acid ligands. A TEM image of the sample is shown
in Fig. B.2 a along with a histogram on their lateral size distribution (b). The area fill factor
of platelets is measured to be ∼ 40%.

Themonolayers of quantumdots and in-plane oriented nano platelets (NPLs) on 170µm
fused silica microscope cover slips were obtained using a Langmuir technique. The TEM
image clearly demonstrates the in-plane orientation of our platelets in a monolayer.

B.1.1 Influence of the Effective Medium

As the platelets and dots are surrounded by oleic acid ligands local field effects arise and
an effective medium consisting of CdSe particles and oleic acid is formed. This medium
is anisotropic due to the orientation of the particles in a monolayer. Hence we calculate
the direction dependent depolarization factors of the platelets assuming NPLs to be oblate
ellipsoids with the semiaxes ai,j,k[115, 176, 177, 195].

Li =

∫ ∞

0

aiajak
2(s+ a2i )

3/2(s+ a2j )
1/2(s+ a2k)

1/2
ds (B.1)

For the semiaxes ai,j,k we insert the results of our TEM analysis on the lateral platelet
dimensions lx/2, ly/2 and thickness dNPL/2 for the short axis of the ellipsoid. dNPL =

4.5 · dML is the thickness of the platelets, assuming a cadmium-termination on both
basal planes[182, 192] with dML = 0.304 nm, the half lattice parameter for zinc blende
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Figure B.1: PL and Absorption spectra of the nano-platelets (a) and quantum dots (b) used
in the k-space spectroscopy. The spectrum of the excitation laser at 415 nm is shown as a dashed
line.

CdSe[192]. We obtain Lx,y,z =0.04, 0.11, 0.85 by cyclic permutation of the semi-axes. For
spheres (QDs) we take Lx = Ly = Lz = 1/3 [177]. Following Sihvola et al.[177] the
effective permittivity of an anisotropic medium of aligned ellipsoids at the frequency ω in
the direction i is:

ϵieff (ω) = ϵ(ω) +
FV [ϵs(ω)− ϵ(ω)]ϵ(ω)

ϵ(ω) + (1− FV )[ϵs(ω)− ϵ(ω)]Li
(B.2)

where FV is the volume fraction of the semiconductor particles with permittivity ϵs in
the host material with permittivity ϵ. We insert Li = Lz for the out of plane direction
ϵOP
eff = ϵzeff .

To take the lateral random in-plane azimuthal orientation of the nano-platelets in the
monolayer into account we analyze the expectation value of the effective permittivity over
all in plane directions. Integration over a quarter circle (π/2) exploiting the symmetry of
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Figure B.2: TEM image and size of the CdSe nano-platelets. (a) TEM image of 4.5ML nano-
platelets brought to the TEM grid with the same technique as used to produce the sub-monolayer of
oriented NPLs on quartz substrates for angle dependent PL measurements. (b) Gaussian fits to the
distribution of short and long lateral size of the platelets result in (lx x ly) = (19.6± 2.6) x (9.6±
1.6) nm2. The average area of the platelets ANPLs = 200 nm is calculated by taking the area of
each NPL and then averaging over the ensemble.

the in plane depolarization gives:

ϵIPeff (ω) = ⟨ϵieff (ω)⟩φ =
2

π

∫ π
2

0
ϵ(ω) +

FV [ϵs(ω)− ϵ(ω)]ϵ(ω)

ϵ(ω) + (1− FV )[ϵs(ω)− ϵ(ω)](Lx sinφ+ Ly cosφ)
dφ

(B.3)
The dielectric function ϵs(ω) of ZB CdSe bulk at 415 nm for excitation and at 515 nm

(535 nm) for emission of our NPLs (QDs) is taken from Ninomiya et al.[196]. The optical
permittivity of oleic acid surrounding is assumed to be constant√ϵ = nOA = 1.46 [180].
As Rowland et al.[197] show, the dielectric function of nano-platelets at their excitonic
resonance does not differ strongly from that of bulk and can be used, in our case, for ef-
fective medium modeling. To express the volume fraction FNPL in the monolayer we use
an effective lateral extension ⟨lNPL⟩ =

√
ANPL (for lateral azimuthal random orientation

in the monolayer) with ANPL the platelet area. We assume our NPLs to be covered on all
facets by their oleic acid ligands.

FNPL =
dNPLANPL

(⟨lNPL⟩+ 2lOA + lOA,a)
2 (dNPL + 2lOA + lOA,b)︸ ︷︷ ︸

DML,NPL

(B.4)

Here lOA = 2.1 nm[198] is the length of an oleic molecule , lOA,xy and lOA,z are additional
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ligand excess lengths in the in-plane (index xy) and perpendicular (index z) direction, re-
spectively, which are related to the fact that there is a slight ligand excess in the layer.
For our CdSe/ZnS quantum dots of 4 nm diameter dQD the volume fraction in the mono-
layer is:

FQD =

4π
3

(
dQD

2

)3

(dQD + 2lOA + lOA,a)
2 (dQD + 2lOA + lOA,b)︸ ︷︷ ︸

DML,QD

. (B.5)

With lOA,xy = 3.2 nm and lOA,z = 0 nm for NPLs (QDs) and lOA,xy = 0 nm and
lOA,z = 0 nm for QDs we find volume fractions to be 16 % for NPL and 13% for our
quantum dot monolayers. The thickness of the monolayers of NPLs (DML,NPL) and QDs
(DML,QD) needed for our k-space analysis (see section 6.1.1) are hereby determined by the
length of the ligands and the thickness (diameter) of the nanoparticles. We also remark
that the estimate of the surface coverage in Figure B.2 of∼40% is in good agreement with
the 41% resulting from the above used excess length and platelet size.

B.1.2 In andOut-of Plane Local Field Factors for Radiation Pattern
Calculation

The local field factor in the direction i of a nanoparticle is given by[114, 115, 176, 177, 195,
199]:

fi(ω) =
1

1 + Li(ϵSC(ω)/ϵM (ω)− 1)
(B.6)

with the dielectric functions ϵSC,M (ω) of the semiconductor inclusion (SC) and the sur-
rounding (isotropic) matrix (M) at a given frequency ω. The depolarization factors Li are
as defined in eq. B.1.

In spherical coordinates, with azimuth angle φ and polar angle θ, the electric field
amplitude of a field E is

E⃗(φ, θ) = E0 ·

⎛

⎜⎜⎝

sin θ cosφ

sin θ sinφ

cos θ

⎞

⎟⎟⎠ (B.7)

is reduced by the field factors to:

E⃗lf =

⎛

⎜⎜⎝

Ex

Ey

Ez

⎞

⎟⎟⎠ =

⎛

⎜⎜⎝

fx 0 0

0 fy 0

0 0 fz

⎞

⎟⎟⎠ · E⃗(φ, θ) (B.8)
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so that the field intensity becomes:

Ilf (φ, θ) = I0
(
|fx|2 sin2 θ cos2 φ+ |fy|2 sin2 θ sin2 φ+ |fz|2 cos2 θ

)
(B.9)

As our NPLs are laterally, azimuthally randomly oriented in the measured ensemble in the
monolayerwe calculate the expectation value of the local field intensity factor |f(φ, θ)|2 =
Ilf (φ, θ)/I0 as a function of θ by integrating over all azimuthal angles φ:

〈
|f |2 (θ)

〉

φ
=

∫ 2π
0 |f(φ, θ)|2 dφ

∫ 2π
0 dφ

(B.10)

So that
〈
|f(ω)|2 (π/2)

〉

φ
= |f(ω)|2IP

〈
|f(ω)|2 (0)

〉

φ
= |f(ω)|2OP

(B.11)

are the in-plane averaged local field factors the frequency ω for a monolayer of oriented
NPLs in an isotropic surrounding in the directions parallel (IP) and perpendicular (OP) to
the monolayer.

B.1.3 Radiation Patterns

We define the dipole distribution in our NPL or QD monolayer ensembles as an ellipsoid
with the semiaxes Ñr,IP = Nr,IP |µIP (ω)|2 for both in-plane directions (x and y axes)
and µ̃r,OP = Nr,OP |µOP (ω)|2 for the z-axis:

|µ(θ,φ)|2 =
µ̃2
r,IP µ̃r,OP√

(µ̃r,IP µ̃r,OP cosφ sin θ)2 + (µ̃r,IP µ̃r,OP sinφ sin θ)2 + (µ̃2
r,OP cos θ)2

(B.12)
The local field factor ellipsoid |f |2 (θ,φ) is obtained by replacing µ̃r,IP and µ̃r,OP in

equation B.12 by |f(ω)|2IP and |f(ω)|2OP , respectively.
We express the radiance of a Hertzian dipole of strength |µ|2 in spherical coordinates

for θ from 0 to π and φ from 0 to 2π as D̃(θ,φ, r) = |µ|2R(r)D(θ,φ). Its angle dependent
emission characteristics are given as:

D(θ,φ) = C2
(
1− cos2 θ

)
(B.13)

The constant C2 is chosen so that D(θ,φ) is in units of W/sr(Cm)2, i.e radiant intensity
per dipole moment squared.

We now consider a unit sphere (with radius r) containing a monolayer ensemble of
NPLs or QDs in its center. The irradiance transmitted through the surface of the sphere at
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a given solid angle is then Ir(θ,φ). To compare the radiation characteristics of the NPL
and QDmonolayer ensembles we assume their total emitted power Itot =

∫ ∫
Ir(θ,φ)dΩ

with dΩ = sin θdθdφ to be identical.
To obtain the intra platelet radiation pattern Ir(θ,φ) we do not need to take dielectric

effects into account as we know the internal dipole distribution from our experiments and
analysis. We analyze the convolution of the dipole distribution ellipsoid |µ(θ,φ)|2 with
the angle dependent radiation pattern of a Hertzian dipole D(θ,φ).

Ir(θ,φ) =

∫ π

0

∫ 2π

0
|µ(θ − θ′,φ− φ′)|2 ·D(θ′,φ′)dΩ′ (B.14)

The radiation pattern with taking the local field factors into account is obtained by

Irlf (θ,φ) =

∫ π

0

∫ 2π

0
|µ(θ − θ′,φ− φ′)|2 · f(θ − θ′,φ− φ′)|2 ·D(θ′,φ′)dΩ′, (B.15)

with dΩ′ = sin θdθ′dφ′.

B.2 Analysis Of Optical Interband Transitions

The optical anisotropy of ZB NPLs can be explained from their characteristic electronic
structure. One can describe the NPL as a cuboid with dimensions Lx ≥ Ly ≫ Lz . For a
qualitative study, we can restrict to a simple effective mass description, disregarding band
coupling. The wave function of confined carriers is then given by Ψi = f i

ν,n |ui⟩, where
i = e, hh, lh, so indicates electron, heavy hole, light hole or split-off hole, respectively.
f i
ν,n is the envelope function, defined over the entire NPL, whose point symmetry is ν
and its main quantum number is n. |ui⟩ is the band-edge periodic function at the Γ point,
defined over the unit cell.

Considering the strong confinement along the growth direction, the energy of a carrier
j is roughly given byEj ≈ Ej

Γ+
!2π2

2mj
[001]L

2
z

, whereEj is the energy splitting from the top of

the valence band at the Γ point, andmj
[001] the effective mass along the growth direction.

Unlike in wurtzite semiconductors, the top of the valence band in bulk ZB semiconductor
has degenerate hh and lh subbands, as Ehh

Γ = Elh
Γ . However, the effective masses along

the growth direction are heavier for hh than for lh. For CdSe,mhh
[001] = 0.33 andmhh

[001] =

0.13.[200] As a result, the top of the valence band is formed almost exclusively by hh

states, with lh states and split-off holes split by hundreds of meV, as noted in different
experiments.[98, 201] Notice that owing to the large energetic separation between hh and
lh states, low-energy levels are expected to have weak hh− lh coupling. A diagram of the
electron and hole energy levels resulting from the above considerations is plotted in B.3(a).
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Figure B.3: The contribution of different Bloch states determines the isotropic absorp-
tion and anisotropic emission of CdSe nano-platelets (a) Schematic of the conduction band
electron and valence band hole energy levels in a rectangular (D2h) NPL with ZB crystal structure.
Symmetry labels for envelope and periodic parts of a few states, |ν⟩|uj⟩, are given. (b) Dipole-
allowed near-band-edge transitions. (c) Dipole-allowed high energy transitions. In (b) only hh

levels are involved, which results in prevailing out-of-plane emission. In (c), hh, lh and split-off
holes are equally involved, which results in isotropic emission.

The levels are labeled by the corresponding envelope and periodic function symmetries.
For the envelope part, we take into account that the NPL belongs to the D2h point group
and obtain the ensuing symmetry for an increasing number of nodes along the weakest
confinement direction, Lx.

The probability of interband optical transitions taking place in such a system is pro-
portional to the transition dipole moment |µej |, with j = hh, lh, so. From the wave
functions Ψi defined above, one obtains |µej | = ⟨f e

νe,ne
|f j

νj ,nj ⟩ ⟨ue|µ|uj⟩. The envelope
integral provides selection rules, as only transitions fulfilling δνe,νj will be allowed. In
turn, the unit cell integral defines the orientation of the absorbed/emitted light. Drawing
a parallel between the symmetries of ZB crystal and those of the hydrogen atom, |ue⟩ is
found to s-like symmetry, |uhh⟩ has mixed px and py symmetry, and |ulh⟩ (|uso⟩) mixed
px, py and pz character.[202] Here x and y are in-plane directions, while z is the [001] di-
rection (orthogonal to the NPL plane). Therefore, a heavy hole excitonΨ = ΨeΨhh forms
an in-plane electronic dipole, the integral ⟨ue|µ|uhh⟩ is non-zero only for (x, y)-polarized
light and emission takes place mostly orthogonal to the NPL surface. By contrast, light
hole and split-off hole excitons have finite dipole projection along z, so that ⟨ue|µ|ulh⟩
(⟨ue|µ|uso⟩) is finite in all space directions.
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We are now in a condition to interpret our measurements. In room temperature photo-
luminescence experiments, electron-hole recombination takes place between states near
the band edges. As shown in B.3(b), this involves hh only. Consequently, emission is
mostly orthogonal to the NPL surface. Notice this is independent of the envelope func-
tion symmetry, and hence compatible with previous works suggesting emission can have
finite contribution from excited (B2u) excitons.[108] On the other hand, our absorption
experiments are performed at high energy. As shown in B.3(c), conduction band electrons
are now able to recombine with any kind of hole state (or their mixture). On average, this
means absorption is isotropic.

B.2.1 Theoretical Considerations

Periodic functions of electrons and holes
For ZB crystals with spin-orbit interaction, it is customary to define the periodic Bloch

functions in a basis of spherical harmonic functions with well defined total (orbital plus
spin) angularmomentum and its z-projection, |J, Jz⟩.[202] For conduction electrons, which
have s-like symmetry, the orbital angular momentum is l = 0. Hence, J = l + σ = 1/2.
|ue⟩ (including spin) can then take the following forms:

|1
2
,
1

2
⟩e = |S⟩| ↑⟩ |1

2
,−1

2
⟩e = |S⟩| ↓⟩

For valence band holes, which have p-like symmetry, the orbital angular momentum is
l = 1. Hence, J = 3/2, 1/2. For J = 3/2, Jz = ±3/2 projections correspond to the
heavy hole subband. |uhh⟩ can then take the following forms:

|3/2, 3/2⟩ = − 1√
2
|(X + iY )⟩| ↑⟩ |3/2,−3/2⟩ = 1√

2
|(X − iY )⟩| ↓⟩.

In turn, J = 3/2 with Jz = ±1/2 projections correspond to light hole subband. |ulh⟩ can
then be:

|3/2, 1/2⟩ =
√

2

3
|Z⟩| ↑⟩ − 1√

6
|(X + iY )⟩| ↓⟩ |3/2,−1/2⟩ =

√
2

3
|Z⟩| ↓⟩+ 1√

6
|(X − iY )⟩| ↑⟩.

Last, J = 1/2 corresponds to the split-off subband. |uso⟩ can then be:

|1/2, 1/2⟩ = 1√
3
|Z⟩| ↑⟩+ 1√

3
|(X + iY )⟩| ↓⟩ |1/2,−1/2⟩ = − 1√

3
|Z⟩| ↓⟩+ 1√

3
|(X − iY )⟩| ↑⟩.

Polarization of interband transitions
The oscillator strength of a transition between a conduction band level and valence

band one is proportional to |µej |2 = |⟨f e
νe,ne

|f j
νj ,nj ⟩ ⟨ue|µ|uj⟩|2. The integral over the
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unit cell ⟨ue|µ|uj⟩ defines the polarization of the emitted/absorbed light, as we show next.
µ = q r⃗ stands for the dipole moment of the electromagnetic radiation, with q the electric
charge. |uj⟩ functions are given in the previous section. Besides, the cubic symmetry of
zinc-blende crystals leads to ⟨S|x|X⟩ = ⟨S|y|Y ⟩ = ⟨S|z|Z⟩ = K , with all other integrals
being zero. Note that, while in bulk x, y and z directions are equivalent, in the presence
of confinement z is taken as the ([001]) direction. This is in line with the surface normal
[001] of the platelets. With these considerations, one can compare ⟨ue|µ|uj⟩ for different
kinds of interband transitions. For transitions involving hh levels, |⟨ue|µ|uhh⟩|2 can take
the following values:

|⟨1/2, 1/2|µ|3/2, 3/2⟩|2 = |⟨1/2,−1/2|µ|3/2,−3/2⟩|2 = q2K2

⎛

⎜⎜⎝

1
2
1
2

0

⎞

⎟⎟⎠ (B.16)

|⟨1/2, 1/2|µ|3/2,−3/2⟩|2 = |⟨1/2,−1/2|µ|3/2, 3/2⟩|2 = 0⃗.

For transitions involving lh levels, |⟨ue|µ|ulh⟩|2 can take the following values:

|⟨1/2, 1/2|µ|3/2, 1/2⟩|2 = |⟨1/2,−1/2|µ|3/2,−1/2⟩|2 = q2K2

⎛

⎜⎜⎝

0

0
2
3

⎞

⎟⎟⎠ (B.17)

|⟨1/2, 1/2|µ|3/2,−1/2⟩|2 = |⟨1/2,−1/2|µ|3/2, 1/2⟩|2 = q2K2

⎛

⎜⎜⎝

1
6
1
6

0

⎞

⎟⎟⎠ .

Last, for transitions involving so levels, |⟨ue|µ|uso⟩|2 can take the following values:

|⟨1/2, 1/2|µ|1/2, 1/2⟩|2 = |⟨1/2,−1/2|µ|1/2,−1/2⟩|2 = q2K2

⎛

⎜⎜⎝

0

0
1
3

⎞

⎟⎟⎠ , (B.18)

|⟨1/2, 1/2|µ|1/2,−1/2⟩|2 = |⟨1/2,−1/2|µ|1/2, 1/2⟩|2 = q2K2

⎛

⎜⎜⎝

1
3
1
3

0

⎞

⎟⎟⎠ .

Equation (B.16) shows that transitions between electron and hh are enabled only by
in-plane (x, y) polarized light, hence there are only IP transition dipoles. That is, light
is emitted orthogonal to such plane. Since the levels near the top of the valence band in
NPLs are of hh character, this explains the fact that most photoluminescence emission
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propagates orthogonal to the NPL plane. By contrast, Eqs. (B.17) and (B.18) show that
transitions between electron and lh or so holes are enabled by any light polarization. For
high energy interband transitions, like those in the absorption measurements we report,
the final state can be of hh, lh or so character (or mixed character) with similar likelihood.
In such a case |µej |2 =

∑
j |µej |2|/3 = q2K2 (1/3, 1/3, 1/3). That is, the polarization

and the propagation of light is isotropic, as indeed observed in our experiment.
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C | Orientation ofTPA inCdSe-
Nano-Platelets

C.1 Two-Photon Absorption Probability

The probability of a TPA process taking place is given by the 2nd order Fermi golden rule
[194]:

WTPA =
2π

!
∑

i,f

∣∣∣∣∣
∑

m

⟨f |e⃗ · p⃗|m⟩ ⟨m|e⃗ · p⃗|i⟩
Em − Ei − hν

∣∣∣∣∣

2

δ (Ef − Ei − 2hν) (C.1)

where |j⟩ is the wave function and Ej the energy in the initial (j = i), the intermediate
(j = m), and the final (j = f ) state. Here, e⃗ is the light polarization vector and p⃗ the
momentum operator. Initial states are in the valence band (the heavy-hole hh, light-hole
lh and split-off so subbands) and final states are in the conduction band cb. The virtual
intermediate states in TPA-processes are in any band.

The matrix elements in Eq. C.1 represent the optical selection rules and the numerator
gives a rough idea of the intensity of a given process. From the denominator, we can
determine that the probability for a TPA process is maximized for intermediate states
near the laser energy. In our case, this corresponds to half the energy between initial state
and final state

Em ≈
Ef − Ei

2
. (C.2)

The virtual intermediate states are short-lived and hence energetically not well defined.
The probability of a TPA process taking place is proportional to the sum of perturbation
terms involving all possible states |m⟩ and can hence be modeled as a linear combination
of several paths through different non-resonant states |m⟩. As mentioned before, the per-
turbational contribution of a path to the overall transition probability is larger, the closer
the intermediate state is to the energy of the absorbed photon. In any case, the state should
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never be exactly resonant, as then we would have a first order transition, which is the case
for sequential TPA, rather than for non-resonant TPA.

C.2 Selection Rules

Using the envelope function approximation, the dipole matrix elements for one photon
can be expanded as:

⟨a|p⃗|b⟩ = ⟨fa| ⟨ua|p⃗|ub⟩ |fb⟩ = ⟨fa|fb⟩ ⟨ua|p⃗|ub⟩+ ⟨fa|p⃗|fb⟩ ⟨ua|ub⟩ (C.3)

where f i
ν,n is the envelope function, defined over the entire NPL, whose point symme-

try is ν and its main quantum number is n. |ui⟩ is the band-edge periodic function at
the Γ point, defined over the unit cell (see Appendix B). Here, ⟨fa|fb⟩ ⟨ua|p⃗|ub⟩ is finite
for interband transitions (a ̸= b) because ⟨ua|p⃗|eb⟩ would not fulfill the angular momen-
tum conservation. ⟨fa|p⃗|fb⟩ ⟨ua|ub⟩ is fintite for intraband transitions (a = b) as Bloch
functions of different bands are orthogonal, ⟨ua|ub⟩ = δa, b.

For further analysis, the Bloch functions of the cb, hh, lh and so bands in zinc-blende
are taken, where

|ucb⟩ → |J = 1/2, Jz = ±1/2⟩cb = |S⟩ |±1/2⟩

|uhh⟩ → |J = 3/2, Jz = ±3/2⟩hh = ∓ 1√
2
|X ± iY ⟩ |±1/2⟩

|ulh⟩ → |J = 3/2, Jz = ±1/2⟩lh =
√

3/2 |±1/2⟩ ∓ 1√
6
|X ± iY ⟩ |∓1/2⟩

|uso⟩ → |J = 1/2, Jz = ±1/2⟩so = ± 1√
3
|Z⟩ |±1/2⟩+ 1√

3
|X ± iY ⟩ |±1/2⟩

(C.4)

For interband transitions ⟨a|p⃗|b⟩ = ⟨fa|fb⟩ ⟨ua|p⃗|ub⟩, fa and fb must have the same
symmetry within the D2h point group of a rectangular platelet for a finite probability.
⟨ua|p⃗|ub⟩ ∝ ⟨ua|r⃗|ub⟩ determines the optical orientation of the transition.

Table C.1: Orientation of relevant interband transition for two-photon absorption.

|ucb⟩ |uhh⟩ |ulh⟩ |uso⟩
⟨ucb| x,y x,y,z x,y,z
⟨uhh| x,y x,y,z x,y,z
⟨ulh| x,y,z x,y,z x,y
⟨uso| x,y,z x,y,z x,y
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From these expressions and the fact, that non-zero elements in Td-symmetry are either
⟨S|y|X⟩ = ⟨S|y|Z⟩ = ⟨S|z|Z⟩ or ⟨X|y|Z⟩, we can determine the table C.1 of possible
transitions and their respective orientations. The first row of this table has already been
used for the linear absorption process in Chapter 6 and Appendix B.

For intraband transitions ⟨a|p⃗|b⟩ = ⟨fa|p⃗|fb⟩ ⟨ua|ub⟩, ua and ub must have the same
symmetry for finite transition probabilities as they belong to the same sub-band. Here,
⟨fa|p⃗|fb⟩ ∝ ⟨fa|r⃗|fb⟩ determines the optical orientation of the transition. As our photon
energies are of 1.5 eV, the most relevant intraband transitions are z-forbidden as can be
seen from the table C.2.

Table C.2: Orientation of relevant intraband transition for two-photon absorption.

|ucb⟩ |uhh⟩ |ulh⟩ |uso⟩
⟨ucb| x,y x,y x,y,z x,y,z
⟨uhh| x,y x,y x,y,z x,y,z
⟨ulh| x,y,z x,y,z x,y x,y
⟨uso| x,y,z x,y,z x,y x,y

The most relevant paths are those where Em is closest to the energy of the absorbed
photon (1,5 eV). Considering the gap size (2,4 eV), this suggests that the hh-band is either
initial or intermediate state as shown in Fig. C.1. In both cases, z-polarization is forbidden
in at least one of the steps. Several other paths are possible but presumably less likely
based on energetic considerations. Some of them imply z-polarization, others do not. The
highest probability for TPA paths and thus the highest contribution to the orientation is
found for paths that involve either cb-cb or hh-cb transitions, both of which are forbidden
for z-polarized light due to the particular symmetry of zinc-blende nano-platelets.
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Figure C.1: TPA excitation and its decomposition into possible transitions. Two-photon
excitation from an initial state |i⟩ to a final state |f⟩ takes place through a virtual non-resonant
state. The efficiency of this process is proportional to the sum of perturbational terms involving all
possible intermediate states |m⟩. In this connection, the transitions close to the (Ef − Ei)/2 and
thus close to the bandgap energy have the highest probability. These contributions can further be
analyzed in terms of their optical orientation (IP and OP), which directly relates to the polarization
of the excitation. It should be noted that the displayed path are only examples of all the contributing
linear combinations.
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