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Seht ihr den Mond dort stehen?

Er ist nur halb zu sehen

Und ist doch rund und schön!

So sind wohl manche Sachen,

Die wir getrost belachen,

Weil unsre Augen sie nicht sehn.

—Matthias Claudius
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ABSTRACT

This thesis provides a comprehensive study of the coupling phenomena

that occur in plasmonic nanostructures. Electromagnetic coupling be-

tween metallic nanoparticles leads to strong spectral modifications in

the structures, which are determined using linear optical spectroscopy

in the visible and infrared wavelength range. In contrast to previous

investigations, the key aspect here are the properties of plasmonic far-

field coupling in three-dimensionally arranged structures. These are

fabricated by electron beam lithography in a multilayer process, which

allows for a three-dimensional arrangement of plasmonic particles.

We study coupling in a plasmonic dimer for different arrangements.

In order to address the transition from the near-field to the far-field

regime, we investigate a structure consisting of two nanowires stacked

on top of each other for a wide range of interparticle spacings, and thus

are able to examine near- as well as far-field coupling effects. In case

of near-field coupling, only the quasistatic near fields of the plasmonic

structures are important and the plasmon hybridization scheme gives

an excellent qualitative description of all the observed phenomena. In

contrast, the far-field regime is characterized by the occurrence of Fabry-

Pérot modes due to the large vertical spacing between the particles.

These couple to the particle plasmon resonances, forming new coupled

modes which are extensively discussed.

A situation of particular interest occurs whenever the interparticle

distance fulfills the Bragg criterion, i. e., the vertical distance equals a

multiple of half the particle plasmon resonance wavelength: then the

coupledmode which spectrally approaches the single layer particle plas-

mon resonance becomes dark and a broad region of high reflectance

forms. Increasing the number of oscillators stacked at this particular

distance leads to the increase of the spectral width of the plasmonic

response and the formation of a broad photonic band gap, which spans

about one octave in the optical wavelength regime. In contrast to previ-

ous similar investigations which were carried out with semiconductor

quantum well structures or atoms in optical lattices, the plasmonic par-

ticles exhibit an extraordinarily strong coupling to the light field. There-

fore, we are able to explore the regime where the coupling between

xvii



the oscillators is limited by their large radiative decay rate, rather than

nonradiative decay channels.

Finally, we address the intermediate coupling regime by investigat-

ing a structure which utilizes properties of both, near- and far-field

coupling. A dipolar cut-wire is placed on top of a quadrupolar cut-wire

pair. As long as the spacing between both, quadrupolar and dipolar

oscillator is sufficiently small (near-field regime), the coupling leads

to a transmittance peak in the spectra due to a destructive interfer-

ence between the coupled modes. Hence, this effect is described as

the plasmonic analog of electromagnetically induced transparency. On

increasing distance, the relative phase of the oscillators changes and

constructive instead of destructive interference is achieved. As a con-

sequence, a sub-dipolar linewidth peak in the absorbance spectrum

is observed. The phenomenon can thus be termed the plasmonic ana-

log of electromagnetically induced absorption. In the pure near-field

regime, the plasmonic fields exhibit no retardation phase due to their

quasistatic nature. In the far-field regime, however, a coupling to the

quadrupolar oscillator would not be possible. Hence, the occurrence of

this effect relies on the intermediate regime, where properties of both,

near- and far-field regime are present.

ZUSAMMENFASSUNG

Die vorliegende Arbeit befasst sich eingehend mit Wechselwirkungsef-

fekten in plasmonischenNanostrukturen. ElektromagnetischeWechsel-

wirkung zwischen metallischen Nanopartikeln führt zu ausgeprägten

Änderungen in deren Spektren. Mittels linearer optischer Spektrosko-

pie im sichtbaren und infraroten Spektralbereich werden diese unter-

sucht. Im Gegensatz zu früheren Arbeiten liegt der Schwerpunkt hier

auf plasmonischen Fernfeldeffekten in dreidimensional angeordneten

Strukturen. Diese werden mittels Elektronenstrahllithographie in ei-

nemMehrschichtverfahren, welches eine dreidimensionaleAnordnung

der plasmonischen Partikel ermöglicht, hergestellt.

Zunächstwird dieKopplung in einer Struktur bestehend aus zwei Par-

tikeln in verschiedenen räumlichen Anordnungen untersucht. Um den

Übergang vom Nahfeld- in den Fernfeldbereich zu untersuchen, wird

der Abstand zweier vertikal übereinander angeordneter Partikel über

xviii



einen großen Bereich variiert, so dass Nah- wie auch Fernfeldeffekte be-

obachtet werden können. Für denNahfeldbereich ist es ausreichend, die

quasistatischenNahfelder der plasmonischen Strukturen zu berücksich-

tigen. In diesem Fall liefert das Konzept der Plasmon-Hybridisierung

sehr gute qualitative Erklärungen für die beobachteten Effekte. Im Ge-

gensatz dazu treten im Fernfeldbereich Fabry-Pérot-Resonanzen auf,

welche zusammen mit den Plasmonresonanzen der Partikel gekoppel-

te Moden ausbilden. Die Eigenschaften dieser neuen Moden werden

ausführlich diskutiert.

Eine interessante Situation ergibt sich, wenn der Abstand zwischen

den Partikeln die Bragg-Bedingung für die Resonanzwellenlänge der

Partikelplasmonen erfüllt, d.h. der vertikale Abstand einem Vielfachen

der Plasmon-Resonanzwellenlänge entspricht: In diesem Fall ist die

gekoppelte Mode, die sich spektral der Partikelplasmonresonanz ei-

nes einzelnen Partikels annähert, nur noch sehr schwach durch das

externe Lichtfeld anregbar, was zu einem sehr breiten Spektralbereich

mit hoher Reflektion führt. Erhöht man die Anzahl der Oszillatoren

in dieser speziellen Geometrie, so erhöht sich die spektrale Breite des

gekoppelten Systems stark, und es bildet sich eine breite photonische

Bandlücke aus, die ungefähr eine Oktave im optischen Spektralbereich

umfasst. Im Gegensatz zu ähnlichen vorherigen Experimenten, die mit

Halbleiter-Quantenfilm-Strukturen oder Atomen in Lichtgittern durch-

geführt wurden, zeichnen sich plasmonische Partikel durch eine be-

sonders starke Kopplung an das Lichtfeld aus. Dadurch ist es möglich,

das Regime, in dem die Kopplung zwischen Oszillatoren durch deren

schnellen radiativen Zerfall statt durch nicht-radiative Zerfallsmecha-

nismen begrenzt wird, zu untersuchen.

Schließlich wird der Übergangsbereich zwischen Nahfeld- und Fern-

feldkopplung anhand einer Struktur, in der Eigenschaften beider Berei-

che eine Rolle spielen, untersucht. Ein Nanodraht, welcher die Eigen-

schaften eines Dipols aufweist wird über einem Nanodraht-Paar, wel-

ches als Quadrupol fungiert, angeordnet. Bei kleinen Abständen (im

Nahfeldbereich) zwischen Dipol- und Quadrupoloszillator führt die

Wechselwirkung zu einem Transmissionsfenster im Spektrum, da die

Moden der gekoppelten Struktur destruktiv interferieren. Dieser Effekt

wird daher auch als das plasmonische Analogon zur elektromagnetisch

induzierten Transparenz bezeichnet. Vergrößert man den Abstand, so

ändert sich die relative Phase zwischen den Oszillatoren, so dass eine

konstruktive statt einer destruktiven Interferenz erreicht werden kann.

Dies führt zu einem schmalen Absorptionspeak, dessen spektrale Brei-

xix



te kleiner als die der Dipol-Absorption ist. Dieser Effekt wird als das

plasmonischeAnalogon zur elektromagnetisch induziertenAbsorption

bezeichnet. Im reinen Nahfeldbereich sind die Felder quasistatischer

Natur weshalb eine Retardationsphase nicht definierbar ist. Im Fern-

feldbereich wäre hingegen eine Kopplung an den Quadrupol-Oszillator

nicht möglich. Das Auftreten dieses Effekts erfordert daher den Über-

gangsbereich, in dem Eigenschaften beider Grenzfälle, Nahfeld und

Fernfeld, eine Rolle spielen.

xx



1
INTRODUCTION

Shaping the interaction of light and matter has been one of the most

essential, yet also fundamental subjects of physics during the last 150

years. In many cases “matter” referred to materials composed of nat-

urally occurring building blocks such as atoms or molecules. During

the last decades the availability of mesoscopic artificial functional nano-

structures has widely expanded the range of possibilities. Among those

are quantum wells (QWs) and quantum dots (QDs), as well as plasmonic

nanoparticles. While the former two are examples of artificial quantum

systems with a focus on quantum mechanical properties, plasmonic

nanoparticles are classical oscillators, despite their mesoscopic dimen-

sions. This fact arises from the high number of free electrons which

proves the classical description to be valid down to feature sizes well

below 10nm [14, 15].

Already in ancient times metallic nanoparticles have been utilized—

the Romans used metal oxides to fabricate stained glass. From time

to time the fabrication process accidentally lead to the formation of

metallic nanoparticles which resulted in glass with extraordinary op-

tical properties, for example dichroism [16]. Similar techniques were

used inmedieval ages to pigment the colorful glasswindows of churches

and cathedrals. Due to the unique long-term stability of the nanopar-

ticle coloring compared to organic dye molecules, these windows still

exhibit their vivid colors centuries later.

The first scientific investigation of the optical properties of metal-

lic nanoparticles dates back to the 19th century and was carried out

by Michael Faraday, who gave a phenomenological description of the

different color effects which arise from metallic particles [17]. The ob-

servations of anomalous effects on metallic gratings made by Robert

Wood [18] are of equal importance. For both of these, Lord Rayleigh

provided substantial theoretical contributions [19–21]. A full theoretical

treatment of light scattering and absorption by spherical nanoparticles

was later given by Gustav Mie [22].

Almost half a decade later, the concept of surface plasma oscillations

was proposed [23–25], terming the resulting quasiparticle as “plasmons”

for the first time [26]. The corresponding concept of a bound wave on

1
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a conducting surface had, however, already been given before in the

radio wave regime. Explicit derivations were carried out by Arnold

Sommerfeld [27] for the propagation along metallic wires, as well as by

Jonathan Zenneck [28] for waves bound to a (sea) water surface. These

waves therefore are known as Sommerfeld-Zenneck waves. In the pio-

neering works on surface plasmon polaritons (SPPs) the excitation was

performed via a local electron beam, schemes for the optical excitation

were proposed later byAndreasOtto [29] as well as ErwinKretschmann

and Heinz Raether [30].

In the late 1990s the interest in plasmonic oscillations of metallic

nanoparticles emerged due to the broad availability of reliable nanofab-

rication techniques. Many of the early experiments approached the

subject from a fundamental, solid state physics perspective, i. e., to un-

derstand the elementary excitations of matter [31–38]. In the mean time

the focus has shifted towards the utilization of the plasmonic oscillators

as building blocks themselves.

The motivation to particularly investigate plasmonic coupling has

emerged from various different areas of research:

Quite early, the possibility of using plasmonic particle chains as plas-
monic waveguideswas investigated [39–49]. In contrast to conventional
copper wiring, these plasmonic waveguides consisting of a row of near-

field coupled plasmonic particles were expected to allow for a higher

bandwidth for optical on-chip interconnects [50]. However, in long

chains substantial losses inhibit a signal transport over long distances.

Metamaterials are materials consisting of artificial building blocks

which act as effective media for waves with a substantially larger wave-

length. Still, their building blocks are considerably larger than atoms

and thus can be shaped to achieve specific optical properties. The most

prominent prospect of metamaterials was the realization of media with

negative refractive index, which has led to a re-emerging interest in

linear optical effects. Initially proposed by Victor Veselago in 1968 [51],

these materials would exhibit unusual physical properties, might be

used for the realization of a perfect lenswhich overcomes the diffraction

limit [52], or allow for the design of cloaking devices [53, 54], utilizing

similar concepts to those in General Relativity.

Many of the designs have been proposed for and first realized in

the microwave regime [55–58]. Their operation principle in the visible

wavelength range is tightly connected to particle plasmons in the met-

als [59]. However, the miniaturization to optical wavelengths [60–67]

is hampered by the fact that, even thoughMaxwell’s equations are scale-
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invariant, the optical properties of the constituent materials are not.

This imposes some fundamental constraints [68] on the realization.

In almost exact analogy to radio frequency antennas, plasmonic

structures can act as optical nanoantennas [69–71] mediating electro-

magnetic energy transfer from the far field to the near field and vice

versa [72]. Therefore, they improve the mismatch between light wave-

lengths and the size of nanoscale objects [73]. This enables the possibil-

ity to interface them to quantum emitters which are themselves weakly

emitting and to enhance their emission efficiency [74–76] as well as

their spatial emission pattern [77, 78]. In this case, the quantum emitter

is equivalent to the feed current in a classical radiowave antenna [79,

80].

The nanoantenna converts incoming radiation into localized fields

allowing for the possibility to focus light energy into deeply subwave-

length volumes. In connection with the resonant field enhancement

due to the plasmonic oscillation several exciting possibilities arise:

First, while using SPPs and particle plasmon resonances (PPRs) for

refractive index sensing [81–83], has become a standard technique, the

strong field enhancement is particularly useful. It can be utilized to en-

hance weak molecular signals, such as vibrational bands [84] or Raman

signals in surface-enhanced Raman scattering (SERS), where enhance-

ment factors exceeding 105 were reported [85, 86].

Second, the field concentration allows for a confinement of the sens-

ing volume to subwavelength dimensions, which is important for de-

tection on a few-particle [87] or even single-molecule level [88, 89].

Third, field enhancement effects can be utilized to increase the effi-

ciency of nonlinear processes such as second-harmonic generation [90,

91] or potentially even high-harmonic generation [92–94].

In all of these areas it has become apparent, that the understanding

of a single building block is not sufficient, therefore, the understand-

ing of coupling effects is vital. Formetamaterials, this is equivalent to
the transition from atomic to solid state physics. As the fundamental

property of nanoantennas is to mediate between near- and far fields,

it is necessary not only to include near-field coupling effects, which

have been largely investigated throughout the past decade, but also to

include far-field coupling. For plasmonic sensing, the design of complex

coupled building blocks yields a tremendous increase in the figure of

merit compared to single plasmonic oscillators [95, 96]. In case of SERS,

finding a geometry which allows for a controlled enhancement is still a

subject of active research and coupling effects might play an important
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role in the enhancement process [97]. Finally, it has been suggested to

use direct radiative plasmonic coupling instead of plasmonic waveguides
for optical interconnects, which has the potential to drastically reduce

the losses [98].

From these considerations it has become apparent, that a thorough

understanding of plasmonic coupling in the near- as well as the far-

field regime is an elementary prerequisite for all the areas of research

introduced above. This thesis is devoted to the investigation of plas-

monic coupling effects with a special emphasis on far-field coupling in

three-dimensionally arranged plasmonic particle geometries.

Chapter 2 will introduce the fundamental concepts. After introduc-

ing the basic equations, we will discuss the optical properties of metals,

particularly those of gold, which is exclusively used throughout this

work. The optical interaction of (metallic) nanoparticles with radiation

will be reviewed. Furthermore, the concept of Fano resonances will be

introduced.

Chapter 3 will give a short review of the methods used for the exper-

imental realization of the nanostructured samples. In particular, the

layer-by-layer fabrication method will be introduced which is vital for

the three-dimensional arrangement of the plasmonic particles. Beyond

this, a brief description of the utilized calculationmethods will be given.

Subsequently, chapter 4 will discuss the basic building block that will

be used for many of the investigations. Then, their coupling in different

arrangements and regimes will be discussed, exclusively restricted to di-

mer structures. In order to give a comprehensive description of the cou-

pling effects, this chapter will also refer to previous work on plasmonic

coupling, and then extend its scope to the far-field coupling domain

in three-dimensional arrangements. Up to now, only calculations for

these geometries had been available [99]. Experimental results will be

presented and in addition the coupling mechanism will be investigated,

alongside with an intuitive model for the coupling. Furthermore, Bragg

spacing will be introduced. This corresponds to an arrangement of the

particles such that their interparticle distancematches amultiple of half

their plasmonic resonance wavelength, giving rise to interesting optical

features.

Chapter 5 will then extend the scope to structures with multiple par-

ticles stacked on top of each other along the light propagation direction,

yet their vertical spacing will be restricted to Bragg spacing. This plas-

monic multilayer arrangement will be compared to conventional pas-

sive photonic crystal structures [100] which exhibit photonic band gaps
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due to a refractive index variation. In the plasmonic Bragg structures,

a very broad photonic band gap emerges due to the radiative coupling

of the plasmonic oscillators.

Finally, chapter 6 will provide a perspective onto the coupling in the

regime between near- and far field. It will discuss a structure, in which

properties of both domains are present. This will allow to implement

a classical analog to an effect known from atomic physics, namely the

classical analog of electromagnetically induced absorption.

º





2
NANOSCALE OPTICS USING METALLIC

NANOPARTICLES

2.1 basic equations of electrodynamics

2.1.1 Maxwell’s Equations

The basis of all electromagnetic and therefore also optical phenomena

are Maxwell’s equations, which in a general way are expressed as [101]

∇× E + ∂
∂t

B = 0 (2.1)

∇×H − ∂
∂t

D = J (2.2)

∇ ⋅D = ρ (2.3)

∇ ⋅ B = 0. (2.4)

Here E, H, D, and B are the vectorial magnitudes of electric and

magnetic field as well as the electric displacement and magnetic flux

density, J is the current density and ρ the electric charge density. A great

deal of the physics involved in a specific problem of electrodynamics is

the choice of relations between E andD, B andH and the dependence

of ρ and J upon those. In most general form these constitutive relations

can be written as [102]

D = ε0 ε̄ E + ξ̄ H
B = µ0 µ̄ H + ζ̄ E,

where the tensors ε̄, ξ̄, µ̄, and ζ̄ describe the relation between all the

different field components. However, as long as only isotropic media

are involved, all the tensors reduce to scalars and ξ̄ and ζ̄ vanish. This

leads to the simplified constitutive relations

D = ε0εE
B = µ0µH.

(2.5)

7
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These can also be derived from a microscopic point of view, which

yields

D = ε0E + P
B = µ0H +M,

(2.6)

where P is the microscopic electric polarization and M the micro-

scopic magnetization in the medium. For common materialsM is neg-

ligible at optical frequencies and µ = 1. The treatment of P deserves

some more attention. In its most general case it might be an arbitrary

function of r, r′, t, and t′, however, with the fundamental assumptions

of linearity, locality, and time dependence only on (t − t′), the polariza-
tion can be expressed in frequency space as

P(r,ω) = ε0 χ(r,ω) E(r,ω), (2.7)

where χ(r,ω) is the electric susceptibility. For homogeneous media

additionally the dependence on r can be omitted. Inserting eq. 2.7 into

eq. 2.6 and comparing to eq. 2.5 yields a connection between dielectric

function ε and susceptibility χ:

ε(ω) = 1 + χ(ω). (2.8)

2.1.2 Electromagnetic Wave Propagation in Media

From Maxwell’s equations, an electromagnetic wave equation can be

derived. Assuming ρ = 0 and J = 0, taking the rotationi of eq. 2.1 and
combining with eq. 2.2, eq. 2.3, and eq. 2.5 leads to

∆E − ε0µ0 εµ
∂2

∂t2
E = 0. (2.9)

The wave equation for the magnetic field is obtained analogously. This

is the fundamental equation expressing the propagation of electromag-

netic waves in homogeneous media. The phase velocity of the electro-

magnetic wave is conferred from this to be 1/√ε0µ0 εµ, which can be

divided into the vacuum velocity c = 1/√ε0µ0 and the refractive index

of the medium n = √εµ. The phase velocity in a medium is therefore

connected to its refractive index by cmedium = c/n, which for usual

materials with n > 1 is below the vacuum velocity.

i making use of∇×∇ × E = ∇(∇ ⋅ E) − ∆E
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With a plane wave ansatz further consequences follow. Inserting

E(r, t) = E0 e
i(kr−ωt)

(2.10)

into eq. 2.9 gives the dispersion relation for electromagnetic waves

∣k∣2 = (ωn
c
)
2

. (2.11)

The absolute value of k is defined as the angular wave number and can

be expressed in terms of the wavelength λ,

k = ∣k∣ = 2πn
λ

.

Here λ is the vacuumwavelength, but it is also possible to introduce the

effective wavelength in the medium λmedium = λ/n. For usual materials,

n > 1, it is smaller than the vacuum wavelength.

From Maxwell’s equations additional characteristics of electromag-

netic waves can be derived. Inserting eq. 2.10 into eq. 2.1 yields

B(r, t) = 1

ω
(k × E(r, t)) = B0 e

i(kr−ωt)
,

which means that B is perpendicular to k and E, whereas eq. 2.3 gives
E ⊥ k, hence all the vectors are perpendicular to each other, forming a

right-handed trihedronii.

2.1.3 Boundary Conditions at Interfaces

Finally, it is necessary to treat boundaries between media. To derive

these, the integral representation of Maxwell’s equation is more suited,

which are obtained from the differential form by application of Gauss’

and Stokes’ theorem [101]:

∮
S
D ⋅ da = ∫

V
ρ d3x (2.12)

∮
S
B ⋅ da = 0 (2.13)

∮
C
H ⋅ dl = ∫

S′
(J + Ḋ) ⋅ da′ (2.14)

∮
C
E ⋅ dl = ∫

S′
Ḃ ⋅ da′ , (2.15)

ii This is true as long asD = ε0εE holds. For anisotropic mediaD remains perpendicular

to k and B, but not necessarily E.
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where the volume V is enclosed by the surface S with normal vector

n = a/a, and the surface S′ is surrounded by the path C with tangential

vector l.
Performing the integration of eqs. 2.12 and 2.13 for an infinitely small

cylinder across the boundary plane, with one capping surface in each

medium yields [101]

(D2 −D1) ⋅ n = σ (2.16)

(B2 − B1) ⋅ n = 0. (2.17)

Therefore, the normal component of B is continuous across the bound-

ary, while the normal component ofD is discontinuous due to the sur-

face charge σ .
Similarly, the integration of eqs. 2.14 and 2.15 around an infinitely

small surface whose normal vector lies in the boundary plane results in

n × (E2 − E1) = 0 (2.18)

n × (H2 −H1) = K, (2.19)

which means that the tangential component of E is continuous across

the boundary, while the tangential component ofH jumps by the amount

of the surface current K.
A large part of linear optics is based only on these continuity condi-

tions and many important laws follow as a direct consequence, most

importantly Snell’s law of refraction at an interface of two media with

refractive indices n1 and n2:

sin α
sin β

= n2

n1

, (2.20)

where α and β are the angles between surface normal and incoming

respectively outgoing k vector of plane waves.

Furthermore, Fresnel’s equations are contained, which describe the

intensities of reflected and transmitted light at an interface [101]:

r⊥ = n1 cos α − n2 cos β
n1 cos α + n2 cos β

t⊥ = 2n1 cos α
n1 cos α + n2 cos β

r∥ = n2 cos α − n1 cos β
n2 cos α + n1 cos β

t∥ = 2n1 cos α
n2 cos α + n1 cos β

.

Here the r⊥/∥ and t⊥/∥ are the reflection and transmission amplitudes

for the E field component perpendicular and parallel to the the plane

of incidence.
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2.1.4 The Hertzian Dipole

In the previous section, only the propagation of electromagnetic ra-

diation was treated, regardless of its sources. A powerful theoretical

concept is the Hertzian dipole, which describes the electromagnetic

fields generated by an infinitely small oscillating dipole moment.

The radiation generated by a harmonic oscillation of a charge distri-

bution can be derived from the vector potential [101]

A(x, t) = µ0
4π ∫ d

3x′J(x′) e
i k∣x−x′∣

∣x − x′∣ , (2.21)

from which the fields can be calculated using

H = 1

µ0
∇×A E = i

k

√
ε0
µ0
∇×∇ ×A. (2.22)

If the source is infinitely small, only the lowest order in eq. 2.21 has

to be considered. Furthermore, the current is transformed to a charge

distribution, which leads to

A(x) = − iµ0ω p
4π

ei kr

r
,

where p is the electric dipole moment vector and r is the distance from
the dipole. Inserting this into eq. 2.22 gives the explicit expressions for

the electromagnetic fields:

E = k3

4πε0

⎡⎢⎢⎢⎢⎢⎣
(n × p) × n ei kr

kr

+ (3n (n ⋅ p) − p)
⎛
⎝

1

(kr)3 −
i
(kr)2

⎞
⎠
e
i kr
⎤⎥⎥⎥⎥⎥⎦

(2.23)

H = ck2

4π
(n × p) ei kr

r
(1 − 1

ikr
) (2.24)

with the unit vector n = r/∣r∣.
Here, we will only evaluate the electric field. It can be divided into

three contributions according to the power of (kr) in the denominator.
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For small (kr) ≪ 1, which means r ≪ λ, the second term dominates

and the field is approximated as

E = 1

4πε0
ei kr

r3
(3n (n ⋅ p) − p) . (2.25)

This exactly corresponds to the solution for a static electric dipole, apart

from the oscillation term exp(ikr). As a consequence, considering only
the dipolar near fields is equivalent to solving an electrostatic problem

and modulating the solution at optical frequency.

On the other hand, for large distances compared to the wavelength,

and thus kr ≫ 1, the 1/(kr) term dominates which yields the oscillating

far field of the dipole

E = 1

4πε0
(n × p) × n k2 ei kr

r
. (2.26)

In the intermediate regime, all three terms of eq. 2.23 have to be included

and no further simplification is possible.

To visualize the dipole fields, Fig. 2.1 shows the calculated absolute

electric fields ∣E∣ in two planes, one perpendicular and one parallel to

p. The near field (Fig. 2.1 (a),(d)) exhibits the typical behavior of a

quasistatic dipole field, with a maximum field strength along the dipole

axis. The falloff for increasing radius is very strong such that almost no

oscillation pattern is found in this near field. Therefore the exponential

function can be approximated as ei kr ≈ 1 in the near-field limit. The

strongest field is located along the dipole direction, as can be seen from

Fig. 2.1 (a).

This is different for the far field (b), where along the z direction the

field intensity vanishes completely. Instead, the electric field is maxi-

mum in the xy plane, perpendicular to the dipole. The far-field plot

furthermore shows a pronounced oscillation behavior indicating the

emission of electromagnetic spherical waves, which is especially obvi-

ous from the xy plane plot (e).
Finally, Fig. 2.1 (c) and (f) show the full electric field as given by

eq. 2.23. Besides the superposition of near- and far field this also con-

tains the additional −i/(kr)2 term which oscillates at opposite phase

with respect to both other terms. Its contribution is observed best along

the z direction in (c) because of the vanishing far-field term. Along this

direction a wave pattern with a π phase shift with respect to the far-field

term is present, which exactly corresponds to the intermediate term.
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x y

z

Near Field

Far Field

Full Field

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.1. Near-, far-, and full absolute electric field ∣E∣ of a Hertzian dipole

calculated by eqs. 2.23, 2.25 and 2.26. The dipole is located at the origin and

oriented along z direction. (a-c) Field in the yz plane (x = 0), parallel to the
dipole. (d-f) Field in the xy plane (z = 0), perpendicular to the dipole.

Based on these considerations, it is possible to make a clear distinc-

tion between the regimes of plasmonic couplingwhichwill be discussed

in the upcoming chapters: in the near-field regime the coupling is me-

diated by the near fields. This means that a quasistatic approximation

is sufficient in order to describe the effects. For the far-field regime,

however, the oscillating properties of the fields will be crucial. Finally,

chapter 6 will deal with the special case of coupling in the intermediate

regime.
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2.2 the harmonic oscillator

The essence of light-matter interaction is the description of the inter-

play between electromagnetic waves and the electrons confined in a

medium, no matter whether it is a gas, a fluid or a solid. In a solid, the

electrons are either bound or can move freely, leading to many different

effects and phenomena. Nonetheless, many of those can be captured—

at least qualitatively—within a very simple, yet universal model which

despite its simplicity succeeds in describing them correctly. This model

is the harmonic oscillator, which is well-known throughout and beyond

physics.

In this classical model, which is known as the Lorentz oscillator

model, the electrons are bound by harmonic forces to the atomic cores.

These exert a restoring force on the electrons, therefore they undergo

harmonic oscillations when driven by a periodic, external (light) field.

This is captured by the basic differential equation [103, 104]

me
∂2

∂t2
x + 2meγ

∂
∂t

x +meω′20 x = −eE(t), (2.27)

where me is the electron mass, x the particle displacement from equi-

librium, γ a damping constant, ω′0 the oscillation frequency of the free,

undamped oscillator, e the elementary charge, and E(t) the external
light field. We solve it by using the harmonic ansatz

E(t) = E0 e
−iωt

x(t) = x(ω) e−iωt .

Inserting this into eq. 2.27, we obtain a frequency-dependent solution

for the oscillation amplitude

x(ω) = e
m e

1

ω2 − ω′20 + 2iγω
E0 .

This expression can be used to derive the microscopic electric polar-

ization as

P(ω) = −Ne ex(ω) = −
Ne e2

me

1

ω2 − ω′20 + 2iγω
E0 , (2.28)
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where Ne denotes the number of electrons interacting with the light

field. Using the definition of P, eq. 2.7, we find an expression for the

electric susceptibility in the oscillator model,

χ(ω) = −
ω2
p

ω2 − ω′20 + 2iγω
, (2.29)

where the plasma frequency ω2
p = (Ne e2)/(me ε0) has been introduced.

It is possible to decompose this fraction into

χ(ω) = −
ω2
p

2ω0

⎛
⎝

1

ω − ω0 + iγ
− 1

ω + ω0 + iγ
⎞
⎠
,

with ω2
0 = ω′20 − γ2. The resonance can therefore be parametrized by

two poles in the complex frequency plane located at ω1,2 = ±ω0 − iγ.
From a physical point of view, the additional assumption γ ≪ ω0 is

reasonable. Therefore, it is a good approximation to neglect the pole at

negative frequency and the final form of the susceptibility is

χ(ω) ≈ −
ω2
p

2ω0

1

ω − ω0 + iγ
. (2.30)

To construct the complex dielectric function of a material it may be

necessary to consider several elementary excitations so that the general

result incorporates a summation over all possible oscillator terms,

ε(ω) = 1 −∑
n

fn
ω − ω0,n + iγn

, (2.31)

where fn is an oscillator strength which has to be obtained by additional
considerations.

2.3 optics of metals

2.3.1 Bulk Optical Properties of Noble Metals

The peculiar physical properties of metals arise predominantly from

the presence of free electrons, which is owed to the specific electronic

configuration of the constituent atoms. In a simple picture, the free

electrons emerge in the transition from a single atom to a crystal lat-

tice from the electrons located in the partially populated outer shells.
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While this is true for many elements in the periodic table, those with

one electron located in the outer shell form metals with very high free

carrier density and conductivity compared to their direct neighbors.

The most prominent of these are the elements in group Ib, namely the

noblemetals copper, silver and gold. This group is characterized by fully

populated d-bands with a single s-electron in the outer shell, thus the

members of this group exhibit the highest conductivity of all elemental

compositions, even at high frequencies, where they possess only little

absorption up to visible wavelengths.

The free electrons dominate the linear optical properties of metals.

In order to describe these, it is possible to utilize the Lorentz oscilla-

tor model derived above, with a small modification: as no restoring

force acts on free electrons, the resonance frequency is set to ω′0 = 0 in

eq. 2.29. This description is known as the Drude model for the optical

properties of metals. The free electron permittivity yields

εD(ω) = 1 −
ω2
p

ω2 + iγDω
, (2.32)

which can be split into a real and an imaginary part:

εD,1(ω) = 1 −
ω2
p

γ2
D
+ ω2

εD,2(ω) =
ω2
pγD

ωγ2
D
+ ω3

.

(2.33)

Here, ωp denotes the bulk plasma frequency as defined above and γD
is the damping or collision frequency. The plasma frequency ωp is the

characteristic parameter for the description of bulk plasma oscillations.

For frequencies below ωp the electrons reconfigure as a response to the

external field and compensate it. Therefore, only an evanescent wave

can penetrate the metal and ε1(ω) is negative. Above the bulk plasma

frequency ε1(ω > ωp) > 0, electromagnetic waves can propagate in the

metal—it becomes transparent.

In general, a correction to ωp is necessary to account for the specific

band structure of the considered metal. Therefore, an effective mass

m∗ is used to obtain correct results. However, due to the specialty of

gold and silver in terms of electron configuration, their effective mass

is almost exactly 1.

The phenomenological parameter γD is introduced into the classical

model to describe collisions of electrons with the lattice and therefore a
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damping of the electron motion which leads to the material resistivity.

This is not true from a quantum mechanical point of view, and the

parameter γD has to be interpreted as a damping constant which occurs

due to collisions with deviations from the periodic structure of the

crystal such as phonons or impurities.

The Drude model gives a good parametrization of ε(ω) for noble
metals, as long as no interband transitions are involved. The lowest-

energy interband transition for the noble metals considered here is the

d-band transition. For silver it occurs in the UV-regime, at approxi-

mately 920THz (λ ≈ 320nm) [15]. This is the reason for the excellent

flat reflectivity and low absorption of silver throughout the whole opti-

cal regime.

For gold, this transition already occurs around 580THz (λ ≈ 510nm),

leading to substantial absorption above this frequency [15]. Even at

lower frequencies down to 500THz (wavelengths up to λ = 600nm),

its influence on ε(ω) can be observed in terms of a deviation from per-

fect Drude-like behavior. This accounts for the typical yellow-reddish

color of gold and causes absorption which makes gold less usable for

the visible wavelength range, at least for the blue side of the spectrum.

The optical properties of gold in the infrared and visible region have

been determined by a multitude of researchers using different meth-

ods [105–115] and are extensively tabulated [116, 117]. Fig. 2.2 (a) gives

an overview over the measured permittivity obtained from various ex-

periments in the relevant frequency range. The overall consistency is

quite good, given the fact that differentmeasurementmethods and sam-

ple preparation techniques have been used. Only ε2 in data set I [114]

shows substantial deviation from the other measurements.

As a great variety of different values for ωp and especially γD have

been reported, we thoroughly reexamine these with respect to the ex-

perimental data. For example, Ordal et al. [117] report γD = 6.5THz,

however, this value does not show a good parametrization of the exper-

imental ε(ω) at least in the near-infrared region considered here.

We use a nonlinear curve fitting approach to retrieve ωp and γD from

different experimental data sets using eq. 2.33. Only the spectral range

below 480THz (≈ 2 eV, 620nm) is considered to avoid any contribu-

tion from the interband transition. In the first iteration step the initial

values ωp = 2000THz and γD = 1 THz are used to fit εD,1. The obtained

value for ωp fits quite reliable, as εD,1 is rather robust against changes of

γD. The retrieved values are then used as initial parameters for the fit
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Figure 2.2. (a) Overview of different measurements of ε(ω) of gold, obtained
by different methods: Schulz (A) [105], Padalka and Shkliarevskii (B) [106],

Bolotin et al. (C) [107], Dold and Mecke (D) [108], Motulevich and Shu-

bin (E) [109], Thèye (F) [111], Johnson and Christy (G) [112], Hagemann

et al. (H) [113], Weaver et al. (I) [114] and Innes and Sambles (J) [115]. (b) Ex-

perimental data of Johnson and Christy (G) [112]. The red line denotes a Drude

model fit with ωp = 2073THz and γD = 21.1 THz. In the frequency range below

the interband transition, the optical properties show a very good agreement

with the Drude model. The interband transition frequency located slightly be-

low 600THz is denoted by the black arrow. Already at 500THz a pronounced

deviation from Drude behavior is observed.

of εD,2. In this second step, ωp is kept fixed. The procedure is repeated

until the fits to both curves converge and yield similar values.

The retrieved parameters are collected in table 2.1. Apart from data

sets D and H, a simultaneous fit of both curves with one set of param-

eters is not possible. The fit of εD,1 tends to overestimate γD while ωp

often has to be kept fixed in the fit of εD,2. This is particularly true for

the data sets in the infrared and visible frequency range, F and G. In

this case, it is reasonable to obtain the value for ωp from the εD,1 data

and the value for γD from the εD,2 data.

Examining the values of table 2.1, one finds, that the values for ωp

are more or less consistent, only data set B deviates. In contrast, there is
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data set spectral range fit of ε1 fit of ε2
ωp γD ωp γD

THz THz THz THz THz

B [106] 27–300 1680 10.3 1680F 8.2

C [107] 31–120 1808 18.9 1826 12.4

D [108] 30–240 1933 20.0 1933F 11.8

E [109] 25–300 2089 8.8 2089F 10.6

F [111] 145–600 2158 0.0 2158F 19.8

G [112] 155–600 2073 0.0 2073F 21.1

H [113] 1–580 1801 11.9 1802 11.3

I [114] 24–480 2021 4.0 2021F 4.9

J [115] 370–430 1859 0.0 1859F 28.6

K [110] 9–100 2173 6.3 2189 6.4

Table 2.1. Fitted Drude parameters for gold retrieved from the different exper-

imental determinations of the optical constants. Values that were kept fixed in

an iteration are marked by “F”.
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a huge spread in the values of γD. Data set J has to be treated separately,
here a strong deviation of the retrieved values from those originally re-

ported in the paper itself is found. This is attributed to the selection of

the data range, which is restricted to frequencies above 370THz. There-

fore, almost no information in the infrared region is contained in the

numerical data, which makes a reliable fit impossible. The other values

reported for γD are consistently lower, with the lowest values obtained

from data sets I and K. Apparently low values for γD are predominantly

found in measurements which incorporate the far-infrared regime well

below 100THz, while data sets in the near infrared yield substantially

higher values around γD ≈ 20THz.

The experimental data of Johnson and Christy [112] (data set G) is

usually considered as authoritative for the optical properties of gold

in the near-infrared and visible regime and is well confirmed by the

measurement of Thèye [111] (data set F). The data set of Johnson and

Christy is shown in Fig. 2.2 (b) alongside with the fitting result. The

parameters are ωp = 2073THz and γD = 21.1 THz, which are similar to

those retrieved from the data of Thèye. Furthermore, the graph clearly

shows the deviation from Drude-like behavior when approaching the

interband transition, which is marked by a black arrow. For the optical

and near-infrared range, the two data sets, F and G, give a reasonable

agreement to experiments and confirm each other.

It is apparent from these considerations, that a retrieval of the Drude

parameters always has to account for the respective spectral range. The

assumption of a frequency-independent parameter γD does not reflect

physical reality. The electrons in a real metal behave more complex

than suggested by the free-electron assumption. For example, electron-

electron interaction effects are present which lead to a frequency-de-

pendence in γD [111, 118]. Therefore, the Drude model should be uti-

lized as no more than an easy possibility to parametrize the optical

properties of metals by only two parameters, without a physical over-

interpretation of the obtained constants [117]. In order to give a more

precise description it is of course possible to use the tabulated experi-

mental values directly. Furthermore, a more detailed parametrization

using additional resonant terms to account for the interband transitions

can be implemented as well [119, 120].
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2.3.2 Surface Plasmons

Besides the excitation of volume plasmons in bulk metal, which has

been described in the previous section, it is also possible to excite elec-

tron oscillations on metallic surfaces and thin films [26]. These surface

modes consist of light waves traveling along the surface in conjunction

with electron oscillations in the metal, thus they are termed surface

plasmon polaritons (SPPs) [121]. Their k vector lies in the surface plane,

while their electric fields decay evanescently with increasing distance

from the surface.

From the continuity relations (eqs. 2.16 to 2.19) their dispersion rela-

tion can be derived, assuming one dielectric and onemetallic half-space.

This results in

k∥ = kin
√

εmεd
εm + εd

, (2.34)

where k∥ is the angular wavenumber of the excited SPP, kin the angular
wavenumber of the exciting light, and εm,d are the permittivity of the

metal and the dielectric. To obtain a propagating SPP, k∥ has to be real,
and because of εm < 0, the additional requirement ∣εm∣ > εd has to be
fulfilled.

One can infer from eq. 2.34 that their spectral position is very sen-

sitive to the optical properties of the metal and the dielectric, which

makes them useful for the determination of ε(ω) of the metal [30], but

also for a multitude of sensing applications [122]. However, as their dis-

persion curve does not cross the light cone, they do not directly couple

to the light field. This is on the one hand of advantage, because their

spectral width is quite narrow, which further benefits the sensing appli-

cations. On the other hand it requires quite some effort to excite them,

which usually is accomplished by applying special excitation geome-

tries [29, 30] to match the k vectors of light and SPP.

This problem is overcome when the lateral uniformity of the film

is broken, for example by the transformation from a film to a struc-

tured array of metallic nanoparticles. Then the so-called localized sur-

face plasmon resonance (LSPR) is excited which corresponds to a SPP

restricted to the finite surface of the nanoparticle. These localized reso-

nances are the subject of the remainder of this thesis and therefore will

be discussed in detail in the upcoming section.
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2.4 nanoparticle optics

2.4.1 Mie Theory

The description of electronic resonances in metallic nanoparticles in

terms of SPPs traveling on their surface is one point of view. It is also

possible to regard them as eigenmodes in a confined geometry. This

point of view is subject to Mie theory.

In 1908, Mie was able to derive an analytical solution to the scattering

of a spherical particle with distinct permittivity and permeability with-

out using any further assumptions [22]. Therefore, the theory is able to

give analytical results over the whole spectrum and for arbitrarily sized

spheres. It was extended to ellipsoidal particles later [123].

Mie theory is among a set of only very few examples of an exact an-

alytical solution to a physical problem. Here we review its basic ideas

and then proceed to the limit of particles small compared to the wave-

length, which is the most interesting case for the description of plas-

monic nanoparticles.

The basic geometry is given in Fig. 2.3. Light polarized along the x
direction impinges on a spherical particle with radius a. Its permittivity

and permeability are ε1 and µ1, and it is embedded into a medium with

ε2 and µ2.

k

E x

y
z

2a

ε  μ  ε  μ 

θ
φ

r

Figure 2.3. Schematic geometry for the calculation of Mie scattering by a

sphere.

To solve the problem of scattering by the spherical particle it is nec-

essary to find a solution to the Helmholtz equation for the electric and

magnetic field: E andH in spherical polar coordinates:

∇2E + k2E = 0
∇2H + k2H = 0.

(2.35)
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This problemcanbe transformed to the solution of a scalarHelmholtz

equation by constructing the so-called vector spherical harmonic func-

tions.

These can be found by considering

M = ∇× (rψ)

N = 1

k
∇×M,

(2.36)

where r is the position vector. It can be shown [124] thatM and N not

only are a solution to eq. 2.35 as soon as ψ solves the scalar Helmholtz

equation ∇2ψ + k2ψ = 0, additionally ∇ ⋅M = ∇ ⋅ N = 0 as well as

∇ ×N = kM and ∇ ×M = kN, properties which closely resemble the

relation of electric and magnetic fields in Maxwell’s equations.

Solutions to the scalar Helmholtz equation are of the form

ψemn = cosmφ Pm
n (cos θ) zn(kr)

ψomn = sinmφ Pm
n (cos θ) zn(kr),

(2.37)

where Pm
n (cos θ) denotes the associated Legendre polynomials and

zn(kr) is a wild card for any of the spherical Bessel- orHankel functions
jn , yn , h(1)n or h(2)n

iii.

The major step of solving the problem is the expansion of a linearly

polarized plane wave E = E0êx exp(ikr cos θ) in the basis of vector

spherical harmonics introduced above. A lengthy calculation [124]

yields the expansion

E = E0

∞

∑
n=1

in 2n + 1
n(n + 1) (M

j
o1n − iN j

e1n) , (2.38)

where only two of the several possible vector spherical harmonic func-

tions are needed, namelyiv

Mz
o1n = ∇× (r sinφ P1

n(cos θ) zn(kr))

Nz
e1n =

1

k
[∇× (∇× (r cosφ P1

n(cos θ) zn(kr)))] .
(2.39)

iii see appendix A.1 for the definitions

iv The superscript z inMz
o1n and Nz

e1n denotes which Bessel or Hankel function has to be

inserted for zn . Possibilities are j, y or h, the latter indicates h(1)n .
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Using the coefficient En = E0 in(2n + 1)/(n(n + 1)), the internal and
scattered fields of the sphere then can be written in the following way:

Eint =
∞

∑
n=1

En (cnM j
o1n − idnN j

e1n)

Hint =
−k1
ωµ1

∞

∑
n=1

En (dnM j
e1n + icnN j

o1n)

Esca =
∞

∑
n=1

En (ianNh
e1n − bnMh

o1n)

Hsca =
k2
ωµ2

∞

∑
n=1

En (ibnNh
o1n + anMh

e1n) .

(2.40)

Here, k1 and µ1 are the wavenumber and magnetic permeability inside

the sphere, and k2, µ2 those of the surrounding. According to these

results, the electric and magnetic field inside the sphere can be written

as a linear combination of Bessel functions, outside the sphere the scat-

tered fields are given as linear combinations of Hankel functions h(1)n .

This result is quite general, as up to now only the spherical symmetry

of the system and the material parameters of sphere and surrounding

have been used. The size dependence, however, is completely contained

in the coefficients an , bn , cn , and dn . In our case, the internal field is

not of interest, hence we will only pursue the calculation of the external

coefficients an and bn . These are derived from the boundary conditions,

eqs. 2.16 to 2.19, namely the continuity of the tangential component of

the electric and magnetic field on the surface of the sphere, thus

(Eint(r = a) + Eext(r = a) − E(r = a))
∥
= 0

(Hint(r = a) +Hext(r = a) −H(r = a))
∥
= 0.

(2.41)

These are evaluated component-wise for the θ and φ component, which

yields the scattering parameters

an =
νΨn(νx)Ψ′n(x) −Ψn(x)Ψ′n(νx)
νΨn(νx)Ξ′n(x) − Ξn(x)Ψ′n(νx)

bn =
Ψn(νx)Ψ′n(x) − νΨn(x)Ψ′n(νx)
Ψn(νx)Ξ′n(x) − νΞn(x)Ψ′n(νx)

.

(2.42)

Here for simplicity µ1 = µ2 = 1 is assumed, the relative refractive index

is ν =
√
(ε1/ε2) = n1/n2, x = k2a = 2πn2a/λ is the size parameter, the
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prime indicates a derivative with respect to the given argument, and

the Riccati-Bessel functions have been introduced:

Ψn(X) = X jn(X)
Ξn(X) = Xh(1)n (X).

(2.43)

Considering the energy fluxes allows for the computation of absorp-

tion as well as scattering cross section of the sphere [124]:

Csca =
2π
k22

∞

∑
n=1
(2n + 1) (∣an ∣2 + ∣bn ∣2)

Cabs =
2π
k22

∞

∑
n=1
(2n + 1)Re (an + bn).

(2.44)

.
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Figure 2.4. Calculated Mie scattering (top panel) and absorption (bottom

panel) coefficients for a sphere with n1 = 1.5 embedded into vacuum (n2 = 1).

The summands of eq. 2.44 are shown in dependence of the ratio of sphere radius

a and wavelength λ. For small particles it is appropriate to neglect the higher

order modes and only consider a1 and b1 .

Fig. 2.4 shows the summation coefficients up to n = 5 for Csca as well

as Cabs. It is obvious that for small particles contributions of n > 1 can
be neglected and only a1 and b1 are of importance. As an additional

simplification, it is sufficient to expand Ψ1 and Ξ1 into a series for small

x instead of considering the exact function. Doing so and taking only

the lowest possible order terms, only a1 remains and is given by

a1 = −i
2x3

3

ν2 − 1
ν2 + 2 . (2.45)
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Inserting this into eq. 2.44 yields the absolute scattering and absorp-

tion cross sections for a small sphere

Csca ∝
a6

λ4
∣ ν

2 − 1
ν2 + 2 ∣

2

Cabs ∝
a3

λ
Im ( ν

2 − 1
ν2 + 2) .

(2.46)

From these equations, several fundamental conclusions can be drawn.

First, the scattering of a small sphere shows a pronounced dependence

on the wavelength to the fourth power. The 1/λ4 dependence of the
scattering cross section has been derived by Lord Rayleigh [19, 20] in

his explanation of the color of the sky and is hence commonly referred

to as Rayleigh scattering. Scattering by small particles is more efficient

for shorter light wavelengths, therefore predominantly blue light is scat-

tered in the atmosphere leading to a blue colored sky.

Second, the relative fraction of scattered and absorbed light is of inter-

est: scattering is proportional to a6 and absorption to a3. For particles
very small compared to the wavelength, absorption always surpasses

scattering. For larger particles scattering is increasingly important and

finally dominates over absorption.

Finally, the quotient containing thematerial dependence has to be in-

vestigated. For identical materials and thus vanishing material contrast

this factor is 0 and neither extinction nor scattering take place, which

is in accordance with common sense. For dielectric, non-absorbing

media, the factor is purely real and Cabs vanishes. However, the re-

fractive index contrast leads to a finite scattering. In this limit, the

dispersion usually can be neglected and the fraction yields a constant

factor between−1/2 and 1, depending on the refractive indices. Formore

complicated materials with complex and frequency-dependent ε it is
convenient to rewrite the fraction to read

ε1 − ε2
ε1 + 2ε2

. (2.47)

This form will appear again below, where it is obtained from another

point of view.

2.4.2 Electrostatic Approximation

As elaborated above, the beauty of Mie theory is to deliver an exact

theory for the interaction of light with a spherical particle. However, it
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is apparent that the description is rather complicated and even in the

most simple cases exact expressions are lengthy.

The electrostatic approximation is a different approach. While Mie

theory gives the description for arbitrary sized spheres, the electrostatic

approximation is only valid for small particles. One benefit is the ap-

plicability to more complex structures, which is at least possible for

ellipsoidal particles.

In the electrostatic approach the spherical particle is assumed to be

sufficiently small to describe the external electromagnetic wave as a

constant static electric field across the extent of the nanoparticle. This

implies a simplification of the considered problem from the solution of

theHelmholtz equation (eq. 2.35) to the solution of the Laplace equation

for the electrostatic potential:

∇2
Φ = 0. (2.48)

The electric field is assumed to be constant and pointing into z direc-
tion: E0 = E0êz . This problem exhibits a cylindrical symmetry, there-

fore a series expansion in terms of Legendre polynomials inside and

outside the sphere is feasible [101]:

Φin =
∞

∑
n=0

unrnPn(cos θ)

Φout =
∞

∑
n=0
(vnrn +w−l−1n ) Pn(cos θ).

(2.49)

Here Φin andΦout denote the potential inside and outside the sphere,

and Pn(cos θ) are the Legendre polynomialsv. The other parameters

follow the definitions in Fig. 2.3.

The expansion coefficients un , vn , and wn are determined from the

boundary conditions at the surface of the sphere, where E∥ and D⊥
have to be continuous, as well as for r →∞, where the influence of the

sphere has to vanish, and only the applied external field remains. This

yields the internal and external potential:

Φin = −
3ε2

ε1 + 2ε2
E0r cos θ

Φout = −E0r cos θ +
ε1 − ε2
ε1 + 2ε2

E0a3
cos θ
r2

.

(2.50)

v see appendix A.1 for definitions



28 nanoscale optics using metallic nanoparticles

The internal potential corresponds to the potential of the external field

modified by the dielectric properties of the sphere. The potential out-

side the sphere is way more interesting and its expression can be sim-

plified by introducing a point dipole potential

p = 4πε0ε1a3
ε1 − ε2
ε1 + 2ε2

E0 cos θ (2.51)

so that Φout is the sum of the external static field potential and that of

an electrostatic point dipole located at the center of the sphere.

From this, the electric field can be calculated, which yields

Eout = −∇Φout = E0 +
3n(n ⋅ p) − p

4πε0ε2
1

r3
(2.52)

with the dipole moment

p = 4πε0ε2a3
ε1 − ε2
ε1 + 2ε2

E0 . (2.53)

This allows to derive the polarizability of the sphere, given the defini-

tion [125]

p = ε0ε2αE0

⇒ α = 4πa3 ε1 − ε2
ε1 + 2ε2

.
(2.54)

This factor strongly resembles the a1 coefficient obtained fromMie the-

ory for a small particle (eq. 2.45), apart from a constant factor and the

absence of a dependence on λ, which is not surprising, as it results from
an electrostatic calculation.

2.4.3 Ellipsoid Particles

The electrostatic approximation can also be carried out for ellipsoid

particles with semiaxes a1 ⩽ a2 ⩽ a3. In spite of rather complicated

math, the resulting polarizability is quite similar:

α j = 4πa1a2a3
ε1 − ε2

3ε2 + 3L j(ε1 − ε2)
. (2.55)

Here α j denotes the polarizability along the jth axis. The L j are given

by the expression

L j =
a1a2a3

2
∫
∞

0

dq

(a2j + q)
√
(a21 + q) (a22 + q) (a23 + q)

. (2.56)
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For the special case of a spherical particle, a1 = a2 = a3, the factor
L j = 1/3 and the result is reduced to that of eq. 2.54. For more compli-

cated cases it is usually necessary to evaluate α j numerically. This will

be done in the following paragraph for special cases.

2.4.4 Metallic Nanoparticles: Particle Plasmons

The use of the electrostatic approach described in the previous para-

graph has been applied to nanoparticle optics with an enormous suc-

cess. The transition to optics is accomplished by reinterpreting the DC

permittivities ε i as their frequency-dependent counterpartsvi ε i(ω). As
long as the particle dimensions are well below the wavelength, this ap-

proach is quite reasonable and the obtained results are in quite good

agreement with the experiments.

As stated before, the permittivity of dielectric materials is varying

only slowly with frequency in the spectral region of interest and the

quotient (ε1 − ε2)/(ε1 + 2ε2) is a constant factor for dielectric parti-
cles. In this case, the polarizability shows no strong dependence on the

wavelength and is mainly dominated by the particle size.

This changes drastically for metallic particles. For these, the real part

of the dielectric constant is negative and the denominator approaches

0 whenever the condition

Re ε1 = −2ε2 (2.57)

is fulfilled. This means that resonances in the particle polarizability α
occur. These arise due to the excitation of electronic oscillations inside

the particle and thus are termed particle plasmon resonance (PPR)vii.

Assuming a Drude model (eq. 2.32) for ε1, the PPR for a spherical

particle in vacuum according to eq. 2.57 is located atω2
PPR = 1/3ω2

p, when

neglecting losses in themetal. Surprisingly, the resonance position only

depends on the material properties and not on size [126]. However, this

is only true for very small particles, with dimensions on the order of the

skin depth. For larger particles one has to include corrections leading

to a size dependence.

vi For simplicity the indication of ω-dependence will be skipped in the following. However,

the appearance of ε will imply the frequency-dependent quantity ε(ω).
vii As stated in the previous chapter, from the viewpoint of propagating SPPs on the particle

surface, often the term localized surface plasmon resonance (LSPR) is used. However, for

consistency and to avoid confusion with propagating SPPs we will only use the term PPR

in the following.
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Figure 2.5. Analytically calculated spectra for metallic ellipsoid particles with

varying parameters a1,a2, and a3. The graphs show the absolute square value

of polarizability along the second axis, ∣α2 ∣
2
. (a) Variation of a1 from 100nm

to 10 µm for constant a2 = a3 = 100nm. The spectral change upon transforma-

tion from a sphere to a strongly elongated particle with extreme aspect ratio is

shown. The spectra have to be scaled due to the large increase of polarizability.

Additionally, a pronounced blue shift is observed. (b) Spectra for a decrease of

a3 for the 10 µm long particle with a2 = 100nm. On decreasing height the spec-

tra shift to the red. (c) Tuning of the ellipsoid width a2 for constant a1 = 10 µm
and a3 = 20nm. Along the axis of considered polarizability a size increase leads

to a red shift of the resonance.

Using eq. 2.55 it is possible to calculate spectra of non-sphericalmetal-

lic ellipsoids. As can be seen from the equation, the factor L j directly

affects the resonance condition which in this case reads

Re ε1 = ε2
⎛
⎝
1 − 1

L j

⎞
⎠
. (2.58)
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Consequently, the spectral position of the PPR strongly depends on the

L j coefficients and thus on the exact geometry of the particle.

This is demonstrated in Fig. 2.5, where the spectral changes for the

transformation from a spherical metallic particle to an elongated, nano-

wire-like ellipsoid are shown. These analytical calculations are per-

formed using eq. 2.55 and Drude model optical constants (eq. 2.32 with

ωp = 2170THz and γ = 20THz) for the particle. The polarizability α2

of the ellipsoid is investigated, as this will be the relevant case for the

following chapters. The graphs show the absolute square value of α2,

which is proportional to the scattering cross section of the particle. The

evaluation of extinction yields spectrally similar results but different ab-

solute numbers. In general, a strong dependence of the absolute value

of α2 on the particle size is observed. This is attributed to the fact of

α ∝ (a1a2a3), which is approximately the volume of the particle.

Starting from a spherical particle, Fig. 2.5 (a) shows the spectral de-

pendence on elongation along the first axis. a1 is increased by a factor

of 100. This results in a substantial increase in scattering strength, so

that the individual spectra have been scaled in order to fit the graph. At

the same time the spectra exhibit a pronounced blue shift which starts

to saturate above an aspect ratio of approximately 10. The final particle

with a length of 10 µm is taken as a basis for the variation of the ellipsoid

height in Fig. 2.5 (b). The particle is squeezed along the third axis by

lowering the a3 parameter from 100nm, which corresponds to a cylin-

drically symmetric ellipsoid to a completely deformed ellipsoid with

a3 = 20nm. The height reduction shifts the PPR to the red, accompanied

by a reduction in scattering strength. Finally, the particle dimension

along the axis of the external field, a2, is changed. Starting from the

particle with a1 = 10 µm and a3 = 20nm the width of the ellipsoid is

changed from 60 to 260nm. In contrast to the other directions, a size

increase along this direction results in a red shift instead of a blue shift.

This can be intuitively understood, as the particle dimensions along the

light polarization axis can be interpreted in terms of a resonator length

for the oscillating electrons [127–129].

Even though these spectra originate froman analytical calculation for

ellipsoid particles, they qualitatively reproduce all the essential features

of the fundamental particle plasmon modes in metallic nanowires that

are about to be treated in the upcoming chapters and thus provide an

analytical model for their description.
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2.5 resonant coupled oscillator model

Even though full-Maxwell calculations are very helpful in the design

and prediction of the spectra of systems under consideration, they suffer

from the huge disadvantage of not being able to provide adequate under-

standing of the underlying physics of the coupling processes. Therefore

we need a simple model which captures the essence of the physics that

is contained in the radiative coupling of plasmonic structures.

This model has already been derived in semiconductor physics for

the radiative coupling of excitons in multilayer quantum well (QW)

structures [130, 131]. Even though being targeted at completely differ-

ent structures, the model can be transferred without greater effort to

the description of plasmonic structures. This is possible because the

particle plasmon as well as the exciton can be regarded as a resonant

response arising from electronic excitations in in a thin sheet of mate-

rial. Thus, at least for the linear optical properties both behave similarly,

even though they strongly differ in terms of their optical parameters.

This will be discussed later in context of the experimental findings.
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Figure 2.6. Schematic of the model system for the calculation of a structure of

multilayered, radiatively coupled resonant sheets.

Fig. 2.6 displays a principal sketch of this coupled oscillator model.

The system consists of a number N of thin layers which are stacked

along z direction and are homogeneous in the plane perpendicular

to it. They are separated by dielectric layers of a certain thickness dz .
The thickness of these spacer layers is large enough, such that on the

one hand near-field coupling effects between the sheets can be safely

neglected. On the other hand the thickness of the resonant sheets is

sufficiently small compared to dz such that they can be considered as

infinitely thin.
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The wave equation derived from eqs. 2.1 to 2.4 for one polarization

direction in the quasi-one-dimensional geometry then reads

( ∂2

∂z2
− 1

c2
∂2

∂t2
) E(z, t) = 1

ε0c2
∂2

∂t2
P(z, t). (2.59)

The non-resonant polarization within the spacer layers is described

in terms of a background refractive index, therefore, only the resonant

polarization located in the infinitely thin resonant layers has to be in-

cluded. This is

P(z, t) ≈
N
∑
n=1

Pn(t)δ(z − zn),

where δ(z) is the Dirac delta distribution. For the electric field in the

spacer between two resonant layers two counter-propagating waves are

assumed, as depicted in Fig. 2.6:

E(z, t) = E+n (t − z/c) + E−n (t + z/c). (2.60)

This model consequently only includes the radiative fields, and there-

fore, as already stated above, will not be able to describe near-field ef-

fects for small spacings.

The fields in the individual layers now have to be connected to each

other by the appropriate boundary conditions. As an abbreviation we

introduce

En(z, t) = E+n (t − z/c) + E−n (t + z/c)

as the field in the nth layer. First, the tangential component of the

electric field has to be continuous, therefore

En(zn , t) = En+1(zn , t). (2.61)

Second, from eq. 2.59 one obtains

∂
∂z
(En+1(z, t) − En(z, t)) ∣z=zn = −

1

c
∂
∂t
(En+1(zn , t) − En(zn , t))

= 1

ε0εSpc2
∂2

∂t2
Pn(t),

(2.62)
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where εSp is the permittivity of the spacer layer. From these boundary

conditions one obtains

E+n (t − z/c) = E+1 (t − z/c) − 1

2ε0εSpc

n−1
∑
m=1

∂
∂t

Pm (t −
z − zm

c
)

E−n (t − z/c) = E−N+1(t − z/c) − 1

2ε0εSpc

N
∑
m=n

∂
∂t

Pm (t +
z − zm

c
) .

(2.63)

Here, E+1 and E−N+1 denote the incoming wave from the left and right

side. Furthermore, one can make a harmonic ansatz for the fields and

the polarizability

E±n = E±n ,0 e−iωt

Pn = Pn ,0 e−iωt .
(2.64)

The polarizability of one layer is given by

Pn(t) = ε0 ∫ dt′χ(t, t′)En(zn , t′), (2.65)

introducing the linear susceptibility χ(t, t′) of the resonant layer. Insert-
ing eq. 2.64 and eq. 2.65 into eq. 2.63, the solution is found by Fourier

transformation into the frequency domain and matrix inversion. By

defining the matrixDmn and column vector Un as

Dmn = e
i k∣zm−zn ∣

Un = e
i kzn

and assuming illumination only from the left side (E−N+1 = 0), the out-
going fields E+N+1(ω) and E−1 (ω) can be expressed asviii

E+N+1(ω) = E+1 (ω)
⎛
⎜
⎝
1 + i k

2εSp
U†
⎛
⎝
I − i k

2εSp
χ(ω)D

⎞
⎠

−1

χ(ω)U
⎞
⎟
⎠

E−1 (ω) = E+1 (ω)i
k

2εSp
UT
⎛
⎝
I − i k

2εSp
χ(ω)D

⎞
⎠

−1

χ(ω)U .

(2.66)

viii Y−1 denotes the inverse, YT the transpose and Y† the Hermitian adjoint of matrix or

vector Y . I denotes the identity matrix of appropriate dimension.
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From these fields transmission and reflection amplitude can be com-

puted using

t = E+N+1(ω)
E+1 (ω)

r = E−1 (ω)
E+1 (ω)

,

(2.67)

which then allows to calculate the linear transmittance, reflectance and

absorbance

T = ∣t∣2

R = ∣r∣2

A = 1 − T − R.

2.6 fano resonances

In optical spectra, often asymmetric resonance features instead of sym-

metric Lorentzian lineshapes are observed. This effect is quite general

and can be found in a multitude of different contexts [132]. The explana-

tion for the emergence of these asymmetric features has first been given

by Fano [133], who derived it in the context of atomic autoionization

spectra.

The asymmetry originates from an interference effect, namely the

interference of a discrete transition with that of a transition to a contin-

uum. It can be expressed as [132]

σ = (F + q)
2

F2 + 1 . (2.68)

Here, σ is the cross section, F is a dimensionless frequency, F = 2(ω −
ω0)/γ, with resonance frequency w0 and spectral width γ. The asym-

metry of the Fano resonance feature is controlled by the parameter q,
as can be seen in Fig. 2.7, where normalized Fano lineshapes are shown

for different q.
For q = 0, a symmetric resonance dip within the continuum is ob-

served. For increasing q the typical asymmetric shape is present. A

special situation is the case of q = 1 where the shape is antisymmetric

with respect to the resonance frequency. For larger values, the line-

shape becomes more symmetric again, however the Fano character is
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Figure 2.7. Normalized Fano resonance profiles for different values of the

asymmetry parameter q. For negative q the resonance profile is mirrored along

the ordinate.

still present and can be identified by the local minimum which still ex-

ists on one side of the resonance peak. Only for q →∞ the asymmetry

is lost completely. In this case the excitation path to the continuum

becomes negligible and only the discrete narrow state is excited, thus

the shape approaches that of a usual Lorentzian line.

In plasmonic and metamaterial systems Fano resonances occur and

have been investigated for quite different structures [134], such as

stacked dimers [135–137], ring-disk dimer structures [138–140], plas-

monic oligomers [95, 141–145], hybrid material dimers [146], and other

structures [147–151]. Furthermore, several theoretical investigations

have been performed [152–156]. Strictly speaking, in these systems there

is no continuum in the spirit of eq. 2.68. Instead, structures which ex-

hibit resonant features with strongly different spectral widths, yet simi-

lar resonance frequencies are investigated. Then the broad resonance

acts as a quasi-constant continuum and the narrow resonance shows

the characteristic asymmetric shape.

Besides this, the Fano mechanism is closely connected to the oc-

currence of electromagnetically induced transparency (EIT) which is a

special limiting case of a Fano resonance and will be discussed in detail

in chapter 6.

º



3
METHODS

3.1 experimental techniques

3.1.1 Sample Fabrication

All the structures investigated throughout this thesis were fabricated

by electron beam lithography (EBL) using a multilayer technique. EBL is

the premier technique for nanofabrication when it comes to flexibility

and reproducibility. An electron beam of several ten kV and typically

around 100pA is focused onto a substrate with a resulting spot size

< 10 nm, which allows for the exposure of very small and well-defined

regions. Additionally, it is possible to control the beam: on the one

hand it can be switched on and off by an electrostatic beam blanker, on

the other hand two electrostatic deflectors scan the beam position over

a write field of approximately 100µm × 100µm. In order to structure

a surface, an electron beam sensitive resist is applied to the substrate

surface. The electron beam introduces local modifications in this resist

layer, which are subsequently transformed into a resist pattern by devel-

oping the sample. Depending on resist type, two different fabrication

procedures can be applied.

In a negative tone resist the exposed areas become insensitive to

the developer, therefore they remain while all the unexposed areas are

removed.

As a negative resist, AR-N 7500i was used. The main functional com-

ponent is a resin composed of phenol-formaldehyde polymers [157], to

which a photo-active compound is added. On exposure to the electron

beam, crosslinks are formed between different chains so that the re-

sulting polymer network is not soluble in the developer (AR-300-47i),

which mainly consists of the solvent 2-methoxy-1-methylethylacetat

(PGMEA).

The positive tone resist works exactly opposite to the negative one:

The exposed areas become soluble in the developer, while the unex-

posed areas remain, therefore using the same exposure pattern, the

i Allresist GmbH, Am Biotop 14, D-15344 Strausberg, Germany, www.allresist.de
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positive resist yields the inverse pattern compared to the negative resist

process.

As a positive photoresist, Polymethylmethacrylat (PMMA) is used

(AR-P 631, AR-P 641, AR-P 671i), which is diluted to a fraction of typi-

cally 1% to 2.5% in chlorobenzene. Different chain lengths of PMMA are

utilized with molecular weights of 50K up to 950K. By electron beam ir-

radiation the chains are split into smaller parts and then can be removed

by a molecular weight selective developer, which is Methylisobutylke-

tone (MIBK).

By applying multilayers of different chain lengths it is possible to fab-

ricate an undercut in the resist layer due to the different development

rate. An approximately 200nm thick PMMA 200K layer is applied, fol-

lowed by a thin PMMA 950K layer. In the bottom layer the development

speed is faster, which leads to a larger void compared to the top layer.

This is advantageous for the fabrication process, as the structure size

is mainly defined by the aperture in the top resist layer, while the un-

dercut created in the bottom resist layer facilitates the subsequent resist

removal step (lift off).

As a substrate, quartz glass with an improved infrared transparency

(Infrasil302ii) is used. The substrate is prepared by cleaning in a 55 ○C

acetone ultrasound bath for more than 15min, followed by rinsing in

acetone and 1-propanol and nitrogen drying. Then the further process-

ing depends on the type of resist used. The fabrication sequences for

both types are displayed in Fig. 3.1 (a) and (b).

For a negative resist, first a gold layer with appropriate thickness is

evaporated onto the substrate surface by electron beam evaporation.

For this, the sample is placed, substrate surface facing down, into a

vacuumchamber. At the bottomof the chamber a gold crucible is placed

which is heated by an electron beam. For a sufficiently low pressure

in the chamber (approximately 10−6mbar) the mean free path for the

gold atoms is sufficiently long such that they reach the substrate surface

and form a smooth film there. The whole process is controlled by a

quartz microbalance, which is used to monitor the overall thickness

of the film as well as the evaporation speed. The latter is kept constant

at around 1Å/s to 2Å/s by a feedback loop. In order to improve the

adhesion between gold and substrate surface, a thin layer of about 2 nm

of chromium is evaporated directly before gold evaporation.

ii Heraeus Quarzglas GmbH & Co. KG, Quarzstrasse 8, D-63450 Hanau, www.heraeus.de

www.heraeus.de
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(a)

Negative Tone Resist

Gold evaporation Application of 
resist, exposure &

development

Dry etching O  Plasma2

Stacking Procedure

(c) Structure layerMarker layer Spacer layer

Positive Tone Resist

(b)

Gold evaporationExposure &
development

Lift offApplication of 
resist

Figure 3.1. (a) Processing steps for structuring with negative tone resist.

(b) Fabrication sequence for positive resist. (c) Stacking technique.

Next, the resist layer with a thickness of around 80nm is spin coated

onto the sample, followed by a soft baking step of 60 s at 90 ○C. Then

the pattern is exposed by EBL and developed for 20 s in AR-300-47 with

gentle movement. The development process is stopped in deionized

water, where the sample is also thoroughly rinsed for 60 s.

At this point only the resist pattern remains on the gold film, which

has to be transferred to the gold by dry etching. This is accomplished

by Ar ion beam etching, which is an anisotropic etching process. It

is performed in a reactive ion beam etching machine, where an argon

ion beam of typically 100mA is accelerated by a 500V voltage in a

Kaufman source and then impinges onto the sample for 90 s. The Ar
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ions physically remove the gold film, while the resist masks the areas

which should not be removed. To increase the homogeneity and prevent

a redeposition of the removed material the sample is rotated and tilted

by 20° with respect to the ion beam axis.

Finally, the remaining resist is removed by a cleaning step in a O2

plasma, which leaves only the gold structure on the sample surface.

The method is different for a positive tone resist (Fig. 3.1 (b)). Here,

first the PMMA resist layer is spin coated onto the substrate, followed by

a 2min soft baking step at 165 ○C for each of the two resist layers. Then,

a conductive polymer (ESPACER 300Ziii) is spin coated on top of the

resist layer.

After this, the pattern is exposed by EBL, the conductive layer is re-

moved and the resist is developed in a 1:3 dilution ofMIBK in 1-propanol

for 180 s to 240 s and 60 s in pure 1-propanol to stop the developing pro-

cess. Next, a cleaning step of 18 s in O2 plasma is applied to remove

residual resist in the exposed areas. This is followed by the evaporation

of the gold layer as described above. Finally, a lift off process for 2 h in

55 ○C hot acetone or N-methylpyrrolidone (NMP) removes the remain-

ing resist with the unnecessary gold film on top, leaving only the gold

pattern on the surface of the substrate.

In order to be able to fabricate multiple exposure layers stacked

on top of each other, one has to apply a layer-by-layer stacking tech-

nique [158, 159]. This is described in Fig. 3.1 (c). As a first step, a marker

layer is applied to the substrate which is later used by the EBL machine

to align its coordinate system. The marker layer is patterned by using a

thick PMMA resist layer with lift off. Processing themarkers in a separate

step introduces the freedom to make them very thick (about 200nm),

which is advantageous for the marker detection routine.

After marker fabrication the first layer is processed with either neg-

ative or positive resist. The EBL machine has to align its coordinate

system with respect to the given markers. Apart from this, the fabrica-

tion process for an individual layer is exactly identical to the procedures

described above. In addition, a spacer layer has to be applied after the

completion of each layer. As a spacermaterial, a spin-on dielectric (SOD)

is utilized (Futurrex IC1-200iv), which can be applied to the sample by

spin coating.

iii Showa Denko Europe GmbH, Konrad-Zuse-Platz 4, D-81829 München, Germany, www.

showa-denko.de

iv Futurrex Inc., 12 Cork Hill Road, Franklin, NJ 07416, USA, www.futurrex.com

www.showa-denko.de
www.showa-denko.de
www.futurrex.com
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For the most samples under investigation, an exact spacing is crucial.

Therefore, the thickness of the spacer layer has to be controlled thor-

oughly. This is done by varying the dilution of the SOD as well as the

rotation speed. A combination of several coating runs with different

dilutions allows to process a great variation of spacer layers with a set

of three to five different dilutions of SOD. A phenomenological formula

for the spin coating layer thickness is given by [160]

dz = κ
c20
f 1/2

, (3.1)

where dz denotes the resulting layer height, c0 is the solvent concen-
tration and f is the rotation frequency. κ is a constant which depends

on the resist and substrate used and might also vary with the equip-

ment used. Even though eq. 3.1 is not exact, it provides a good starting

point for the design of a spacer layer. After each SOD spin coating run,

a baking step for 2min at 200 ○C is necessary to remove the remaining

solvents from the layer. Then it is possible to process the next structure

layer on the sample. Owing to the spin coating process, the sample

surface is very smooth, with a remaining roughness well below 10nm.

As shown in Fig. 3.1, processing of thick crosses is advantageous for

the alignment accuracy. However, even being completely buried under

several layers of SOD, the electron backscattering from the gold provides

enough signal to ensure a proper alignment of the layers. Alternatively,

it is possible to process new alignment marks in each layer, which ren-

ders the first process step of marker fabrication unnecessary. This is a

simplification of the technique, however, their layer thickness is much

smaller in this case (equal to that of the structure layer) and therefore

the backscattering signal is strongly decreased. Additionally, the ex-

perimental errors in marker detection add up from layer to layer so

that substantial deviations might build up in structures with increasing

number of layers.

In the realization of nanostructures using EBL, several well-known

experimental errors occur which have to be minimized in order to get

good results. These are drift, proximity effect, as well as overlay and

stitching errors.

First, drift errors occur due to a distortion of the write field and

result in deformed and misplaced structures. The distortion originates

from local charges which are incorporated into the substrate due to the

electron beam. These local charges lead to an additional displacement of

the electron beam. This problem occurs only for EBL on non-conductive
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substrates such as quartz. To prevent the effect, a conductive layer has to

be applied to the substrate which ensures the distribution of the excess

charges. One can either evaporate a thin 2nm thick Cr layer or use a

conductive polymer, where the latter is substantially faster to apply and

also easier to remove.

The second source of error is the proximity effect. As soon as the elec-

trons enter the resist layer and the substrate, scattering on the atomic

lattice occurs, so that the exposure dose is spread within a small area

around the exposed point with a Gaussian distribution. The proximity

effect strongly depends on electron energy and resist/substrate mate-

rial combination. The scattering cross section for an electron from an

ionic core can be estimated from the Rutherford cross section, which

is proportional to the square of the ion charge. Therefore, scattering

from a gold layer (Z = 79) is much more severe than scattering from

the resist layer, which predominantly contains hydrogen, carbon, or

oxygen atoms with a Z on the order of 1 to 10. There are several ways

to account for the proximity effect. One approach is to use relatively

high energy electrons with accelerating voltages of up to 100kV. Then

the Gaussian function around the exposure spot becomes broad and

can be treated as a constant background over the whole exposure area.

Another way is to measure the point spread function of the exposure

process and apply an algorithm which optimizes the writing pattern

to achieve a desired exposure pattern. Several commercial programs

are available to do this. In many cases it is already sufficient to do a

proper dose test study to determine the correct exposure conditions in

conjunction with a reasonable structure design.

The last two errors are stitching and overlay inaccuracies, which are

tightly connected. Stitching errors are present when several fields are

exposed next to each other to form a large array. Going from one field

to the next involves a movement of the sample stage. If the coordinate

system of the stage is not properly aligned to that of the electron column,

the subsequent fields are not written at the correct position, but slightly

displaced. To compensate this, EBL machines possess internal routines

to align both coordinate systems. This is done by driving the stage to

different positions and scanning a specific marker with the electron

beam. The resulting discrepancy then automatically can be compen-

sated by the exposure algorithm. Overlay errors are similar, but refer to

a misalignment of several layers in a multilayer exposure. Large overlay

errors indicate problems in marker detection—if the marker detection

works properly, the overlay error should be of approximately samemag-
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nitude as the stitching error, as it is then governed by the remaining

uncertainty in marker detection by the electron optical system. With

an accurate EBL machine, very low values of typically less than 20nm

of overlay and stitching accuracy can be achieved.

3.1.2 Measurement

All spectral measurements were performed using a Fourier-transform

infrared spectrometer (FTIR) spectrometer (Bruker Vertex 80v). To ac-

quire spectra from small sample areas, an attached microscope (Bruker

Hyperionv) was used. The main component of the spectrometer is

a Michelson interferometer with one moving mirror. This mirror is

scanned at kHz frequency while time transients are recorded on the

detector. Applying a numerical fast Fourier transform (FFT) yields the

measured spectrum.

Using FTIR spectroscopy is of advantage because of the very broad

spectral range from 600nm to 25 µm, which is achieved by using differ-

ent light sources, beam splitters, polarizers and detectors.

As a light source, a tungsten lamp with a spectral range from the

visible up to 3.3 µm and a CaF2 beamsplitter with a spectral range from

the UV up to 2.5 µm were used in all measurements. Depending on the

considered spectral range, either a Si photodiode (400nm to 1100nm),

an InGaAs photodiode (800nm to 1700nm), or a liquid-nitrogen-

cooledMercury CadmiumTelluride (MCT) detector (1.4 µm to 16.7 µm)

were utilized.

A linear polarizer covering the visible and near-infrared spectral

range was inserted into the beam path. As for all the structures un-

der investigation no polarization conversion is expected, no analyzer

was necessary in the measurement.

In the microscope, the light is focused onto the sample surface by

a 15× Cassegrain objective with a numerical aperture of 0.4. In the

reflectance measurement, the light is focused and collected by the same

objective, while in the transmittance measurement, a second, identical

Cassegrain object is present for the illumination of the sample. Focusing

onto the arrays is performed by using visible light and the attached

CCD camera. To obtain measurements for defined spatial areas, two

knife-edge apertures are attached within the beam path, which allow

v Bruker Optik GmbH, Rudolf-Plank-Str. 27, D-76275 Ettlingen, Germany, www.

brukeroptics.com

www.brukeroptics.com
www.brukeroptics.com
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to restrict the beam to a rectangular area. This aperture was set to

a slightly smaller area than the actual array size in order to suppress

edge effects. As reference measurement, an area next to the arrays of

nanostructures was utilized for transmittance, for reflectance, a 200nm

thick Au mirror was used.

3.2 simulation techniques

For a numerical evaluation of electrodynamic problems,Maxwell’s equa-

tions have to be evaluated numerically. For these calculations two dif-

ferent methods were used. On the one hand, the commercially avail-

able CST Studio Suitevi, on the other hand a home-made code running

on Matlab, which uses the scattering matrix method (SMM) [161], also

known as Fourier modal method (FMM) or rigorously coupled wave

approximation (RCWA). These are described in the following sections.

3.2.1 CST Microwave Studio

CSTMicrowave Studio uses the finite integration technique (FIT) which

solves Maxwell’s equations in their integral form [162] (eqs. 2.12 to 2.15)

instead of the differential form used by many other algorithms. The

structure can be defined using a graphical editor. The program then

performs an automated mesh generation and also an automated adap-

tive meshing routine in order to increase the simulation accuracy. The

application of Maxwell’s equations on this mesh grid transforms the

problem from a continuous one to a discretized matrix problem which

can be solved numerically. The accuracy of the solution is given by the

resolution of the mesh and can also be strongly influenced by a reason-

able meshing strategy, for example with a higher density on edges.

CSTMicrowave Studio provides a set of different solvers for versatile

applications ranging from electrostatic all the way to optical problems.

For the calculation of spectra and field distributions of plasmonic struc-

tures, the frequency domain solver is most suited. It allows to apply

“unit cell” boundary conditions, which assume the calculation domain

to be one unit cell of an infinite array. Therefore it is straightforward to

calculate plasmonic particle arrays. For the frequency domain solver

time-harmonic electromagnetic fields are assumed, which is well suited

for the calculation of spectra in the optical frequency domain. The

vi CST AG, Bad Nauheimer Str. 19, D-64289 Darmstadt, Germany, www.cst.com

www.cst.com
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solver automatically chooses frequencies in order to sample the whole

required spectral range. Frequency samples are then calculated until

the convergence criterion is reached.

An advantage of the FIT over the more common finite difference

time domain (FDTD) technique is that the formulation is also valid on

non-cubic grids. A tetrahedral grid is of particular advantage for the

parametrization of curved surfaces. The cubic meshing is known to

fail under these circumstances as the cubic parametrization of a curved

surface leads to a staircase effect. Here, sharp edges are introduced due

to the modeling which leads to unphysical calculation results.

All the CST calculations shown in chapter 6 were performed using

the frequency domain solver of CST Microwave Studio with a tetrahe-

dral mesh as discretization grid.

3.2.2 Scattering Matrix Method

The scatteringmatrixmethod represents a suitable alternative to calcula-

tions using CST, as it is a method specifically suited to light propagation

problems in stratified and periodic media [161, 163]. In order to be able

to calculate a problem in SMM, a structure generally has to be strati-

fied along the light propagation axis and periodic along the other two

directions.

To solve the problem, the structure is decomposed into several layers.

As these individual layers are now laterally periodic in both directions,

Maxwell’s equations can be rigorously solved as an infinite-dimensional

linear eigenvalue problem. Assuring proper convergence, the calcula-

tion is truncated for a certain number of harmonics NG yielding the

scattering matrix of a single layer. Subsequently, all scattering matrices

of the individual layers are combined by considering the appropriate

boundary conditions. The method allows for a very high accuracy, and

for NG →∞ even an asymptotically exact solution.

Calculation of metallodielectric structures within this method is

hampered by the strong permittivity differences at the interfaces be-

tween metallic and dielectric components in the structure. In order to

achieve good convergence, large numbers of harmonics have to be con-

sidered, which is a major problem, as the computation time scales with

N 3

G
. Alternatively, optimization methods such as adaptive spatial reso-

lution and correct factorization rules allow for substantially decreased

calculation times [164].
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The SMM has been applied to the calculation of all nanowire spectra

throughout this thesis. The advantage over CST in this case is, that the

dimension of the problem can be restricted easily, which leads to a huge

computation acceleration while the accuracy along the other direction

is not affected.

In the calculations, the nanowire structures are placed on top of a

quartz substrate (n2
Sub = 2.13) and each layer is embedded into a spacer

layer (n2
Sp = 2.13). The top layer is also capped by a spacer layer in order

to maintain a homogeneous environment. All dielectrics are assumed

dispersion-free. If not stated otherwise, the experimental values of John-

son and Christy [112] are used to model the gold. For all calculations

NG = 51 was used.

º



4
COUPLING IN PLASMONIC DIMERS

4.1 introduction

This chapter will introduce the basics of plasmonic coupling, discussing

exclusively the two-particle system. Considering the dimer system is

crucial for the basic understanding of the coupling mechanisms, and a

generalization tomulti-particle structures mainly requires an extension

of the phenomena already present for two particles.

As a first point, it is vital to examine the basic properties of the build-

ing block itself. Then, the lateral near- as well as far-field coupling of

these building blocks in planar arrays of particles is investigated. Subse-

quently, this will be extended to stacked geometries, with an alignment

of the constituents along the light propagation axis. In this particular

geometry, only near-field coupling has been investigated up to now.

Here, we will present experimental as well as numerical results from

the near-field up to the far-field regime, and also provide an intuitive

model to understand the coupling in the radiative regime.

Already at an early stage, it has been recognized that the response

of ensembles of particle plasmon oscillators exhibits strong deviations

from those of single ones [165–170]. This is owed to their sensitivity to

the direct environment, where already the plasmonic oscillation taking

place in a neighboring particle suffices to disturb the resonance.

Plasmonic coupling in planar geometries has been addressed in a

multitude of contexts. Numerous investigations have focused on near-

field coupling in dimer structures, in theory [168, 171–173] as well as ex-

periment [166, 167, 174–176]. Investigations have not been restricted to

simple systems of identical particles, also coupling in dimers with com-

plex particles such as split ring resonators (SRRs) [177, 178] or rings [179],

dimers in complex arrangements [180, 181], under special excitation

geometries [182–184], for very small spacings [14], or heterodimers con-

sisting of different particles, either from a materials perspective [146,

185, 186] or building block perspective [187–190] have been studied.

Others have experimentally investigated regular arrays of particles

and studied near-field coupling [165, 169, 191, 192] or planar radiative

coupling [170, 193–196], and developed theoretical models for the ef-

47



48 coupling in plasmonic dimers

fects observed [197–200]. Beyond this, the coupling in arrays of com-

plex building blocks has been examined [201, 202]. A special case is

the investigation of waveguide-coupled structures, where the coupling

between the particles is not mediated by the particle fields themselves,

nor the radiative field but by the collective coupling to another photonic

mode such as a waveguide mode [99, 203–209].

Another aspect of plasmonic coupling is the design of complex plas-

monic building blocks [210], where special properties are tailored har-

nessing the near-field couplingwithin a single complex unit cell. Here, a

multitude of different structures such as ring-disk dimer structures [138–

140, 211], dolmen structures [147, 150, 212–216], nanocrosses [148], asym-

metric SRR dimers [151], trimers [149, 217–219], and furthermore olig-

omers [95, 141–145, 220] and hetero-oligomers [150] have been investi-

gated.

4.2 the model system : plasmonic nanowires

The major building block that will be used throughout the following

chapters is a metallic nanowire made of gold. This system has already

been investigated before in a plethora of different aspects [99, 134–136,

203–207, 221–232], mainly in connection with coupling of particle plas-

mon resonance (PPR) modes to waveguide modes in a planar dielectric

slab. Therefore, many aspects of this building block are already well

understood. Fig. 4.1 shows a schematic of the plasmonic gold nanowire.

It is characterized by a width W , a height H and is assumed to be in-

finitely elongated along the y-direction, with the incoming light being

polarized perpendicular to the wire.

This building block has several advantages. First of all, the parameter

space is small due to its simple geometry. This is further supported by

the reduced dimensionality: even though the wires can be arranged

three-dimensionally by stacking, the infinite extent along the y axis

leads to a quasi-two-dimensional problem, which particularly improves

calculation speed. Furthermore, for the relevant parameter combina-

tions the three structural dimensions differ by more than one order

of magnitude, which leads to a strong spectral separation of the eigen-

modesi. Hence, in most cases only one PPR mode can be excited by

visible or infrared light. A last advantage of this system is its spec-

i see chapter 2, eq. 2.58. A large difference in structural dimensions and hence L j in the

three directions leads to a pronounced spectral separation of the resonance positions.
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Figure 4.1. Schematic of a single gold nanowire. The spectral position and

radiative width strongly depend on the exact wire geometry. Typical wire di-

mensions are a few tens of nanometers for the height H and a few hundreds of

nanometers for the widthW . Along the y axis the wire is assumed infinite in

the calculations. In the experiments the wire length is limited by the array size

which is on the order of 100 µm side length.

tral range. The PPR wavelengths can be tuned to the visible and near-

infrared regime with wavelengths between 600nm and 1 µm without

great efforts, while for cut-wires and other plasmonic building blocks

most designs with dimensions suitable for electron beam lithography

(EBL) yield a PPR wavelength λPPR well above 1 µm.

To investigate the influence of the fundamental geometry parameters

W andH on the resulting spectra of the wires, Fig. 4.2 shows calculated

spectraii for different wire geometries. In the following calculations, the

wires will be placed on a quartz substrate with nSub = 1.46. To maintain

a homogeneous dielectric environment, also a capping layer with nSp =
1.46 is placed on top of the wires. For the gold, the experimentally

acquired optical properties of Johnson and Christy [112] are used.

In a first step, Fig. 4.2 (a), thewire widthW is varied, keeping thewire

height fixed to H = 20nm. For the narrow wires, the PPR is spectrally

located around EPPR = 2 eV. Its exhibits a relatively narrow spectral

width and high absorbance of 57%. IncreasingW leads to a pronounced

change in the spectra: a red-shift and spectral broadening of the PPR is

observed. This effect is accompanied by a slight change in the spectral

shape: while for narrow wires the spectrum exhibits an almost symmet-

ric Lorentzian lineshape, the larger wires exhibit an asymmetry in their

ii It has to be noted that, as the scattering matrix method (SMM) technique is used, these

calculations are still performed for periodic arrays. However, the period (dx = 360 nm)

is chosen such that coupling effects are weak (compare Fig. 4.6 and Fig. 4.7).
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Figure 4.2. Calculated transmittance, reflectance, and absorbance spectra for

different widths W and heights H of a gold nanowire. (a) Variation of W
for fixed H = 20nm. For increasing width, the PPR shifts to lower energy.

(b) Variation of H forW = 200nm. Increasing the wire height leads to a blue

shift of the PPR. Additionally, a pronounced asymmetry of the spectral shape is

observed. For large H, higher PPR modes spectrally approach the fundamental

PPR and a Fano-type lineshape is observed starting from H ≈ 50nm. In both

cases an increased particle volume leads to a higher oscillator strength of the

PPR and therefore to a linewidth increase as well as a decrease in absorption.

Both effects are clearly observed in the spectra. The spectra are shifted up for

clarity.

spectral shape: the slope on the blue side is steeper than the one on the

red side of the resonance.

In a second step, Fig. 4.2 (b), the height is varied, keeping the wire

width fixed atW = 200nm. In this case, the low wires exhibit a PPR at

approximately 1.1 eV and increasing the height leads to a pronounced

blue shift to approximately 2 eV, which is, as in the case of (a), accom-

panied by a strong increase of the spectral width.
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In both cases one observes that the balance between absorbance and

reflectance pronouncedly changes on increasing wire size, whereas the

modulation depth of the transmittance varies only weakly. The large

wires show very low absorbance at the PPR, instead the reflectance peaks

to more than 90%, for the small wires this is exactly opposite, with

dominating absorbance and low reflectance.

All these effects are included in the theory considerations of sec-

tion 2.4.4. The red- and blue shifts for width and height variation as well

as the increasing and decreasing oscillator strengths are qualitatively

predicted by the quasistatic polarizability of a metallic ellipsoid as de-

scribed by eq. 2.55. The distribution of intensities between absorbance

and reflectance can be deduced from eq. 2.46, where extinction dom-

inates for small particles, therefore leading to a large contribution to

absorbance while for larger particles, the scattering outweighs extinc-

tion and thus reflectance is stronger.

Another aspect of Fig. 4.2 has not been considered yet. For increasing

width or height of the wire, additional spectral features are observed.

This is especially the case for the height variation spectra starting from

H = 50nm, where an additional PPR mode is present. It shifts to the

red and increases in strength for increasing height. Similarly, a weak

feature around 2 eV appears in (a) for large widths. These features arise

due to the excitation of higher-order modes which spectrally approach

each other as the ratio of width and height of the wires approaches

unity. The overlap between the fundamental dipolar mode and the

higher mode results in a complicated Fano-type spectral shape, which

is most clearly observed in the case of height variation (panel (b)). As

the charge distributions of these modes are more complicated than that

of the fundamental dipolar mode they only couple weakly to the light

field and thus exhibit smaller linewidths and a more distinct feature in

absorbance compared to the fundamental dipole mode.

Their appearance is rather distracting for a study of the interaction

of the fundamental modes of different particles. Therefore, it is advan-

tageous to choose designs which do not feature higher order modes in

the considered spectral range.

Finally, we introduce a different display style for the calculation re-

sults. Fig. 4.2 depicts the conventional spectra. In this representation,

it is sometimes difficult to precisely observe the spectral changes on

variation of a parameter. Therefore, in the following a colormap rep-

resentation will be used. This is exemplarily shown in Fig. 4.3, where

transmittance, reflectance, and absorbance are plotted color coded. In
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Figure 4.3. Color-coded representation of the calculation results shown in

Fig. 4.2. In these more detailed graphs the spectra are plotted color-coded over

the energy on the vertical axis and the parameter of interest on the horizontal

axis. The spectral changes on variation of the respective parameter can be

observed much clearer compared to Fig. 4.2. (a) Variation of the wire width.

The increase in spectral width and the red shift for increasing width is obvious

here. (b) Variation of the wire heightH. This leads to a blue shift of the spectra.

For large heights, the influence of the higher order mode is clearly visible.

this representation, the ordinate consistently displays the spectral pa-

rameter, energy, frequency, or wavelength, while the abscissa displays

the varying parameter—in this case W or H. Hence, spectra for one

specific parameter value are easily recognized as a vertical cross section

in the graph.

This representation has several advantages. On the one hand, a huge

amount of information is included. In contrast to Fig. 4.2, the col-

ormaps of Fig. 4.3 contain calculated spectra with a step size of 2 nm

for H and 5nm for W . The information density is higher by a factor

of 4 or 5. On the other hand, it is easier to observe trends such as the
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interchange of intensities between reflectance and absorbance in case

of width variation (Fig. 4.3 (a)) as well as the functional dependence of

the spectra on the varied parameter.

Altogether, the spectra shown in Fig. 4.3 facilitate the observation of

relevant spectral effects such as all the red- and blue shifts and changing

spectral widths, not only for the fundamental but also for the higher

order modes. Hence, in the following this representation will predomi-

nantly be used.

4.3 the plasmon hybridization model

In 2003, the concept of plasmon hybridization was introduced by Pro-

dan et al. [233]. This concept draws an analogy between a coupled plas-

monic structure and hybridization of electronic orbitals in molecular

physics. This proves to be a very helpful tool in the intuitive understand-

ing of the response of complex coupled plasmonic structures.

In molecular physics the electronic orbitals of the H+2 molecule ion

are found by assuming the solutions to be a linear combination of the

respective atomic orbitals. The latter are known, as the corresponding

problem for the H atom can be solved analytically. To compute the

actual coefficients of the linear combination, the appropriate boundary

conditions, namely the unity of the norm of the wavefunction, have to

be applied. As a result, two new eigenstates are found, one of which

possesses an increased total energy and the other a decreased total en-

ergy. Thus, these states are termed the antibonding and the bonding

state, respectively. Due to the increased energy, the antibonding state is

not stable and only the bonding state forms a stable configuration. The

resulting wavefunctions are classified with respect to their symmetry:

the bonding one is symmetric, the antibonding one antisymmetric.

This concept of hybridized states has successfully been applied to

plasmonic systems: Prodan et al. [233] have shown that the spectra

of complex plasmonic structures can be understood in terms of a hy-

bridization of the plasmon modes of their building blocks. In case of

a spherical core-shell-particle consisting of a metallic shell around a

dielectric core, the problem can be decomposed to a hybridization of

the plasmonic oscillation of a spherical metallic particle and a “void”

plasmon of a dielectric sphere inside a metallic environment. Subse-

quently, the concept has successfully been applied to a multitude of

different systems [234] such as the coupling of a spherical metallic par-

ticle to a metallic surface [235] and a film [236], as well as to coupling
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in plasmonic oligomers [95, 142–145], coupling of modes of different

order in a single particle [237], and, most importantly, as in our case, to

plasmonic dimers [238, 239].

En
er

gy

(a) (b)

Figure 4.4. Plasmon hybridization scheme for a dimer structure. The coupled

system exhibits two new resonances which can be classified by their symme-

try. Antisymmetric and symmetric modes are characterized by antisymmetric

respectively symmetric charge oscillations. The new energies and thus frequen-

cies of the modes have to be deduced from the specific coupling situation, (a)

for polarization perpendicular to the interparticle axis, the symmetric mode

is shifted to higher energy and the antisymmetric mode to lower energy. This

situation is reversed for (b) polarization parallel to the interparticle axis.

In the plasmon hybridization concept the atoms are replaced by the

plasmonic particles and the quantum mechanical wavefunction by the

deformation field of the electron liquid inside the particles. As shown

in Fig. 4.4 an isolated particle exhibits a certain PPR energy. Coupling

two particles leads—in full analogy to the H+2 system—to two new PPR

modes of the coupled system. Just as in the case of electron wavefunc-

tions, these are characterized by their symmetry. For one mode the

charge oscillations are parallel, thus this is called the symmetric mode,

the other one shows antisymmetric charge oscillations and is referred

to as the antisymmetric mode. In contrast to the molecular system,

there is no stability criterion in the plasmonic case and both modes

occur. However, they do not necessarily couple to the radiation field

and therefore might not be excited by the incoming light field.

As depicted in Fig. 4.4, the resonance energy shift is determined

by the specific geometry and also excitation condition, i. e., the polar-

ization of the incoming light with respect to the interparticle axis. The

resonance shifts can be understood by fundamental electrostatic consid-
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erations, namely by calculating the influence of the momentary charge

distribution of the neighboring particle. The electrostatic interaction

energy of two dipoles with dipole moment p1 and p2 is given by [101]

W12 =
p1 ⋅ p2 − 3(c ⋅ p1)(c ⋅ p2)

4πε0d3
(4.1)

with a spacing d between the dipoles, and the unit vector c pointing
along the interparticle axis. Depending on the light polarization with

respect to the interparticle axis, different shifts occur. For perpendicu-

lar light polarization (p1 , p2 ⊥ c, Fig. 4.4 (a)), the energy is increased
for the symmetric oscillation and thus a blue shift is observed while the

resonance energy is decreased for the antisymmetric mode. The situa-

tion is opposite for parallel light polarization ((p1 , p2 ∥ c, Fig. 4.4 (b)).
In this case, the PPR energy is increased for the antisymmetric mode

and decreased for the symmetric mode. This is in accordance with the

observations in laterally coupled dimer structures [166, 174, 176].

This hybridization concept is not restricted to plasmonics. It already

occurs in simple mechanical systems such as two coupled harmonic

oscillators, where two eigenmodes with symmetric and antisymmetric

oscillation exist as well. Furthermore, it is notable that the correct de-

scription of plasmon hybridization was already given as early as in 1991

in the context of fast-electron scattering from spherical metal particle

pairs by Schmeits and Dambly [240].

In the following, the plasmon hybridization scheme will provide a

useful tool in the description of the near-field coupling properties of

plasmonic systems and give a straightforward interpretation of the cou-

pling effects in plasmonic dimer systems and regular arrays. However,

it only allows for a qualitative interpretation and does not provide quan-

titative results. These have to be acquired differently.

4.4 lateral coupling in planar arrays of plasmonic

particles

Throughout this thesis, all plasmonic particles will be arranged in pe-

riodic arrays with field dimensions on the order of 100µm × 100µm.

Even though single particle spectroscopy is feasible, the fabrication tech-

nique allows for a reproducible patterning over large areas and therefore

the measurement of large fields with higher light intensities and thus a

better signal-to-noise ratio. Apart from this, for the investigation of cou-

pling, arrays are the most straightforward choice. Therefore, plasmonic
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coupling in planar arrays, i. e., structures where the plasmonic particles

are confined to a single layer, is reviewed in this section. An example

of such a planar array of nanowires is displayed in Fig. 4.5. Apart from

the single particle geometry the lateral period dx is important. Further-

more, the dielectric environment, represented by the refractive indices

of the substrate nSub and the spacer or capping layer nSp, is crucial.

k

E

x
yz

nSp

nSub
dx

H

W

Figure 4.5. Schematic of a planar periodic array of nanowires. Besides the

single wire properties, essential parameters are the periodicity dx as well as the

environment refractive indices, nSub (for the substrate) and nSp (for the spacer

or capping layer).

The influence of near-field coupling on the particle spectra in a pla-

nar array of nanowires is shown in Fig. 4.6. The spectra are shown color

coded over the lateral periodicity of the wires dx . As the wire width
itself is 200nm, the leftmost region shows spectra for gaps between the

particles as low as 20nm up to a spacing of 150nm between individual

wires. For increased periodicity the coupling to the neighboring par-

ticles seems to vanish. Indeed, the main influence of coupling effects

on the spectra can be observed for gaps below 50nm (dx = 250nm), al-

though for larger periodicities a change in the linewidth still is present.

Decreasing the distance between the nanowires obviously leads to a

strong red-shift and pronounced broadening of the PPR.

This can be explained in a straightforward manner by utilizing the

plasmon hybridization scheme: in principle the planar wire array is a

system ofN coupled oscillators withN being the number of wires in the

array. Therefore, there are N possible modes supported by the system.

However, due to symmetry it is only possible to excite the completely

symmetricmode, where all plasmons in the wires oscillate in phase. For

decreasing periodicity the interaction with the neighboring particles

becomes significant and the situation corresponds to c ∥ p1 , p2 in eq. 4.1.
Consequently, a red shift is observed.
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Figure 4.6. Calculated spectra for a single layer nanowire array with W =

200nm and H = 20nm and varying lateral periodicity dx . For small lateral

spacings between the wires the spectra exhibit a red shift as well as an increased

linewidth.

The modification of the PPR linewidth is quite straightforward to

explain as well. On decreasing periodicity and constant wire geometry,

the fraction of gold and therefore the oscillator strength of the nanowire

layer is increased, as the bare number of electrons increases. Therefore,

the PPR spectral width is substantially increased.

If only near-field interaction of the dipolar oscillators would be pres-

ent, we would expect the coupling to vanish upon further increase of dx
beyond the range depicted in Fig. 4.6 and to show no dependence on dx
anymore. This is not the case, as Fig. 4.7 (a) demonstrates. Here, the cal-

culation domain is extended to lateral distances as high as dx = 1200nm.

For large distances, new, narrow spectral features appear which strongly

depend on the periodicity dx , which leads to a strong modification of

the PPR lineshapes. To explain this behavior it is important to recognize,

that the plasmonic nanowire array can also be considered as a surface

with a periodic modulation. This is especially important as soon as the

lateral periodicity approaches the considered wavelength regime. The

appearance of anomalies in the diffraction patterns of metallic gratings

was first observed by Wood [18], hence they are termed Wood anoma-

lies. Rayleigh gave an explanation of one special case of Wood’s anoma-

lies by considering the occurrence of new diffraction orders in the grat-

ing [21]. Consequently, these anomalies are termed Rayleigh anomalies

and their spectral positions Rayleigh wavelengths, λR. These can be de-

duced from grating diffraction theory, as depicted in Fig. 4.7 (b): light
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with wavelength λ impinging onto a periodically corrugated surface

with wave vector kin is diffracted according to [241]

dx (sin θM − sin θ in) =
Mλ
n

, (4.2)

where θ in is the angle between surface normal and kin, M an integer

number, θM the angle between kM of theMth diffraction order and the

surface normal, and n the refractive index of the medium it propagates

in. For a subwavelength grating only the zeroth order can propagate.

As soon as λ approaches dx , the first diffraction order opens, associ-

ated with a redistribution of energies between the possible diffraction

orders [242]. Exactly at the transition, the newly opened diffraction

order is characterized by a kM which lies in the surface plane and there-

fore propagates along the surface. Using this, the Rayleigh wavelengths

can be calculated from eq. 4.2 using θM = 90°. For the special case of
normal incidence, θ in = 0°, we obtain the criterion

λR,n ,M =
n
M

dx . (4.3)

The Rayleigh wavelengths calculated according to this equation are

displayed as dashed white lines in Fig. 4.7 (a). As the plasmonic grating

is located at the interface between substrate and superstrate, there are

two branches of Rayleigh anomalies, one for the propagation in air

(λR,air,M) and in the substrate (λR,quartz,M). Both beautifully match the

numerical calculations.

AskM lies in the substrate plane, it is possible to interpret theRayleigh

anomalies as surface waves supported by the periodic surface [243–245].

In these terms, two types of modes are present in the system, the par-

ticle plasmonic oscillator modes and the photonic surface mode due

to the periodicity. The PPRs interact with the photonic modes leading

to a characteristic Fano lineshape [246]. An equivalent point of view is

the description of the system as an array of dipoles which are coupled

via their radiative fields [165, 195, 199, 201, 202]. In both cases the de-

scription leads to remarkably narrow resonance features of the coupled

PPR-surface mode system which arise due to their radiatively coupled,

collective nature [194, 196, 198, 206, 247].

4.5 near-field coupling in stacked dimers

The arrangement of plasmonic building blocks in a single layer on a

surface imposes geometric limitations on the tuning capabilities of the
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Figure 4.7. (a) Calculated spectra for a single layer structure with larger

periods dx . As soon as dx becomes comparable to the wavelength, Rayleigh

anomalies, indicated by the dashed white lines (eq. 4.3) occur. (b) Schematic

of diffraction orders on a planar periodic structure. Light impinges onto the

structure along direction kin. In addition to the directly reflected (kair,0) and
transmitted (ksub,0) waves, diffraction orders into the substrate as well as the su-
perstrate may be open. Rayleigh anomalies occur whenever kM for a diffraction

order lies in the substrate plane, as this is the case for kair,1 in the graph.

system. The ability to arrange them in a truly three-dimensional fashion

constitutes an improvement in several ways.

First, it opens up several new free design parameters. Greater free-

dom is possible in the arrangement of the building blocks, especially

with respect to the illumination direction. For example, a placement

of more than one plasmonic particle in the direction of the traveling

light wave is possible, although some sophisticated schemes have been

proposed to achieve this in a planar arrangement [183].

Second, the three-dimensional arrangement induces a symmetry

breaking due to retardation in the excitation of the PPRs. This allows for

an excitation of modes in the structure, which would be dark in planar

geometries. This is particularly true for the antisymmetric mode in the
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dimer system: for a planar arrangement under normal incidence, an

excitation of the antisymmetric mode is not possible due to the sym-

metry of the system. Vertical stacking of the oscillators yields a finite

dipole moment for the antisymmetric mode and thus it couples to the

radiation field and can be observed by far-field spectroscopy.

The interest in stacked plasmonic structures has been fueled by the

quest for truly three-dimensional metamaterials. While early investi-

gations on metamaterials only considered so-called metasurfaces con-

sisting of planar arrangements of building blocks on a surface, a real

material should have a bulk character and thus would have to be three-

dimensional [68, 158]. One particular motivation was the fact, that the

antisymmetric mode is similar to a ring current in a coil and there-

fore an optical magnetic moment could be induced in the spacing be-

tween the wires [248–251]. This would then lead to a modified mag-

netic response to the light field and potentially allow for a negative µ,
which would make it a promising candidate for a negative index mate-

rial (NIM).

To investigate near-field coupling in stacked nanowire structures

Fig. 4.8 displays calculations of a stacked two layer gold nanowire struc-

ture. The wire geometry is kept constant with respect to the previous

sectioniii.

In these and the following calculations it is important to minimize

the effect of lateral coupling. As elaborated in the paragraphs above, this

is not simply accomplished by choosing large lateral periodicities, but

rather a trade-off between vanishing near-field coupling and suppressed

far-field coupling has to be made. Therefore we use the maximum lat-

eral periodicity dx where no Rayleigh wavelength resides inside the

considered spectral region. For dx = 400nm, the longest Rayleighwave-

length is λR,quartz,1 = 584nm, which is sufficiently outside the spectral

region of interest. For this particular lateral periodicity in this geometry,

the single layer PPR peaks around 850nmiv.

The spectra are displayed depending on the vertical spacing dz . As
expected, they exhibit pronounced differences compared to Fig. 4.6.

Two modes are observed, one is broader and located on the blue side

iii W = 200nm, H = 20 nm
iv To be more specific, the transmittance minimum is located at λ = 854 nm, the reflectance

maximum at λ = 873 nm and the absorbance maximum at λ = 800nm. As the PPR

is considerably broad, a localization of the resonance with an accuracy of 1 nm or even

10 nm is sufficient inmost cases. We donot intend to discuss the “true” resonance position

with respect to the numbers given above.
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of the single layer PPR, the other is rather narrow and located on the

red side. In contrast to the lateral arrangement discussed before, the

dipole vectors of the particle plasmon oscillations are perpendicular

to the interparticle axis for a stacked arrangement. Consequently, it

corresponds to the situation of Fig. 4.4 (a), so that the red shifted mode

can be identified to be the antisymmetric mode, while the blue shifted

mode corresponds to the symmetric oscillation of the PPRs.
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Figure 4.8. Calculated transmittance, reflectance, and absorbance for the

stacked dimer structure depending on the vertical distance. White circles in-

dicate the positions at which electric field plots are displayed (see Fig. 4.9).

For decreasing dz the splitting between symmetric and antisymmetric mode

increases due to an increased electrostatic interaction strength. At the same

time, the coupling to the far field decreases for the antisymmetric mode and

increases for the symmetric mode.

The spectral width of the symmetric mode is significantly larger than

that of the antisymmetric mode. The net dipole moment of the latter is

small due to the antisymmetric oscillation of the individual dipoles

which are very close to each other. Therefore, it exhibits a narrow

linewidth which decreases further on decreasing vertical spacing dz
and, as can be seen from the absorbance graph, also experiences a sig-

nificant amount of nonradiative decay.

As expected, the splitting of the modes is increased on decreasing

spacing dz and thus increasing coupling strength. However, this split-

ting is not symmetric, as one would confer from eq. 4.1. This indicates

that, even though the plasmon hybridization scheme provides excellent

qualitative predictions by simple electrostatic considerations, reality is

more complex and additional considerations are necessary. One can

think of several possibilities why this asymmetry occurs, for example
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Figure 4.9. Normalized logarithmic electric field intensity for a stacked dimer

structure with a vertical distance of dz = 30nm. (a) Field distribution of the

antisymmetric mode (λ = 1298 nm). The plasmons oscillate antiparallel, lead-

ing to a vortex-like field distribution, with strong field enhancement between

the wires. (b) Field distribution of the symmetric mode (λ = 681 nm). In this

case, the particle plasmons oscillate parallel, therefore the dipole moment of

this mode is much larger than that of the antisymmetric mode.

the onset of absorption in the gold for wavelengths below 600nm or

the different dipole moments and therefore radiative damping rates of

the modes.

In addition, the excitation of a higher order mode can be observed

in the simulations for a spacing below dz = 20nm. This higher order

mode manifests itself in the reflectance as well as absorbance spectra

(at the bottom of Fig. 4.8) and shows a strong red shift for decreased dz .
However, this mode is difficult to observe in experiment, as it occurs for

very small spacings and is spectrally very narrow, thus it will be hidden

in inhomogeneous broadening.
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In order to confirm the interpretation given above, Fig. 4.9 displays

the calculated electric field distribution in the system with a spacing

of 30nm at two different spectral positions, indicated as white circles

in the spectra of Fig. 4.8. These field graphs show the normalized log-

arithmic electric field strength in the xz plane. Temporally, the fields

are plotted for the moment of maximum field intensity in an oscillation

cycle.

In Fig. 4.9 (a) the antisymmetric mode is observed very well. As

already discussed before, the antiparallel charge oscillations resemble

a circular current such that a magnetic field in y direction is induced

in the structure. This circular pattern is pronouncedly present in the

electric field plot. Furthermore the proximity of opposite charges leads

to a strong field enhancement close to the borders of the wires.

In contrast, the electric field of the symmetric mode, displayed in

Fig. 4.9 (b) is characterized by a symmetric charge oscillation. The

overall field distribution in this case is quite uniform and directed along

the x axis. Comparing this to the situation in (a) it is becomes clear,

that the symmetric mode exhibits a substantially stronger coupling to

the incoming light field. This is in agreement with the linewidths of the

modes observed in the spectrum.

4.6 inversion of the hybridization scheme by lateral

displacement

Up to now, we have only considered nanowires with a direct verti-

cal alignment. By dropping this restriction interesting new coupling

schemes can be found. According to eq. 4.1, the spectral shifts of the

hybridized modes are strongly dependent on the exact electrostatic in-

teraction energy and thus to the arrangement of the oscillators with

respect to each other as well as to the polarization direction. There-

fore, any change in the relative orientation of the wires should have a

significant influence on their optical spectra.

To accomplish this, we introduce a lateral shift S between upper and

lower layer. Similar investigations have already been carried out on

nanowire geometries [135, 136] aswell as on cutwire pairs in stacked [137]

and planar [150] arrangements. The wires arranged directly on top of

each other display a behavior according to Fig. 4.4 (a) while the situa-

tion of full displacement closely resembles an end-to-end alignment as

shown in Fig. 4.4 (b), with reversed energy shift. Thus, for a continuous
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increase of lateral shift, it should be possible to observe the interchange

in spectral positions of the modes.

Calculations for Au wires with W = 200nm and H = 20nm with

a periodicity of dx = 400nm and a vertical spacing of dz = 30nm are

shown in Fig. 4.10 (a). The non-shifted system exactly corresponds

to the one investigated in the previous section, except for a now fixed

vertical spacing. Due to limitations in the calculation algorithm, the

maximum lateral shift that can be calculated is S = 190nm, even though

S = 200nm corresponds to the completely displaced case.

Already in case of top-on-top arrangementwithout shift, the antisym-

metric mode exhibits a characteristic Fano lineshape with asymmetric,

dispersive profile due to the spectral overlap of the modes. This is most

pronounced in the reflectance spectrum. For increasing S the antisym-

metric mode shifts to the blue and the symmetric mode undergoes a

spectral shift to the red from 700nm to slightly above 900nm, accom-

panied by a strong increase in spectral widthv.

Different Fano profiles are present in the spectra for different S. At
small displacements, the lineshape of the antisymmetric mode is rather

asymmetric. For approaching resonance wavelengths, the behavior

changes to a characteristic narrow dip on a broad peak, which is similar

to that of q = 0 in Fig. 2.7.

Fig. 4.10 (c) shows a more detailed colormap graph, where especially

the shift of the antisymmetric mode and thus the inversion of the plas-

mon hybridization scheme is beautifully observed. The shift of the

v The observation of the spectral shift of the antisymmetric mode is facilitated due to the

narrower and more or less constant spectral width.

Figure 4.10 (facing page). Calculated spectra for a lateral shift of the top layer

in the stacked dimer structure. (a) Schematic of the structure and calculated

spectra. The displacement S is increased from 0nm to 190nm. (b) Schematic

for the mode inversion. In the structure with full lateral displacement, the en-

ergy shifts are reversed compared to the non-displaced case. (c)This inversion

of the hybridization scheme is beautifully observed in the color-coded plots, es-

pecially for the antisymmetric mode. Below 700nm wavelength an interaction

of higher-order modes takes place. White circles in the transmittance graph

indicate positions at which the electric fields are displayed in Fig. 4.11. (d) The

same calculation as in (c) but for a spacing of dz = 80nm. For larger spacing the

near-field interaction is substantially reduced and the inversion is not observed

any more.
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symmetric mode is most pronounced in the reflectance graph, where

the broad peak of high reflectance is first observed on the blue side of

the antisymmetric mode and on increasing S shifts to its red side.

For small S another mode can be identified in the spectra at approx-

imately λ = 700nm. This very narrow mode is also visible in the cal-

culated spectra in Fig. 4.10 (a) for S = 50nm at a wavelength slightly

below 800nm. It corresponds to a higher ordermode of the coupled sys-

tem, which arises due to the slight symmetry breaking introduced in the

structure and then blue shifts out of the calculation domain for higher S.
This mode can be seen as a second-order antisymmetric mode. In both

wires second order PPR modes are excited, their respective charge oscil-

lations are opposite, leading to the induction of two separate, counter-

oriented magnetic moments in the structure [135] (see Fig. 4.11 (c)).

To verify the interpretation given above, Fig. 4.11 shows field calcu-

lations for the shifted wire structure. The displacements and spectral

positions of these field calculations are indicated as white circles in the

transmittance graph of Fig. 4.10 (c). Fig. 4.11 (a) and (b) display the

electric fields for the symmetric and antisymmetric mode in case of full

displacement (S = 190nm). The modes exhibit different characteristics

compared to those in Fig. 4.9. Now, for the symmetric mode the ends

of the wires with opposite charge are close to each other, leading to a

field enhancement in the gap. This spatial proximity of opposite charges

leads to the pronounced red shift of this mode. The electric field distri-

bution of the antisymmetric mode for this geometry reveals the reason

for the weak coupling of this mode to the light field: the opposite plas-

monic oscillation of comparable strength in both wires yields almost

no net dipole moment, which can be almost intuitively observed in

this graph. Finally, the higher order antisymmetric mode is displayed

in Fig. 4.11 (c) in the structure with S = 30nm. As stated above, this

Figure 4.11 (facing page). Normalized logarithmic electric field intensity for a

stacked dimer structure with a lateral shift and a vertical distance of dz = 30nm.

(a) Field distribution of the symmetric mode (λ = 1069nm). (b) Field dis-

tribution of the antisymmetric mode (λ = 846nm). The plasmons oscillate

antiparallel, which in the shifted arrangement is the (slightly) blue-shifted case.

(c) Field distribution of the higher order antisymmetric mode that can be ex-

cited at small lateral displacement (S = 30nm) at a wavelength of 725 nm. In

this case two counter-oriented electric field vortices are present, which leads to

the excitation of two magnetic moments with opposite direction.
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electric field distribution can be considered as an antisymmetric higher

order mode. It is similar to the antisymmetric mode in Fig. 4.9 (a),

but shows two counter-oriented vortices of the electric field. Therefore,

an excitation of this mode principally leads to the induction of two

oppositely aligned magnetic moments in y direction.
The electric field distributions qualitatively confirm the findings so

that we can conclude by stating that the plasmon hybridization scheme

again allows to qualitatively understand the observations in the dimer

system, even for a more complex spatial arrangement. However, a cal-

culation of the actual shifts using eq. 4.1 does not yield quantitatively

correct values, just as it was the case in the previous section for the

non-shifted vertical dimer arrangement.

The experimental observation of the mode inversion in a stacked

arrangement of laterally shifted wires is quite challenging due to fabri-

cation issues. This can be conferred from Fig. 4.10 (d). In this graph,

the same calculation as in Fig. 4.10 (c) is shown for an increased vertical

spacing of dz = 80nm. No inversion is observed any more owing to

the strongly decreased interaction due to the larger spacer layer. To

observe a strong effect it is therefore necessary to fabricate very thin

spacer layers. For these, however, the planarization using a spin-on

dielectric (SOD) is not sufficient any more. This leads to a strong sur-

face modulation for the second layer and the expected spectra are not

observed in the experiments.

4.7 radiative coupling in stacked dimers

The results on lateral near- and far-field interaction in planar as well

as near-field interaction in stacked geometries constitute the state of

the art. No investigations on radiative coupling have been carried out

so far. This stems mainly from the fact, that conventional fabrication

techniques did not allow for a three-dimensional arrangement of the

building blocks at large vertical distances, only a spacing of several ten

nanometers could be accomplished without the benefits afforded by

a sophisticated stacking technique. Using the layer-by-layer stacking

technique described in section 3.1.1, a vertical arrangement even at large

distances is possible.

The investigations in the planar arrays indicate that it is vital to con-

sider far-field coupling effects as well. A vertical arrangement, however,

has several advantages. Apart from the placement of several oscillators

along the propagation direction of incoming light and the other advan-
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tages of a stacked configuration mentioned in the section above, the

orientation of the dipoles is favorable in the stacked geometry: dipolar

emission is most efficient in the plane perpendicular to the dipolar ori-

entation. In the stacked geometry the dipoles are therefore arranged

along their strongest emission direction. Consequently, we expect sub-

stantially stronger coupling effects in the stacked arrangement com-

pared to those in lateral geometries.

To investigate the basic properties of radiative coupling in stacked

structures, we increase the vertical distance dz in the stacked nanowire

dimer structure beyond the near-field coupling regime as indicated in

Fig. 4.12. Doing so, we will examine coupling over the whole range of

vertical spacings, from as low as dz = 30nm, which is well in the near-

field regime, up to spacings of more than 1 µm, where the spacer layer

is substantially larger than one wavelength.

x

yz
Increasing vertical distancedz dz

Figure 4.12. Schematic of the transition from the near-field to the far-field

regime. The vertical spacing is substantially increased such that dz ≈ λ.

4.7.1 Mirror Microcavities

In case of a large vertical spacing, the overall dimensions of the system

are comparable to the wavelength and retardation plays a key role. An

idealized resonance phenomenon which is connected to retardation

effects is the Fabry-Pérot (FP) resonance. As it will be important to

consider these, we first review their basic properties in Fig. 4.13.

Illuminating a thin metallic film with broadband white light yields

a spectrally almost flat reflectance. Besides some absorption in the

metal only a small fraction of light is transmitted. As soon as a second,

identical metallic film is placed at a distance dz below the first one,
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Figure 4.13. (a) Schematic of FP modes in a cavity. The mode symmetry is

characterized by the electric field distribution inside the resonator. The odd

modes (oddmultiples of λ/2) are symmetric while the evenmodes (multiples of

λ) exhibit an antisymmetric field distribution. (b) Schematic for the calculated

system. The distance between the mirror layers is filled with a dielectric spacer.

For symmetry reasons a capping layer is also applied on top of the upper mirror.

(c) Calculated transmittance, reflectance, and absorbance spectra for a micro-

cavity consisting of twoHM = 20nm thick Au mirrors and quartz (nSp = 1.46)

as a spacer material. Long-dashed white lines indicate the calculation using

the basic FP formula (eq. 4.4). The dotted white lines indicate the calculations

which include an apparent length increase of dALI = 100nm (eq. 4.5).

interference phenomena occur and have to be taken into account. Sharp

dips appear in the previously flat reflectance spectra, while concurrently

peaks are observed in transmittance. These sharp features are associated

with multiple interference of the waves in the resonator and thus are

very sensitive to the exact spacing between the metallic films.

The spectral positions associated with these modes are determined

by the condition, that a multiple of the wavelength exactly matches one

round trip of light in the cavity. Thus, the total phase shift is ∆φtot =
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M ⋅ 2π with a natural number M. In case of ideal reflectors only the

retardation phase ∆φret = 2π ⋅ 2nSpdz/λ is of importance. Here, nSp

is the refractive index of the spacer layer. This yields the resonance

condition

λM =
2nSpdz
M

, (4.4)

where the FP resonance wavelength linearly depends on dz .
For FPmodes symmetry considerations are crucial aswell. Themodes

can be classified by their symmetry, however, the criterion in this case

is the electromagnetic field distribution between the mirrors. This is

depicted in Fig. 4.13 (a). The modes with odd M exhibit a symmetric

electric field distribution with respect to the symmetry axis between the

mirrors. In contrast, the even modes display an antisymmetric electric

field distribution.

Fig. 4.13 (c) shows spectra which were obtained by SMM calculations

for a microcavity consisting of two Au films of 20nm thickness com-

pletely embedded into quartz (see Fig. 4.13 (b)). As already mentioned,

the FPmodes can be observed as dips in reflectance or peaks in transmit-

tance. The calculated FP resonance positions using eq. 4.4 are indicated

in the spectra of Fig. 4.13 (c) as long-dashed white lines. Obviously, this

does not describe the FP mode positions correctly.

The reason is the assumption of perfectly reflectingmirrors in eq. 4.4,

which is not true for a 20nm thin metal film. One has to account for

this by adding an apparent length increase dALI which arises from the

fact that the cavity mirrors are no perfect reflectors, hence the field

penetrates into the boundaries of the cavity [252]. The dotted white

lines indicate the corrected resonance positions

λcorr,M =
2 (nSpdz + dALI)

M
, (4.5)

where for the plot dALI = 100nm has been assumed. This value leads

to a good agreement with the SMM calculations. From the magnitude

of dALI it is obvious, that it cannot be interpreted in terms of a pen-

etration depth but rather has to be seen as an additional phase term

which incorporates the reflection from a non-perfect boundary into

the model.
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4.7.2 From Near- to Far-Field Coupling in the Nanowire Dimer

The symmetry considerations for cavities above can be transferred to

the radiatively coupled dimer system. This transition is illustrated in

Fig. 4.14. As in the near-field coupled case, the symmetry of the plas-

monic oscillations in the wires has to be taken into account, but in

addition, it is also necessary to consider the symmetry of the electric

field between both wires, just as in the case of the cavities shown above.

Therefore, the symmetric mode in the far-field regime comprises a sym-

metric plasmon oscillation and a symmetric electric field distribution

in the spacing between the wires. The opposite is true for the antisym-

metric mode, as shown in the bottom row of Fig. 4.14.

symmetric

Increasing dz
near field far field

antisymmetric

(M-) λ/

M λ/

Figure 4.14. Schematic of the transition of the dimermodes from the near-field

to the far-field coupling regime. In the far-field case (right), retardation plays a

crucial role and the system exhibits coupled FP-PPR modes. The symmetries of

the charge oscillations and the electric field have to be taken into account. Just

as for mirror cavities, odd modes are symmetric and even modes are antisym-

metric in both, electric field distribution and plasmon oscillation. The mode

index M is a natural number.

Just as for the plain cavities, a mode order can be assigned, connect-

ing the vertical spacing between the wires and the wavelength of the

mode: the symmetric modes are found for vertical distances which

match an odd multiple of λ/2 while for the antisymmetric mode, an

even multiple of λ/2 is required. However, this is only true for frequen-
cies far away from the single layer PPR, for wavelengths close to it, the

particle plasmon phase varies strongly and additional considerations

are required, which we will discuss below.

In order to investigate the radiative coupling properties of the dimer

structure systematically, Fig. 4.15 displays spectra acquired from SMM
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Figure 4.15. Calculated dz-dependent transmittance, reflectance, and ab-

sorbance spectra for the near- as well as the far-field coupling regime of the

stacked dimer structure. The single layer PPR is denoted by the orange line.

Unperturbed FP modes are indicated by the dotted white lines, modes calcu-

lated by the analytical resonant mirror model are shown as long-dashed white

lines. Orange circles indicate positions, where electric field calculations have

been performed (see Figs. 4.16, 4.17 and 4.23). White triangles at the top of the

transmittance graph indicate the position of experimentally realized samples

(section 4.9). Absorbance is increased by a factor of 2 for clarity.

calculations for the same geometry as investigated in section 4.5vi but

now for a substantially increased vertical spacing. Therefore, the region

up to dz = 150nm in Fig. 4.15 corresponds to the spectra displayed in

Fig. 4.8. At large vertical spacing strongly dz-dependent spectral fea-
tures are observed. These features strongly resemble FPmodes, however,

the spectral position for a pure FPmode depends linearly on the vertical

distance dz (see Fig. 4.13), which is obviously not the case here. Second,

their spectral width is strongly modified, depending on their spectral

position. Especially when approaching the single layer PPR wavelength

λPPR, indicated by an orange horizontal line in Fig. 4.15, their width

strongly narrows and almost vanishes close to λPPR.
Therefore, it has to be concluded that the PPR modes in the wires

couple to the FPmodes which arise due to the arrangement of the wires.

This results in amodification of the spectral position aswell as linewidth

of the new, coupled FP-PPR modes.

To confirm these findings and to give a straightforward explanation

for this coupling of two particle plasmonic modes to a FP mode, we

vi W = 200nm, H = 20 nm, embedded into quartz environment
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Figure 4.16. Normalized logarithmic electric field intensity for a stacked dimer

structure with a vertical distance of dz = 150 nm. (a) Field distribution of the

antisymmetric mode (λ = 1012 nm). (b) Field distribution of the symmetric

mode (λ = 757 nm). Despite the increased vertical spacing, both fields still

exhibit the typical behavior already observed in Fig. 4.9. The strong field en-

hancement that was visible in Fig. 4.9 (a) is less pronounced due to the larger

spacing.

describe the new spectral positions of the coupled modes in an analyti-

cal resonant mirror cavity model, which will be given in the following

section 4.8.

Before, we examine the electric field distribution at selected spacing

distances and wavelengths. The field graphs show the normalized loga-

rithmic electric field strength in the xz plane at the time of maximum

electric field intensity. The vertical spacings as well as spectral positions

of the calculations are indicated in the transmittance graph of Fig. 4.15

as orange circles.

For a spacing of dz = 150nm, the electric field distribution shown in

Fig. 4.16 still exhibit the characteristics of the near-field coupled system,

as can be seen by comparing Fig. 4.16 to Fig. 4.9. This finding is consis-

tent with the observations in the spectra (Fig. 4.15) where the splitting

Figure 4.17 (facing page). Normalized logarithmic electric field intensity

for a stacked dimer structure with a vertical distance of dz = 400nm and

dz = 750nm. Field distribution of the (a) first, (b,c) second and (d) third

coupled FP-PPR modes. The symmetric (a,d) and antisymmetric (b,c) field

distribution as well as plasmon oscillations are pronouncedly visible. For the

second (third) mode one (two) field nodes are present between the wires.
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into symmetric and antisymmetric mode is still present, but with sub-

stantially lower spectral separation. Owing to the reduced coupling

strength, the field enhancement for the antisymmetric mode is much

lower compared to the structure with dz = 30nm (Fig. 4.9 (a)).

The electric field distributions for vertical distances larger than dz =
150nm are shown in Fig. 4.17. These agree well with the interpretation

of the far-field regime dimer modes shown in Fig. 4.14. Besides the

symmetry of the plasmonic oscillations, the graphs display the impor-

tance of considering the electromagnetic field in between the wires for

far-field interaction. Panel (a) of Fig. 4.17 shows a symmetric electric

field with one field antinode in the middle between the wires, accompa-

nied by symmetric charge oscillations. The situation is changed for the

second mode, which is observed in two panels, once for a wavelength

below the single particle PPRwavelength (b) and once above λPPR (c), at
different vertical spacings dz . Here antisymmetric charge oscillations

are accompanied by a field distribution similar to the second FP mode

with one field node in themiddle, which is pronouncedly visible in both

graphs. Finally, the next higher mode is observed in panel (d), which

corresponds to a symmetric mode again and exhibits two field nodes

in between the wires.

4.8 analytical coupling models

Apart from the full numerical description of the system which was

provided above, it is desirable to find a simple analytic model which

captures the core features of the physics involved. Here, we will check

the validity of an analyticalmodel already introduced before for coupled

excitons. Afterwards we introduce the resonant mirror model, which

describes a possibility to derive the spectral positions of the coupled

modes from straightforward phase considerations.

4.8.1 Eigenmode Coupling Model

In the context of radiatively coupled excitons in multi-quantum well

(QW) structures amodel has been developed to describe themodulation

of spectral position as well as width of the coupled modes in radiatively

coupledmultilayer structures [253–255] withN identical resonant layers

separated by a vertical distance dz . Within this model the resonance

energy shift ∆E0 and the modified spectral width Γ0,c are found by
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determination of the complex eigenvalues of aN×N couplingmatrixA
which describes the interaction between the single excitons. Therefore,

the solutions of

det(A − I(∆E0 − iΓ0,c)) = 0

have to be found, where the elements ofA are given by

Ai , j = −iΓ0 ei k∣i− j∣dz . (4.6)

Here, Γ0 is the radiative width of the single layer. Nonradiative decay is

neglected within this model in order to obtain simple analytical results.

For a two layer system the solution is straightforward and yields

∆E±0 = ±Γ0 sin kdz
Γ
±

0,c = Γ0(1 ± cos kdz),
(4.7)

where “+” and “-” denote the symmetric and antisymmetric mode re-

spectively. These are shown in Fig. 4.18 (a), where additionally k ≈
kPPR = 2π/λPPR is assumed. Their spectral position and width are os-

cillatory functions of dz/λPPR. The energy shift is zero whenever dz
equals a multiple of λPPR/2 and maximum for odd multiples of λPPR/4.
In contrast, Γ0,c oscillates between 2Γ0 and zero and reaches its extremal

values whenever ∆E0 = 0. For dz being an odd multiple of λPPR/2, the
antisymmetric linewidth is twice the single oscillator linewidth and the

symmetric mode vanishes. This situation is reversed when dz is a mul-

tiple of λPPR. Then the symmetric mode exhibits maximum width and

the antisymmetric mode vanishes. This behavior has been attributed to

excitonic superradiance.

Despite the fact that this model is straightforward, it obviously fails

to describe our findings in a plasmonic system. Overall, the oscillatory

behavior suggested by Fig. 4.18 is not observed in the calculations of

Fig. 4.15, even though it seems to capture some of the basic features, for

example the fact that one mode becomes dark for dz = λPPR/2.
This does not arise from the approximation k ≈ kPPR. An inclusion

of the frequency dependence in k would lead to a transcendental equa-

tion which then would have to be solved numerically. However, this

frequency dependence in k would only lead to a distorted sine and

cosine shape, whereas the basic properties of the model would retain.

There are several reasons for the failure of themodel: First, Fig. 4.18 (a)

is suggestive in terms of its display style. According to the figure one



78 coupling in plasmonic dimers

Antisymmetric
Symmetric

.

.
. . . . .

.

.

-.

.

.
.

-.

ΔE
 / 

Γ




ΔE
 / 

Γ




Γ
 / 

Γ
, c 



d  / λz PPR

.
-



-



 .

-



-






d  / λz PPR



(a) (b)

.

Figure 4.18. (a) Energy shift ∆E0 (top panel) and linewidth Γ0,c (bot-

tom panel) depending on the spacing in a simple two-oscillator coupling

model [253]. Both quantities are given in units of the radiative decay rate of

a single oscillator Γ0. This model suggests a λPPR-periodic variation of the

spectra. The maximum resonance position deviation is achieved for dz =

(2M − 1)λPPR/4. For dz = MλPPR/2 the resonance shift is zero and the

linewidths are extremal. (b) Sum of two Lorentzians with width and height

determined by the model shown in (a) (eq. 4.7). As this graph only sums up

two resonances, it does not exactly describe the real spectra. The color scale is

given in arbitrary units.

would expect two distinct peaks which oscillate in the spectrum on a

change of dz . This is not the case, as the total oscillation amplitude of

the energy shift is less than the total linewidth itself. As concurrently

the linewidths undergo strong changes, the behavior is not obvious.

For this reason, panel (b) of Fig. 4.18 shows the sum of two Lorentzian

lineshapes whose widths and spectral positions are determined by the

results of eq. 4.7 (see panel (a)). It has to be noted, that this calcula-

tion does not provide a physically correct result. The modes are simply

added without taking oscillator strengths or interference phases into

account. Thus it cannot be related in a direct manner to an observable

quantity such as transmittance or reflectance. The only purpose is to

visualize the principal behavior predicted by eq. 4.7. There is a certain

similarity between both graphsvii, especially regarding the vanishing of

one mode for dz/λPPR = M/2.

vii For a comparison of the graphs it has to be noted, that Fig. 4.18 (b) is plotted over energy,

while Fig. 4.15 is shown over the wavelength
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Second, there is a more fundamental reason why the model does not

describe the spectra correctly. The strong coupling to the light field

gives rise to FP modes which have to be included into a coupled eigen-

mode model. Then the PPRs are able to couple to them, which yields

the characteristic behavior observed in Fig. 4.15 [11, 256]. As this is not

the case in eq. 4.7, the model necessarily fails to describe the coupled

FP-PPR modes correctly.

Finally, it is furthermore doubtful, if this model can be used to de-

scribe the coupling in QW structures as well. One major simplification

in the derivation of eq. 4.7 is to neglect the nonradiative contribution

to the linewidth. For QW structures, this nonradiative contribution is

usually about one order of magnitude stronger than the radiative con-

tribution, which leads to substantially different spectral effects.

Therefore it has to be concluded that this model fails to describe the

radiative coupling of oscillators in real systems. For oscillators which

are strongly damped by nonradiative effects, neglecting those is not

appropriate. For oscillators where this would be possible, the coupling

to the light field gives rise to the presence of FP modes which have to

be included into the coupling model. This causes the model to fail for

this situation as well.

4.8.2 Resonant Mirror Model

To calculate the coupled FP-PPR resonance positions we consider the

phases the phases in the system. On the one hand, there are phases

due to the propagation between both layers, on the other hand the

oscillators which are present at the boundaries behave more complex

than ordinary cavity mirrors. Taking into account both effects leads to

an easy model, which is termed the resonant mirror model [257–259].

In a first step, the two PPR layers are described as an ideal cavity. Using

eq. 4.4 yields the dotted white lines in Fig. 4.15, which correspond to

the unperturbed FP modes. These give a very rough approximation for

the mode position. In a similar manner to the apparent length increase

in a non-ideal cavity (eq. 4.5), the plasmonic layers have to be included.

Here we deal with resonant mirrors, i. e., the boundary layers of the

cavity exhibit resonances of their own. These resonances do not only

alter the amplitude of the reflection coefficients at the boundaries but

also impose an additional phase which has to be taken into account in
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the resonance condition. Therefore a resonant phase φr,res(λ) has to
be included into the total phase shift, which then reads

∆φtot = 2πM = 2π
2nSpdz

λ
+ 2φr,res(λ). (4.8)

φ  (λ)r,res

φ  (λ)r,res

φret φret

Figure 4.19. Schematic of the resonant mirror model. In addition to the retar-

dation phase φret the phase upon reflection from the nanowire layers, φr,res(λ),
has to be considered. As the wires exhibit a plasmonic resonance, this phase

shows a strong dependence on the wavelength of the light.

To obtain the resonant contribution φr,res(λ) we calculate the reflec-
tion phase for a resonant layer using the considerations of section 2.5.

For a single resonant layer located at the origin (zn = 0), the reflection
amplitude described by eqs. 2.66 and 2.67 is strongly simplified and

reads

r =
i k
2εSp χ(ω)

1 − i k
2εSp χ(ω)

. (4.9)

Using the susceptibility derived from the harmonic oscillator model,

eq. 2.30 yields the reflection amplitude for a single resonant layer

r = − iΓ0(ω)
ω − ωPPR + i(Γ + Γ0(ω))

. (4.10)

Here, ωPPR is the PPR frequency and Γ the nonradiative damping rate.

The expression Γ0(ω) contains all the constants and describes the cou-

pling to the light field. Due to the inclusion of the k/(2εSp) factor into
Γ0(ω), it depends on the frequency itself. This dependence can be ex-

pressed as

Γ0(ω) = Γ0(ωPPR) ⋅
ω

ωPPR

. (4.11)
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As a consequence, the lineshape of the resonance is slightly asymmetric.

However, it is often appropriate, especially for narrow resonances, to

neglect this dependence and assume Γ0(ω) ≈ Γ0(ωPPR)viii.
The coupling to the light field leads to themodification of the spectral

width of the oscillator observed in the reflection spectra. This is obvious

from the denominator of eq. 4.10, where Γ0(ω) adds up to the nonra-

diative contribution of the linewidth. Therefore Γ0(ωPPR) is identified
as the radiative linewidth of the oscillator.

To calculate the resonant phase contribution finally the phase of the

reflection amplitude given in eq. 4.10 has to be evaluated:

φr,res(ω) = arctan
⎛
⎝
Im (r)
Re (r)

⎞
⎠
= arctan(ω − ωPPR

Γ + Γ0
) . (4.12)

Converting this to the wavelength scale using ω = 2πc/λ, ωPPR =
2πc/λPPR and Γλ

tot = 2πc/(Γ + Γ0) yields

φr,res(λ) = arctan
⎛
⎝
Γλ
tot(λPPR − λ)

λλPPR
⎞
⎠
. (4.13)

This can be rewrittenix to

φr,res =
π
2
+ arctan λλPPR

Γλ
tot(λ − λPPR)

. (4.14)

Inserting this into eq. 4.8 accurately reproduces the resonance positions

in the radiative coupling domain (dz > 150nm), which is indicated

by the white long-dashed lines in Fig. 4.15. Despite its simplicity, the

resonant mirror model shows very good agreement with the numerical

calculations and therefore provides a straightforward explanation of

the physics involved.

4.9 experimental results

To experimentally confirm the findings, a series of samples was fabri-

cated using EBL in a two layer process. In the experiment, only one

specific dz can be fabricated for each sample, therefore eleven different

samples were realized with spacer thicknesses as low as 30nm up to

viii For simplicity this will be denoted by using Γ0 without any additions.

ix see appendix A.2 for details.
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more than 1 µm. The measured linear spectrum of each sample corre-

sponds to a vertical cross section in Fig. 4.15. The white arrows at the

top of the transmittance graph in that figure indicate the realized dz
values.

The nominal sample geometry was chosen according to the calcula-

tionsx. The structures were defined in negative resist on top of a 20nm

thick gold film, with subsequent Ar ion beam etching. As a spacer,

a SOD layer was utilized. The varying spacer thickness was realized by

multiple coating runs utilizing different dilutions of the SOD. The result-

ing spacer thickness was subsequently verified by a profilometer with a

height resolution of about 10nm.

This independent measurement is crucial, as it provides an external

verification of the spacer thickness, which otherwise would have to be

conferred from a comparison of calculated and measured spectra.

d  =  nmz d  =  nmz d  =  nmz

 nm

Figure 4.20. SEM micrographs of the fabricated structures width different

vertical spacings dz =80nm, 270nm, and 650nm.

Fig. 4.20 shows representative scanning electron microscope (SEM)

images of three of the eleven samples with different spacer thicknesses

of 80nm, 270nm, and 650nm. The distance between both layers is

pronouncedly observed in case of the higher distances. At the same

time, the image of the bottom layer becomes increasingly blurred due

to higher electron scattering in the spacer material. The images demon-

strate a good lateral alignment of the layers with respect to each other,

with deviations on the order of 20nm.

For all fabricated samples, linear transmittance as well as reflectance

spectra were measured in a Fourier-transform infrared spectrometer

(FTIR) microscope. Owing to the broad spectral range of the samples,

two measurements are necessary. These were acquired using a Si and

an InGaAs photodiode. Some spectral overlap is provided, which is

then used to match both measurements.

x W = 200nm, H = 20 nm, and dx = 400nm
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Figure 4.21. Transmittance and reflectance spectra for plasmonic dimers at

different vertical distances dz . The left panel shows the measured spectra. The

middle panel displays the calculated transmittance and reflectance for the cor-

responding spacer thicknesses. For comparison, the spectra calculated by the

resonant mirror model (eqs. 2.66 and 2.67) are shown. As this model does not

incorporate near-field coupling effects, the agreement for small dz is bad.

The acquired spectra are displayed in the left panel of Fig. 4.21 for

all eleven samples. For comparison, the calculated results are shown in

the right panel. It is noteworthy, that no free parameters are used in the

calculations due to the additional determination of spacer thickness.

For small distances the near-field splitting is clearly observed. It is

present up to approximately dz ≈ 150nm ≈ λPPR/(5nSp). At larger

distances, the spectra are dominated by far-field effects. The spectrum

for dz = 270nm shows only one broad feature, a situation which is

repeated at dz = 550nm. These vertical distances correspond to the
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cases where the coupled FP-PPR modes spectrally approach the single

layer λPPR. This situation will be discussed in detail in section 4.10.

For larger distances more and more modes are present, leading to an

increased number of resonant features in the spectra.

As a last point of this section the deviations between calculation and

experiment have to be discussed. The overall agreement between calcu-

lations and experiment is very good. Mainly three types of deviations

are observed in Fig. 4.21: First, a deviation of the spectral position is

present for some spectral features. This is attributed to the accuracy

of the stylus profilometer measurement. Especially in the near-field

coupled case a small deviation already results in substantial spectral

shifts (see leftmost region of Fig. 4.15), so that an error of only 10nm in

the determination of the layer thickness already yields strong spectral

shifts.

Second, sharp features are attenuated in the spectra. This can par-

tially be attributed to inhomogeneous broadening, as arrays of particles

were investigated. Additionally, the measurement method using a high-

NA-Cassegrain objective leads to an averaging over a cone of incident

k vectors. This averaging is not accounted for in the calculations, where

an incoming planewave strictly normal to the sample is assumed. There-

fore the measurement technique could partially also contribute to this

type of deviation.

Finally, the reflectance measurements show substantially lower ab-

solute values compared to calculation. While in the latter, values of

90% are obtained, the experiment does not keep up to these high val-

ues. Several potential reasons for this deviation exist. It might partially

stem from imperfections and inhomogeneities in the structure, such as

rough surfaceswhich scatter light. Additionally, for a perfect reflectance

measurement all light has to be collected, which is much harder in re-

flectance compared to transmittance measurements.

Aswe do not intend to provide quantitativemeasurements, but rather

investigate the basic properties of coupling in the structure none of the

above effects is serious in the sense of altering the interpretation of the

data.

4.10 bragg spacing

It has already become apparent that a special vertical distance has to be

investigated in detail. Namely the one, where the FP modes spectrally

approach the single layer PPR. This happens at the intersections of the
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dotted white lines and the orange line in Fig. 4.15. For the given geome-

try, the first three of these are approximately dz = 270nm, 540nm, and

820nm.

For these dz the the Bragg criterion for the single layer resonance

wavelength is fulfilled:

dz = M
λPPR
2nSp

, (4.15)

where M denotes an integer number. Therefore, they will be referred

to as the Mth Bragg distance.

Fulfilling the Bragg criterion at the single layer PPR can be regarded

as a matched spatial arrangement of the oscillators with respect to their

resonancewavelength. Around the λPPR, the resonant part of eq. 4.13 un-
dergoes a strong variation. The phase difference of the oscillators with

respect to their off-resonant phase is exactly π/2 at λ = λPPR. Therefore

the coupled FP-PPRmode which spectrally approaches the single layer

resonance becomes close to optically inactive, which is shown in detail

in Fig. 4.22 for the first Bragg spacing.
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Figure 4.22. Transmittance, reflectance, and absorbance spectra around the

first Bragg spacing (dz =270nm) extracted from Fig. 4.15. When approaching

λPPR, the linewidth of the coupled FP-PPR modes becomes very narrow and

almost vanishes exactly at Bragg spacing. In this case only one very broad

spectral feature remains in the spectrum.

This has two immediate consequences. First, the PPR radiative fields

add up destructively in forward direction and constructively in back-

ward direction, leading to high reflectance and low transmittance of the
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structure. This is typical for periodic Bragg structures such as Bragg

mirrors, where multilayer interference in backward direction leads to

high reflectance. This can be observed in the electric field distributions

which are shown for the first and second Bragg distance in Fig. 4.23. A

high electric field strength is observed above the structure, indicating

its high reflectance.

k

E

k

E

d  =  nm, λ =  nmz(a) d  =  nm, λ =  nmz(b)
x

z

x

z

Figure 4.23. Normalized logarithmic electric field intensity for a stacked dimer

structure at (a) first (dz = 270nm) and (b) second (dz = 570nm) Bragg

distance. For these special situations, the mode which is spectrally close to

λPPR becomes optically almost inactive and the field distribution is governed by

the neighboring modes. In this case, field distribution and plasmon oscillation

exhibit a different symmetry: a symmetric field distribution is accompanied by

an antisymmetric plasmon oscillation in (a) and vice versa in (b).

Second, as the corresponding coupledmode vanishes, the spectra are

dominated by the neighboring coupled modes. These possess opposite

symmetry. Therefore, in this case the field distribution between the

wires exhibits a different symmetry than the plasmon oscillation. At

first Bragg distance, a symmetric field between the wires is observed,

yet the plasmons in the wires show an antisymmetric oscillation. At

second Bragg distance, this situation is reversed, the electric field in

between is antisymmetric with a symmetric plasmon oscillation, as can

be observed in the field calculations of Fig. 4.23.
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It is also possible to explain this intuitively in the resonant mirror

model. Shifting one oscillator by π/2 and the other by −π/2, their os-
cillation symmetry is effectively reversed and thus the symmetry of

the plasmon oscillation does not correspond to the field symmetry in

between any more.

For exact Bragg spacing (dz = 270nm) only one feature can be ob-

served in the transmittance and reflectance spectrum of Fig. 4.22. Its

width is strongly enhanced compared to the single layer PPRwidth. Due

to the matched spatial arrangement the system now acts as if it con-

sisted of only a single oscillator with substantially increased oscillator

strength. This is similar to a superradiant mode in a system of coupled

quantum emitters. In those systems, all modes but one become dark, or

subradiant, with only one superradiant mode carrying all the oscillator

strength of the system. The situation is slightly different in our case as

we deal with classical oscillators and measure linear transmittance and

reflectance instead of monitoring the spontaneous decay of two-level

quantum systems. However, it has already been pointed out by Rehler

and Eberly in the context of superradiance that a broadening of the ra-

diative width in a coupled system also occurs in classical ensembles of

oscillators and is not an inherently quantum-mechanical effect [260].

4.11 connection to cavity-coupled oscillators

To complete the description of the dimer structure, we finally inves-

tigate the correspondence of the far-field coupled dimer system to a

system where an oscillator is placed inside a cavity, and therefore can

interact with the cavity modes. When using a quantum emitter as oscil-

lator, this scheme is one of the fundamental experiments of quantum

electrodynamics, as it describes the interaction between the fundamen-

tal quanta of the elementary excitations in matter with the fundamental

quantized modes of the light field in the cavity. It has been experimen-

tally realized using atomic ensembles [261, 262], single atoms [263] or

single quantum dots (QDs) [264] as quantum oscillators. Besides the

quantum optical interpretation it has been shown, that the mode split-

ting which arises in the strong coupling regime can also be understood

as a linear-optical effect of the resonant dispersion of a medium placed

inside the cavity [265]. Thus, it is also feasible to implement this in

a classical plasmonic oscillator geometry, which has been realized by

Ameling et al. for cut-wire pairs [259] as well as surface plasmon reso-

nances [221].



88 coupling in plasmonic dimers

dz

(a)

HM nSp

dx
H

W

k

E

x
yz

 . . .
(b)

  

W
av

el
en

gt
h 

(n
m

)

d  (nm)z






 








  

AT R (-.)

d  (nm)z d  (nm)z

Figure 4.24. (a) Schematic of a plasmonic nanowire layer inside amicrocavity.

(b) Calculated transmittance, reflectance and absorbance spectra for the system

depicted in (a). The thickness of the Au mirrors is 20 nm, the wire geometry

isW = 200nm and H = 20nm. This system exhibits a strong correspondence

to the far-field coupled plasmonic dimer structure. The resonance positions

of the coupled modes can be modeled in exact analogy to the nanowire dimer.

However, an additional phenomenologic correction has to be introduced.

In analogy to the derivation of the phase upon reflection from a

resonant layer (eq. 4.13) it is also possible to calculate the phase upon

transmission from the same equations, eqs. 2.66 and 2.67. In doing so,

one obtains the resonant transmission phase which is

φt,res(ω) = arctan
Γ0

ωPPR − ω

⇒ φt,res(λ) = arctan
λλPPR

Γλ
tot(λ − λPPR)

,

(4.16)

where all the quantities are analogous to those in eq. 4.13. It is notewor-

thy, that the resonant transmission phase almost exactly corresponds

to the reflection phase (eq. 4.13) apart from an additional π/2 term in
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the latter. The condition for constructive interference in the resonant

mirror model then is

φtot = 2πM = 2nkdz + 2φt,res(λ) + 2φALI , (4.17)

where φALI is the phase due to the reflection from the thin gold mirror,

as derived in eq. 4.5.

Calculations of a single layer of nanowires placed in the center be-

tween two thinmetallicmirror layers are displayed in Fig. 4.24. Thewire

geometry exactly corresponds to that of the dimer structure, the mir-

ror thickness is set to HM = 20nm. Owing to the high Q factor of the

microcavity compared to the relatively low and frequency-dependent

Q factor of the dimer system, the spectral widths of the coupled reso-

nances observed in Fig. 4.24 are strongly reduced. Furthermore, their

spectral width is rather constant over the whole spectral range in con-

trast to the observations in the dimer system.

Despite these differences, the resonance positions calculated from

eq. 4.17 show a very good agreement. In particular, no modification of

the single oscillator properties is necessary. The same oscillator param-

eters as in Fig. 4.15 are used, namely λPPR = 854nm and Γλ
tot = 3000nm.

Also the apparent length increase obtained in Fig. 4.13 for an empty cav-

ity (dALI = 100nm) is appropriate to describe the additional reflection

phase from the mirrors.

However, in order to achieve an agreement between model and cal-

culated results, one modification has to be introduced into eq. 4.17. An

additional phenomenologic factor for the resonant phase is necessary

so that the equation reads

φtot = 2πM = 2nkdz + Ξ ⋅ (2φt,res(λ)) + 2φALI . (4.18)

This correction factor is

Ξ =
⎧⎪⎪⎨⎪⎪⎩

0 M even

2 M odd
. (4.19)

The even modes are not influenced by the resonant layer in the middle

of the cavity, while the odd modes experience twice the phase shift ex-

pected. This correction factor arises from the fact that in the resonant

mirror model the resonance position is only calculated from a simple

phase approach and does not take into account the actual fields. The

even FP modes exhibit a field node in the center, therefore the electric
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field strength at the oscillators is close to zero and no interaction is pos-

sible [259]. For the odd modes, the transmittance phase φt,res are taken

to be equal and independent of each other, however, in the real system

they occur on transmission from both sides through the same reso-

nant layer, which interacts with both counter-propagating waves and

thus has to adopt a self-consistent state in accordance with Maxwell’s

equations.

As this section has shown, the resonant mirror model discloses a

peculiar correspondence between both, the stacked dimer structure,

which constitutes its own cavity due to the arrangement of the oscil-

lators, and an oscillator placed into an external cavity. Both share the

common concept of multi-beam interference with the incorporation of

resonant oscillators.

4.12 conclusion

In summary, this chapter has provided a thorough study of the plas-

monic dimer geometry in different arrangements. Near- and far-field

coupling in planar and stacked geometries have been discussed.

In the near-field regime, the plasmon hybridization concept is a valu-

able tool for the qualitative description of the observed coupling effects.

In general, the coupled dimer system supports two modes which are

characterized by their symmetry. The frequency of these with respect

to the original single particle resonance has to be determined by the

specific geometry of the structure and is very sensitive to amodification

of the particle arrangement. This has been observed by displacing one

of the oscillators which leads to a sign change in the interaction energy

and therefore to an inversion of the plasmon hybridization scheme.

In the stacked arrangement, an increase of the vertical distance be-

tween the plasmonic oscillators leads to the emergence of multi-beam

interference effects, namely Fabry-Pérot modes. These modes, which

only exist due to the specific spatial arrangement of the oscillators in-

teract with the bare particle plasmon resonances giving rise to new,

coupled modes.

Numerous different arrangements of the building blocks could be

investigated by means of scattering matrix method calculations. For

an experimental verification, a set of eleven samples consisting of plas-

monic dimers with different vertical distances dz was fabricated. The

experimental measurements on this set of samples agree well with the

numerical calculations and support these. In the experiment, dz was
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varied from very small spacings of approximately 30nm up to spacings

of more than 1 µm,where more than one wavelength fits into the spacer

layer. Thus the range from near-field interaction all the way to far-field

interaction is covered by the experimental data.

In order to provide an intuitive understanding of the far-field cou-

pled dimer structure, we have introduced the resonant mirror model,

which is able to predict the resonance position of the coupled modes.

This model includes the retardation between the layers as well as the

phase behavior of the plasmon resonances. Even though all calculations

and findings have been implemented using elongated gold nanowires

which are extended quasi-infinitely into one direction, a transfer to

other building blocks such as nanorods, nanodiscs, or even more com-

plicated structures should be straightforward.

It has been the purpose of this chapter to dwell on the description of

the coupling effects particularly in the dimer system. The situation of

Bragg spacing has only been addressed in brief. This will be investigated

in detail in the upcoming chapter, where systems consisting of more

than two oscillators stacked in Bragg fashion are subject of study.

º





5
PLASMONIC BRAGG STRUCTURES

5.1 introduction

While the previous chapter has been dedicated to the investigation of

spacing dependence in a plasmonic dimer structure, this chapter will

change the perspective to a different aspect of radiative coupling.

Already in the dimer structure it has become apparent that a special

situation occurs, whenever the oscillators are arranged such that the

vertical (i. e., in the direction of light propagation) distance dz exactly
matches a multiple of half the oscillator wavelength. Therefore, vertical

distances with dz = MλPPR/(2nSp), where λPPR is the light wavelength

at the oscillator eigenfrequency, nSp is the refractive index of the sur-

rounding, and M is an integer number, are of particular interest.

This chapter will be devoted to the investigation of these so-called

Bragg structures. The spacing between resonant layers will mostly be

fixed to the first Bragg distance (M = 1). Under these circumstances

an increase of oscillator number will yield peculiar effects such as the

emergence of an ultra-broad photonic band gap in multilayered struc-

tures.
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Figure 5.1. (a) Schematic of four radiatively coupled resonant oscillators.

(b) Schematic of a Bragg stacked plasmonic structure consisting of four layers

and embedded into a dielectric spacer material with refractive index nSp = 1.46.

The gold nanowires have a widthW = 180nm and height H = 20nm, and are

arranged at a lateral periodicity dx = 360nm and vertical distance dz = 260nm.

The lateral spacing dx is chosen such that lateral near-field coupling as well as

higher diffraction orders are negligible.
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The radiative coupling of optical oscillators is one of the most funda-

mental optical problems and has already been investigated in different

fields of optics, especially for a Bragg-type arrangement. Fig. 5.1 (a)

schematically depicts the situation of four oscillators at Bragg distance.

On the one hand, each oscillator is excited with a certain phase re-

tardation due to the large spacing between them, on the other hand,

the arrangement leads to a coherent superposition of the re-radiated

fields of the oscillators, as the spacing matches the oscillator resonance

wavelength. In semiconductor physics, radiative coupling of excitons

in quantum wells (QWs) [131, 266–273] at Bragg distance has been in-

vestigated. In atomic physics this arrangement is important for light

propagation through atoms arranged in an optical lattice [274–277]. On

a very large length scale metallo-dielectric photonic crystals with unit

cells of several mm to cm are a subject of research for GHz applications.

In all cases the observation of photonic band gaps (PBGs) is possible:

for coupled QWs the emergence of a PBG with a width of approximately

5meV was observed for 100 coupled oscillators [272]. In optical lattices

PBGs of several MHz to GHz spectral width should be possible [277].

In the macroscopic GHz metallo-dielectric photonic crystals PBGs of

several GHz have been found [278, 279] which corresponds to approxi-

mately one octave at those frequencies.

We will transfer this concept to plasmonic structures. Fig. 5.1 (b)

shows a schematic of the structure. Plasmonic nanowires with dimen-

sions similar to those in the previous chapter are stacked on top of each

other using a spin-on dielectric (SOD) spacer layer. The lateral peri-

odicity dx is chosen such that near-field coupling is negligible and no

Rayleigh anomalies are present in the considered spectral region. For

this geometry, the single oscillator particle plasmon resonance (PPR)

is located at around 1.5 eV, thus the nominal Bragg spacing is approxi-

mately dz = 260nm. As before, the structure is illuminated from above

with light polarized perpendicular to the wires.

5.2 non-resonant and resonant structures

A system of coupled oscillators with a spacing on the order of the

wavelength possesses analogies to passive photonic crystal (PC) struc-

tures [100].These usually exhibit a spatial periodic refractive indexmod-

ulation on the order of the wavelength of light which is accomplished by

a multilayer structure made of different dielectric materials [280–282].

However, the incorporation of mutually coupled plasmonic oscillators
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leads to new phenomena compared to purely passive, non-resonant

structures.

The difference between the non-resonant passive PC structure and

a resonant, stacked plasmonic multilayer structure is demonstrated in

Fig. 5.2. There, calculated spectra for a stack of eight 20nm thick Au

layers separated by a dielectric spacer material of nSp = 1.46 to an eight

layer nanowire structure with the same spacer material and thickness

are shown.

The baremetal multilayer structure (Fig. 5.2 (a)) mainly exhibits high

reflectance. A small amount of transmittance is possible at the Fabry-

Pérot (FP) modes [283], just as this was shown in Fig. 4.13. Due to the

fact that the N layers constitute N − 1 coupled cavities [284, 285], the FP

modes are hybridized into seven branchesi. For a purely dielectric struc-

ture, these hybridized modes would eventually yield the bands of the

PC structure for very large layer numbers, however, the incorporation

of metallic layers substantially increases the absorbance, therefore the

emergence of pass bands cannot be observed in the metallic structure.

Replacing the metal layers by resonant nanowire structures yields a

strong change in the observed spectra, as can be seen in Fig. 5.2 (b). First,

the off-resonant behavior changes: the metal film exhibits a high re-

flectivity over the whole spectral region, consequently showing high re-

flectance and very low transmittance. In contrast to this, the reflectance

of the nanowire structure is very low for wavelengths far away from

λPPR, thus it is almost transparent. Second, the incorporation of the

PPR oscillators qualitatively changes the response of the system as the

interaction of FP and PPR modes leads to the formation of coupled FP-

PPR modes as discussed in section 4.7. This opens up new possibilities

to tune the response of the system.

A peculiar situation occurs especially for Bragg spacing. As in the

case of the dimer structure, the coupled FP-PPR modes which are spec-

trally close to the single layer PPR can barely be excited by the light field

and therefore almost vanish in the spectra. This leads to the emergence

of a broad region of high reflectance which is accompanied by low ab-

sorbance. The spectral width of this region, as indicated by the white

solid line in the spectra of Fig. 5.2 (b), is considerably larger than in

case of the passive structure.

To examine this in greater detail we first consider the off-Bragg situa-

tion. Fig. 5.3 displays a comparison of the spectra for the passive as well

i This can be observed with greater clarity in Fig. 5.3.
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Figure 5.2. (a) Color-coded calculated transmittance, reflectance, and ab-

sorbance spectra for eight stacked 20nm thick continuous Au layers. The

spacer thickness dz is varied to the right. Transmittance is scaled by a fac-

tor of 3 for clarity. (b) Color-coded calculated transmittance, reflectance

and absorbance spectra for an eight layer plasmonic nanowire stack with

λPPR = 820nm (indicated by the orange dashed line). The first Bragg spac-

ing is indicated by a white arrow at the top of the graphs. White solid lines

indicate the width of the stop band at Bragg distance.

as resonant structure stacked at a vertical spacing of dz = 350nm for

one to ten layers. In the left panel the FP modes are observed as dips in

reflectance upon the highly reflecting background of the metal layers.

In case of uncoupled cavities the FP modes would be degenerate and

only one peakwould be visible in the spectrum regardless of the number

of layers. This is obviously not the case. The individual cavities are cou-

pled and due to this interaction the mode energies are slightly detuned,

which leads to N − 1 hybridized FP modes in the spectrum [284].
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Figure 5.3. Calculated transmittance, reflectance, and absorbance spectra for

a one- to ten layer structure consisting of 20nm thick Au layers (left) and

plasmonic nanowires (right) each stacked at a vertical distance of dz = 350nm.

The same situation is also observed in case of the nanowire structure

in the right panel. Here the dips in reflectance are observed on top of

the plasmonic resonance reflectance.

Overall, it has to be noted that the non-Bragg arrangement of nano-

wires and the passive multilayer cavity structure exhibit strong similar-

ities with only two differences: First, the stacked nanowires exhibit a

spectral shift compared to the cavities, which can be straightforwardly

explained by the resonantmirrormodel. Second, themodulation depth

of the modes is reversed, which may be connected to the frequency-

dependent, strongly varying reflection amplitude in case of the nano-

wires.

5.3 bragg spacing

The situation changes whenever the coupled FP-PPRmodes spectrally ap-

proach λPPR. Then a distinct Fano-type lineshape of the corresponding

mode on the plasmonic background is observed. This is demonstrated

in Fig. 5.4 where a detail of the reflectance spectra for a structure con-

sisting of two and eight layers for stacking distances very close to Bragg

spacing is shown.
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Figure 5.4. Detailed calculation of the spectral shape of the reflectance around

Bragg spacing for a two and eight layer nanowire structure. Around Bragg

spacing the FP-PPR mode exhibits a Fano lineshape. The spectra are shifted

upwards for clarity. The red and blue dashed lines denote the transmittance

minimum, respectively reflectance maximum of the single layer structure.

In case of the two layer nanowire structure (left panel of Fig. 5.4)

a typical Fano shape is observed. Starting from dz values below and

shifting it to values above Bragg distance, the coupled mode spectrally

shifts over the single layer λPPR, changing its asymmetry. In case of

minimal feature size, which occurs for dz = 261 nm, the shape is almost

symmetric. It is not exactly located at the reflectance maximum of the

single layer structure (blue dashed line in Fig. 5.4), but slightly blue

shifted to it (≈ 10meV). The position of the transmittance minimum

(red dashed line in Fig. 5.4) is spectrally closer to the peak position

but also does not perfectly agree. Given the fact that the total width

of the PPR is more than one order of magnitude larger, this spectral

displacement is negligible.

For the eight layer nanowire structure (right panel of Fig. 5.4), the

situation is similar, however, more modes are involved and the spectra

are more complex. Still, they qualitatively exhibit the same behavior as

in the two layer case. Additionally, the peak height of the remaining

feature at dz = 261 nm is higher than for the two layer structure.

The vertical distance at which the coupled FP-PPR mode becomes al-

most dark coincides very well with the calculated distance using eq. 4.15,

as long as one takes the additional heightH of the plasmonic wires into

account. Nevertheless, dz will be optimized by minimizing the height

of the FP-PPR mode in the following.

The influence of an increasing layer number N in case of Bragg spac-

ing is shown in the calculated spectra of Fig. 5.5 for one to ten layers.
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Figure 5.5. Calculated transmittance, reflectance, and absorbance spectra for

the Bragg stacked (dz = 265 nm) multilayer structures with increasing layer

number N . The single oscillator resonance energy EPPR is indicated by a dashed

gray line as a guide to the eye. The orange circle denotes the spectral posi-

tion and layer number at which an electric field calculation is performed (see

Fig. 5.6).

These display distinct differences to those for a non-Bragg arrangement

(see Fig. 5.3). Due to the absence of one branch of coupled FP-PPRmodes

a very broad region with low transmittance and high reflectance is ob-

served. It is accompanied by low absorbance, which is only substantial

at the borders. The coupled system resembles a single oscillator whose

oscillator strength and thus radiative linewidth increases with increas-

ing layer number N . This stems from the fact that the spatial arrange-

ment of the oscillators is exactlymatched to their resonance wavelength

and therefore on the one hand, the oscillators are excitedwith amatched

phase retardation and on the other hand their re-emitted fields exhibit

a matched phase relationship.

Beyond this, the spectral shape of this feature changes for increasing

layer number, froma typical Lorentzian-like shape in case of one layer to

a rectangular, PBG-type shape. Its spectral width of approximately 1 eV

is quite remarkable—it spans about one octave in the optical frequency

range.

The reason for this exceptionally broad band gap is the efficient cou-

pling of the PPRs to the light field and hence their large spectral width.
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This comprises a major difference to the atomic or excitonic oscillators

which have been investigated before. Also, in comparison to purely

dielectric structures, the PBG is very broad. The maximum achievable

width in dielectric structures is governed by the dielectric refractive

index contrast of the constituents. This has to be kept quite low, as

materials with high refractive index contrasts mostly exhibit high ab-

sorption as well. This problem is circumvented by using the structured

resonant plasmonic nanowire arrays instead of plain films.

Finally, we investigate the electric field distribution in a Bragg stacked

multilayer structure. Fig. 5.6 shows the normalized logarithmic elec-

tric field calculated for a four layer structure stacked at Bragg distance

(dz = 265 nm) at the single layer PPR wavelength (λPPR = 826nm). The

corresponding spectral position is indicated in the transmittance spec-

tra of Fig. 5.5. Similar to the findings in section 4.10, thematching of the

vertical spacing to the wavelength is observed. The field distribution

in the spacer layers is similar to that of a λ/2 FP mode. Furthermore,

the plasmonic oscillations are opposite in neighboring wires. Both of

these effects agree with the observations in the two layer case for the

first Bragg distance (Fig. 4.23 (a)).

The superposition of the re-emitted fields of the oscillators is con-

structive in backward and destructive in forward direction. Therefore,

the electric field amplitude gradually decreases with increasing pene-

tration depth. This leads to the observation of high reflectance and low

transmittance. Neglecting this decay of electric field intensity across

the structure, the symmetry considerations of the dimer structure can

be transferred to the multilayer structure. With respect to the symme-

try plane in the middle of the structure the electric field distribution in

the spacer layers is symmetric. In contrast, the charge oscillations in

neighboring wires are opposite and thus antisymmetric. This is in ac-

cordance with the observations in the dimer structure, where at Bragg

spacing plasmon oscillation and electric field distribution possess op-

posite symmetry as well.

Figure 5.6 (facing page). Normalized logarithmic electric field intensity for a

stacked four layer Bragg structure with a vertical distance of dz = 265 nm at the

single layer PPR wavelength. . The vertical spacing between the wires exactly

matches half the PPR wavelength. This leads to a suppression of transmittance

(low field intensity below the structure) and a high reflectance of the structure

(high field intensity above).
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5.4 experimental results

The experimental implementation of multilayer structures with high

layer numbers is quite challenging, as the accuracy of the sample ge-

ometry due to fabrication tolerances as well as contamination of the

sample increases with each processed layer. Therefore, a trade-off has

to be made. From Fig. 5.5 it is obvious that the strongest modifications

in the spectra occur for layer numbers N of up to four. Beyond this,

no substantial changes can be observed and only the steepness of the

slopes at the border of the PBG is increased.

We fabricated a sample consisting of up to four layers, each stacked

at Bragg distance. Each layer was exposed in a Polymethylmethacrylat

(PMMA) resist layer with subsequent development and evaporation of

2 nm Cr and 20nm Au . After lift-off a SOD layerwas applied. The thick-

ness of this spacer layer was controlled by using different solvent frac-

tions of the SOD as well as a variation of spin speed andmultiple coating

runs. An identical spacer layer was also applied to the top layer in order

to provide a homogeneous environment for all plasmonic nanowires.

The nominal sample geometry was chosen to match the calculations

above, with W = 180nm, H = 20nm, dx = 360nm and dz = 260nm.

Of these parameters, dz is most critical, yet as well hardest to control.

However, the experimental accuracy is sufficient for the realization of

a multilayer Bragg structure.

 nm  nm(a) (b)

Figure 5.7. Scanning electron micrographs of a four layer plasmonic Bragg

structure. To reveal the three-dimensional arrangement the images show a

groove cut by a FIB. (a) Inclined incidence perspective. (b) Image at grazing

incidence looking along the wire direction.
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Scanning electron microscope (SEM) images of the sample are dis-

played in Fig. 5.7. To obtain these micrographs, a groove of more than

1 µm depth was cut by a focused ion beam (FIB) close to the border of

the structure. This is necessary to reveal the underlying layers, which

otherwise would be not accessible due to a huge amount of scattered

electrons from the upper gold layers and the spacer material. Fig. 5.7 (a)

shows the structure from an oblique incidence perspective. Panel (b)

is recorded under grazing incidence perspective, looking almost in di-

rection of the wires. From this perspective the uniformity of the layer

spacing is well observed.

Transmittance aswell as reflectance spectrawere recorded in a Fourier-

transform infrared spectrometer (FTIR) microscope. Due to the large

spectral range of the samples, these were acquired using a Si and an

InGaAs photodiode as described in section 4.9.

. . .
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Figure 5.8. Left: Experimental transmittance (red) and reflectance (blue) spec-

tra for one to four layers. Middle: Spectra calculated using the analytical cou-

pling model [131]. The oscillator parameters extracted from the single layer

experimental data were used as calculation input. Right: SMM calculation. The

small peak in reflectance at 1.5 eV is a remainder of the coupled FP-PPR mode

whose linewidth almost vanishes at Bragg distance.

To investigate the evolution of the spectra on increasing layer num-

ber, spectra were acquired after the completion of each layer. These

are shown in the left panel of Fig. 5.8. To compare these results with

calculations, the middle panel of the figure shows spectra calculated by
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the analytical coupling model of eqs. 2.29, 2.66 and 2.67 [131], and the

right panel shows the full scattering matrix method (SMM) results.

The transformation of the spectral shape from a Lorentzian lineshape

in the single layer case to a rectangular band-gap-type lineshape for a

Bragg multilayer stack is pronouncedly observed. The photonic band

gap in the four layer structure, extracted from the reflectance measure-

ment exhibits a spectral width of 815meV, whereas the single PPRwidth

is only 530meV. Both of these values are slightly below the values ob-

tained from the SMM calculations, which yield 1025meV for four lay-

ers and 640meV for a single layer, respectively. In the gap region, the

structure exhibits a very high reflectivity of around 80% experimentally,

while the reflectance in the SMM calculation peaks to almost 100%. The

analytical results in the middle panel seemingly supply a much better

agreement with the experimental spectra in terms of absolute values.

This stems from the fact that for this calculation EPPR as well as Γ0 and

Γ are extractedii from the experimental single layer spectra and used as

calculation input. Deviations between the results obtained from SMM

and experiment predominantly originate from fabrication imperfec-

tions, and the measurement technique using a high-NA Cassegrain

objective, as discussed in the previous chapter.

5.5 analytical modeling : limitations of radiative

coupling

5.5.1 Spectral Broadening

Strikingly, we observe a broad, saturating PBG for already four layers in

the plasmonic structure, while in excitonic structures around 100 oscil-

lators are necessary. Both, the broad spectral width of the PBG and fast

saturation arise from the large dipole moment of the PPR, which results

in a radiative coupling strength exceeding that of a typical excitonic

resonances by about 4 orders of magnitude. Additionally, this efficient

coupling makes the emergence of a PBG in our plasmonic structures far

more robust against nonradiative contributions to the linewidth.

To gain insight into the mechanisms that lead to the formation of

broad PBGs, we study the influence of the coupling strength on band

gap formation within the single oscillatormodel introduced in eqs. 2.66

and 2.67. At Bragg spacing, the layers are sufficiently separated so that

ii see appendix A.3 for details
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near-field coupling effects can safely be neglected and the model is ap-

plicable.

The evaluation of eq. 2.66 requiresmore effort in case of aN-oscillator

system, compared to the dimer system considered before. However, the

fact that only Bragg spacing is investigated leads to a simplification of

the results. The analytical calculation of the reflection amplitudeiii for

the N oscillator system requires a solution of the equation

r(E) = E−1
E+1
= U T ik

2εSp
χ(E)

⎛
⎝
I − ik

2εSp
χ(E)D

⎞
⎠

−1

U . (5.1)

In case of Bragg spacing kzn always evaluatesiv to a multiple of π, there-
fore the matrixD and the vector U are strongly simplified:

Dmn = e
iπ∣m−n∣ = (−1)∣m−n∣

Un = e
iπ(n−1) = (−1)n−1 ,

(5.2)

where for the second equation the first oscillator has been assumed to

be located at position z1 = 0. The major task in order to solve eq. 5.1 is

the inversion of the matrix

A =
⎛
⎝
I − ik

2εSp
χ(E)D

⎞
⎠
=

⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

1 − η η −η ⋯
η 1 − η η ⋯
−η η 1 − η ⋯
⋮ ⋮ ⋮ ⋱

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠

, (5.3)

where the abbreviation η = ikχ(E)/(2εSp) has been utilized. Finding

a general symbolic expression for A−1 requires some effort, as A has

a finite but variable dimensionality N . However, its special structure

facilitates the solution. The calculationv yields

A−1mn = δmn + (−1)m+n
η

1 − Nη
(5.4)

iii the derivation for transmission amplitude is analogous

iv implicitly assuming k ≈ kPPR
v see appendix A.4 for details



106 plasmonic bragg structures

in component notation. Using this, it is possible to evaluate U TA−1U
which yields

U TA−1U =
N
∑
m=1

N
∑
n=1
(−1)m−1

⎛
⎝
δmn + (−1)m+n

η
1 − Nη

⎞
⎠
(−1)n−1

= N + N 2 η
1 − Nη

= N
1 − Nη

.

(5.5)

Inserting this result into eq. 5.1 leads to

r(E) =
N i k

2εSp χ(E)
1 − N i k

2εSp χ(E)
.

Now it is possible to insert the harmonic oscillator susceptibility (eq. 2.30)

which finally givesvi

r(E) = − −iNΓ0

E − EPPR + i(Γ + NΓ0)
. (5.6)

The result of this evaluation is quite straightforward: the reflectance as

well as transmittance amplitude of theN oscillator system at Bragg spac-

ing corresponds to that of a single oscillator with an N times enhanced

radiative width [131, 270–273]. Therefore the observed linewidth of the

coupled system strongly increases on an increase of oscillator number.

In semiconductor QW structures this behavior has been attributed to

a superradiant coupling of the quantum oscillators [271, 272].While the

term superradiance denotes an enhancement of the spontaneous decay

rate of quantum oscillators [286], it has been pointed out by Rehler and

Eberly [260] that the lifetime of a system of N coupled classical dipolar

oscillators is decreased by a factor of 1/N compared to a single oscillator,

which exactly corresponds to an increase of radiative linewidth.

5.5.2 Dephasing Limit to the PBG

The result of eq. 5.6 implies an unlimited growth of the radiative width

with increasing oscillator number N , which obviously cannot be true

vi As in section 4.8 the k/(2εSp) factor is included into Γ0(ω) and for ease of calculation

the ω-dependence is neglected.
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and hence at some point has to become unphysicalvii. Indeed, it relies

on an exact phase coherence of the excitations in different layers. The

total linewidth Γtot(N) = NΓ0 + Γ does not only represent the spectral

width of the radiation, but also governs its spatial extent. Consequently,

a growth in spectral linewidth imposes a limit due to dephasing onto the

re-radiated field, which eventually can become smaller than the sample

dimensions. Thus, the number of oscillators that can be coupled by the

radiation field is limited by the dephasing length

ld =
c
nSp

⋅ ħ
Γtot(N)

= c
nSp

⋅ ħ
NΓ0 + Γ

, (5.7)

where in the latter equality the total linewidth obtained from eq. 5.6 has

been used.

From this, a criterion for the maximum number of oscillators that

still yield a Lorentzian lineshape can be derived. The overall structure

dimension, which is approximately Ndz , has to be smaller than ld. Uti-
lizing the Bragg criterion

dz =
ħcπ

nSpEPPR

leads to

N < 1

π
EPPR

NΓ0 + Γ
. (5.8)

In case of plasmonic oscillators, the radiative linewidth is the major

contribution, thus Γ can be neglected and one can estimate the limiting

number of layers at which still a Lorentzian lineshape is achieved as

Nlim =
√

EPPR

πΓ0
, (5.9)

and the limiting linewidth is

Γlim = NlimΓ0 =
√

EPPRΓ0

π
. (5.10)

vii The assumption k ≈ kPPR in the derivation of eq. 5.6 limits the applicability to spectral

ranges around the resonance frequency.
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5.5.3 Derivation of the PBGWidth in an Infinite Structure

Complimentarily to the considerations above, one can derive a maxi-

mumwidth of the PBG for an infinite structure. Even though only small

layer numbers are considered here, the consideration of the infinite

structure is important, as it governs the ultimate achievable band gap

width. Additionally, it provides another point of view on the problem.

The calculation is similar to the derivation of electronic band gaps

in a perfect crystal structure as it was introduced by Kronig and Pen-

ney [287]. To do so, a transfer matrixM has to be derived for the prop-

agation in one period. The transfer matrix is a 2 × 2 matrix which

connects the propagating fields in period m − 1 to those in period m.

Using the notation of Fig. 2.6 the general form of the problem is [277]

⎛
⎜
⎝
E+m−1
E−m−1

⎞
⎟
⎠
=M

⎛
⎜
⎝
E+m
E−m

⎞
⎟
⎠
, (5.11)

where the E±m are the forward and backward field amplitudes at a certain

point within one period. ThematrixM can be decomposed into a prop-

agation matrix for the spacer layerP , and a reflection and transmission

coefficient matrix T describing the resonant layer, which is assumed

to be infinitely thin. To derive the elements of T one can express the

outgoing field amplitudes as

E−m−1 = tE−m + rE+m−1 E+m = tE+m−1 + rE−m .

Rewriting these such that the left hand side (LHS) only contains the

fields in layerm − 1 and the right hand side (RHS) only those in layerm,

the elements of the matrix are acquired and one can write the matrix

M for a full period

M = T ⋅P =
⎛
⎜
⎝

1

t
− r

t
r
t

t2−r2

t

⎞
⎟
⎠
⋅
⎛
⎜
⎝
e−i kdz 0

0 ei kdz

⎞
⎟
⎠
=
⎛
⎜
⎝

1

t
e−i kdz − r

t
ei kdz

r
t
e−i kdz t2−r2

t
ei kdz

⎞
⎟
⎠
.

(5.12)
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An explicit inclusion of the single layer reflection and transmission

coefficientsviii in eq. 5.12 yields

M =
⎛
⎜
⎝
(1 − iχ(E)) e−i kdz −iχ(E) ei kdz

iχ(E) e−i kdz (1 + iχ(E)) ei kdz
⎞
⎟
⎠
, (5.13)

where for simplicity the factor k/(2εSp) is omitted as it will be included

into χ(E). It is easy to evaluate det(M) = 1, therefore the eigenvalues
ofM can be displayed as λ1,2 = e±iϕ . Using ϕ = Kdz , it is possible to
identify K to be the absolute value of an effective wave vector for the

propagation in the periodic medium. Using the identity

2

∑
n=1

λ i = Tr(M) (5.14)

leads to the equation

cos(Kdz) = cos(kdz) − χ(E) sin(kdz). (5.15)

This equation is well known in the context of infinite periodic prob-

lems and is found in different forms. Often χ is constant, which facili-

tates the analysis. However, in our case χ depends on the energy and

exhibits a resonant character around EPPR.

If the RHS of eq. 5.15 takes values between −1 and 1, K is real-valued

and thus wave propagation is possible. If it exceeds this range, K be-

comes imaginary and no propagating solution is possible, hence leading

to the emergence of a stop band. The criterion for the PBG therefore is

cos(kdz) − χ(E) sin(kdz)
⎧⎪⎪⎨⎪⎪⎩

> 1
< −1

. (5.16)

A proper evaluation of these inequalities requires a case determination

for different spectral regions. As before, χ(E) from eq. 2.30 is used

for the modeling of the oscillators, however, it is necessary to neglect

the nonradiative damping term, Γ = 0, in order to arrive at analytical

expressions. Furthermore, the identities [288]

tan(φ
2
) = 1 − cosφ

sinφ
cot(φ

2
) = 1 + cosφ

sinφ

viii see eq. A.6
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are applied, which yieldsix

X
G

tan( kdz
2
) > 1 (5.17)

−X
G

cot( kdz
2
) < −1. (5.18)

Here, χ(E) = −Γ0/(E − EPPR) has been expressed in terms of the scale

free quantities

X = E − EPPR

EPPR

G = Γ0

EPPR

.

Furthermore, we can make use of

cot x = − tan(x − π
2
) tan x = − cot(x − π

2
)

and rewrite π in the argument utilizing the fact, that the structures are

stacked at Bragg spacing, thus [289] kPPRdz = π, so that the final form
of eqs. 5.17 and 5.18 is

X
G

cot(π
2
X) < −1 (5.19)

X
G

tan(π
2
X) < 1. (5.20)

Equation 5.19 cannot be fulfilled as the LHS is positive irrespective of the

value of G in the considered spectral range X = (−1, 1). From eq. 5.20

we can calculate the width of the PBG, approximating tan x ≈ x, which
yields

E1,2 = EPPR ±
√

2Γ0ωPPR

π

and thus the maximum achievable PBG width

∆Emax = 2
√

2Γ0EPPR

π
. (5.21)

ix This evaluation is valid in the spectral region from E = 0 up to E = 2EPPR . A special

situation occurs at exactly E = EPPR as there the second term on the RHS of eq. 5.15

vanishes and a propagating solution with K = ωPPR/c exists. This might be the reason

for the small remaining peak exactly at EPPR in the spectra of Fig. 5.4.
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Comparing eq. 5.21 to eq. 5.10 one finds, that this exceeds the max-

imum Lorentzian linewidth Γlim by a factor of
√
2, which can also be

interpreted as the maximum linewidth to be achieved for a layer num-

ber of

Nmax =
√
2Nlim =

√
2EPPRΓ0

π
. (5.22)

5.5.4 Comparison to Numerical Data

In order to test these findings we perform SMM calculations. In these we

can artificially tune the oscillator strength of the wires by changing their

widthW and height H. Their spectral position is roughly preserved as

long as a constant aspect ratio is maintainedx.

To avoid influences of the gold d-band absorption the calculations

assume a Drude metal with ωp = 2100THz and γD = 21THz. The other

parameters are kept fixed with respect to the previous sections. A basic

wire geometry ofW ×H = 180nm × 20nm is used as a starting point.

From this the wire size is successively reduced. Furthermore, a slight

adjustment of the vertical spacing dz is necessary.
The resulting reflectance spectra are displayed in Fig. 5.9 for six differ-

ent geometries. For each geometry the layer number N is varied from

one to ten layers. The bottom row (N = 1) nicely displays the growth
of the oscillator strength for increased wire dimensions, which results

in a growing modulation depth of the spectral feature and a spectral

broadening due to increased radiative damping of the oscillator.

For a quantitative analysis the full width at half maximum (FWHM)

is extracted from all reflectance spectra in Fig. 5.9. The results are dis-

played in Fig. 5.10. For all wire geometries the FWHM increases first,

then a saturation of the width sets in. Only for the very small wires

a nearly linear regime of FWHM increase is observed. For larger wires

the saturation is achieved already for relatively low oscillator numbers.

Notably, the FWHM decreases again for large layer numbers, so that the

maximum width is observed close to the onset of saturation. This de-

crease stems from the fact, that for large N a considerable amount of

metal is incorporated in the structure, and therefore the absorption at

the PBG edges grows (see absorbance panel of Fig. 5.5).

x Maintaining a constant aspect ratio provides a good first order approximation. However,

for the calculation of Fig. 5.9 the spectral position is fine tuned by an additional height

variation.
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Figure 5.9. Calculated reflectance spectra for increasing number of layers N
of a Bragg stack with different wire geometries. The widths and heights of the

wires are 30nm × 2.3 nm (red), 50 nm × 4nm (blue), 80 nm × 6.8 nm (green),

100nm × 9nm (orange), 130 nm × 12.8 nm (purple), 150 nm × 15.7 nm (yellow),

and 180nm × 20nm (light red). All calculations use a Drude model for the

gold in order to suppress the increasing material absorption above 2 eV. The

stacking distance is slightly tuned for each geometry in order to exactly match

the Bragg spacing (from left to right dz = 256nm, 254 nm, 254 nm, 250nm,

248 nm, 245 nm, and 241 nm).

It is possible to extract the values of Γ0 and Γ from the single layer

spectra for the respective geometry, using eq. A.9. These values can then

be used to calculate the width limit of the band gap ∆Emax from the

Kronig-Penney calculation, eq. 5.21, as well as the maximum number

of layers due to the dephasing length Nmax according to eq. 5.22. The

former is displayed as horizontal, the latter as vertical dashed lines in

Fig. 5.10.

Both show reasonable agreement with the numerical results. The

maximum layer numbers roughly coincide with the onset of saturation.

For the large wire geometries the values for Nmax seem to be slightly

below the actual onset of saturation, for the small wires the correspon-

dence is more accurate.

The values for ∆Emax agree well with the results for the large wires,

while they overestimate the maximum width for the small wire geome-

tries. This originates from neglecting the nonradiative width in the

derivation of eq. 5.21, and hence the approximation works well for large
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Figure 5.10. FWHM extracted from the spectra in Fig. 5.9. The horizontal

dashed lines indicate the maximum band gap ∆Emax calculated from eq. 5.21,

vertical dashed lines indicate the maximum number of layers that can be cou-

pled Nmax calculated using eq. 5.22.

wires, where the nonradiative linewidth is rather low. For decreasing

wire size it becomes more and more significant, so that the discrepancy

between estimated and calculated width increases with decreasing wire

size.

5.6 bragg-stacked cut-wire structures

Finally, we have to address the question of transferability of the findings.

Up to now all results have been based on the quasi two-dimensional

nanowire geometry introduced in section 4.2. The peculiarity of these

is that a transversal PPR mode (perpendicular to the long axis of the

wire) is excited which leads to a relatively short PPR wavelength with

concurrently high oscillator strength.

To explore the feasibility of Bragg stacked structures for other build-

ing blocks, we consider a Bragg arrangement of Au cut-wires. In the

SMM calculations 250nm long wires with a width of 50nm and a height

of 20nm are arranged in a square lattice with 360nm lateral spacing.
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Figure 5.11. (a) Calculated transmittance, reflectance and absorbance spectra

for cut-wires stacked at Bragg distance for increasing number of layers N . The

wire dimensions are 250nm × 50nm × 20nm. The period is dx = dy = 360nm

with a vertical distance of dz = 510 nm, which corresponds to the first Bragg

distance for this geometry. (b) FWHM values extracted from the reflectance

spectra shown in (a). Just as in Fig. 5.10 the horizontal dashed line indicates

the maximum band gap ∆Emax calculated from eq. 5.21, the vertical dashed line

indicates the maximum layer number Nmax calculated using eq. 5.22. The inset

schematically depicts the structure geometry for N = 3.

Their fundamental PPR is excited by light polarized parallel to the long

axis. Its spectral position is located around 0.8 eV. Even though the

cut-wire length is similar to the width of the extended nanowire struc-

ture considered before, their PPR is considerably red-shifted. Therefore

it is possible to include the gold permittivity values of Johnson and

Christy [112] without the difficulty of approaching the d-band absorp-

tion in this case. As a further consequence, the first Bragg spacing is

achieved for a vertical distance of dz = 510nm, in contrast to 260nm

in the extended nanowires, which implies a substantial increase of the

overall vertical dimensions of the structure.

Spectra for up to six layers of stacked cut-wires are displayed in

Fig. 5.11 (a). The extracted values are shown in panel (b) of Fig. 5.11.

Comparing these to the results of Fig. 5.10 shows an overall similar be-

havior, however, the absolute numbers strongly differ for both cases.

For the stacked cut-wires an overall maximum width of about 0.34 eV

is achieved, while the PBG width of the extended nanowire structures
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exceeds 1 eV. The spectral width of a single oscillator is substantially

lower for the cut-wire samples. Indeed, the FWHM of the single layer

reflectance is only slightly below 0.2 eV, while the single layer spectral

width achieved in Fig. 5.5 is about 0.64 eV. The situation even gets

worse when considering the relative width Γ0/EPPR: due to the pro-

nounced red shift of the cut-wire structure, the relative width is as low

as Γ0/EPPR = 0.1 while it slightly exceeds 0.2 for the extended wires.

Consequently, the extended wires exhibit a more than double relative

width compared to the cut-wires. This is the reason for the emergence

of the octave-wide PBG in the extended nanowires Bragg stack.

As a result, the Bragg scheme can be straightforwardly transferred to

different plasmonic building blocks. However, large PBGs are achieved

by building blocks which provide especially large oscillator strengths.

In case of the cut-wires, the enhancement of oscillator strength would

be possible by a length increase, which in turn would yield a further red

shift of the PPR. An increase of width or heightmight be a better strategy

in this case, as this would shift the PPR to the blue while enlarging the

oscillator strength. Potentially, there also might be different building

block designs to accomplish this.

5.7 conclusion

This chapter has covered Bragg-stacked arrangements of plasmonic

building blocks. In this special arrangement, the vertical spacing dz
is matched to the plasmonic resonance wavelength. As a consequence,

the re-emitted fields of the oscillators interfere constructively in for-

ward direction and destructively in backward direction, which yields

high reflectance and low transmittance over a broad spectral region.

We have investigated similarities as well as differences between this

type of resonant structures and passive photonic crystals, which con-

sist of a periodic refractive index modulation achieved by a multilayer

dielectric arrangement. In a dielectric structure, the band gap region is

limited by the refractive index contrast, which in most cases has to be

kept quite low in order to avoid absorption. The plasmonic structure

effectively provides an increased refractive index contrast with very low

absorption.

A Bragg-stacked structure consisting of four layers of plasmonic

nanowires has been experimentally realized. Upon increase of the layer

number from one to four layers an increase of the spectral response of

the coupled system is observed. Additionally the spectral shape changes
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from a Lorentzian lineshape to a rectangular one, which is characteris-

tic for a photonic band gap. A broad photonic band gap spanning about

0.8 eV was experimentally observed for a structure consisting of four

layers, with a maximum reflectance of approximately 80%.

The phenomena can be described analytically by using the coupled

oscillator model introduced earlier. The understanding of the limita-

tions to the photonic band gap width has been approached from two

different points of view. On the on hand the coupling limitation due to

the dephasing length in the particles has been examined, on the other

hand, the ultimate photonic band gap width for an infinite structure

has been calculated. In the former case a maximum number of layers

is obtained, the latter case provides a maximum spectral width. It is

noteworthy, that the dephasing length can also be understood in the

(semi-)infinite structure in terms of a penetration depth which is re-

trieved from the imaginary part of the effective wave vector K.
Finally, the transferability to building blocks other than the extended

nanowire structure has been studied. It is straightforward to transfer the

findings to other geometries, however, the initial broad spectral width

provided by the extended wires is the main reason for the observation

of the very broad photonic band gaps in our Bragg stacks [290].

The effortless tunability of the oscillators in contrast to atoms or quan-

tum well structures allows for a flexible and easy tailoring of very broad

photonic band gaps.

º



6COUPLING IN THE INTERMEDIATE REGIME: THE

CLASSICAL ANALOG OF ELECTROMAGNETICALLY

INDUCED ABSORPTION

6.1 introduction

As the previous chapters have been entirely devoted to plasmonic cou-

pling in its limiting cases of either purely quasistatic or purely radiative

interaction, this chapter will deal with an interesting case of coupling in

the intermediate regime between both. Near-field interaction is charac-

terized by the complete absence of radiative or wave effects, this means

that propagation phases are meaningless. In contrast, radiative interac-

tion is solely described by far-field effects. It is assumed that the near

fields of the oscillators have decayed sufficiently to not mediate any

interaction and therefore, their complete absence is assumed.

In this chapter we will discuss a structure in which both, near- as well

as far-field coupling effects take place at the same time. A plasmonic

dipole wire coupled to a quadrupolar wire pair will exhibit features of

radiative coupling such as a retardation phase between oscillators, while

at the same time excitation of the quadrupole oscillation is possible,

which is a near-field effect.

This introduces the ability to manipulate the phase shift between two

coupled plasmonic resonances in a controlled fashion. We theoretically

and experimentally demonstrate that in the intermediate regime the

coupling of a broad dipolar to a narrow dark quadrupolar plasmon

resonance is possible while simultaneously allowing for a retardation-

induced phase shift. The additional phase will be used to tune the in-

teraction phase of the oscillators and change the destructive interfer-

ence which is present in the plasmonic analog of electromagnetically

induced transparency (EIT) [215] to constructive interference and hence

increased absorption. This system exhibits similarities to the atomic

physics effect of electromagnetically induced absorption (EIA) and thus

will be termed the classical analog of EIA.

First, a short review of EIT in atomic and classical systems is given,

then the plasmonic analog of EIT will be discussed, followed by the

presentation of the classical analog of EIA.

117
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6.2 eit and eia in atomic systems

iφκe

ω


γ

γ
δ



retarded interaction

En
er

gy



Figure 6.1. Three-level model scheme for the system. The energy level ∣ 1⟩ can

be excited from the ground level ∣ 0⟩ by a bright transition with a large dipole

moment and is simultaneously coupled to a dark state ∣ 2⟩. In a usual EIT

system the coupling parameter κ is real. If it is possible to apply an additional

phase factor e
iφ
, for example by using a retarded coupling mechanism, the

type of interference between both pathways can be changed from destructive

to constructive, resulting in either EIT or EIA.

EIT is an inherently quantummechanical effectwhich occurs in specif-

ically prepared atomic three-level systems [291]. It was first proposed

and experimentally realized by Harris and co workers [292, 293]. Usu-

ally, a Λ configuration as depicted in Fig. 6.1 is used. The energy level ∣ 1⟩
is coupled to the ground state ∣ 0⟩ by a bright dipole-allowed transition
with resonance frequency ω0. At the same time, it is coupled to a dark

state ∣ 2⟩whichmight be detuned by a shift δ. The coupling is mediated

by an additional coupling field provided by an additional laser which

ensures the coherence of both levels. The direct excitation ∣ 0⟩→ ∣ 2⟩ is
dipole-forbidden, therefore its decay rate γ2 is smaller than the bright

transition rate γ1. However, the coupling of the levels ∣ 1⟩ and ∣ 2⟩, de-
scribed by the coupling parameter κ exp(iφ), allows for a population
of state ∣ 2⟩ which will cause a back action and an excitation of level

∣ 1⟩. Overall this level scheme allows for two different excitation path-

ways leading to an occupation of the dipole allowed state ∣ 1⟩: the direct
transition ∣ 0⟩→ ∣ 1⟩ and the indirect one ∣ 0⟩→ ∣ 1⟩→ ∣ 2⟩→ ∣ 1⟩.
If the interference between these both pathways is destructive, the

excitation ∣ 0⟩ → ∣ 1⟩ is not possible, light will not be absorbed and a

narrow transmission peak opens up. As the coupling between level ∣ 1⟩
and ∣ 2⟩ and thus the possibility of interference is mediated by the cou-
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pling laser field the effect is termed electromagnetically induced trans-

parency (EIT).

EIT can be considered as a special case of a Fano resonance [133].

While the general Fano resonance formula describes amultitude of phe-

nomena which can be explained by the interference of excitation path-

ways, and thus results in a variety of different asymmetric lineshapes,

EIT is a special case for perfect destructive interference of two excitation

paths and yields the typical spectral shape of a narrow transmittance

window imposed onto a broad dipolar transmittance lineshape.

A complementary process to EIT would be the enhancement of ab-

sorption in an atomic system by a coherent effect. In atomic physics,

this has been realized using degenerate two-level systems and has been

termed electromagnetically induced absorption [294–297]. In this case

two branches of the degenerate ground state form the two lower levels

of the Λ system. When driving the system with a coupling laser, a nar-

row, sublinewidth peak of enhanced absorbance is observed on top of

the broader dipolar absorbance peak.

6.3 eit in classical systems and plasmonics

Even though EIT is a quantum mechanical effect involving interference

of probability amplitudes, EIT-like effects can be observed in classical

systems such as plasmas [298, 299] and even in very fundamental sys-

tems like coupled mechanical oscillators and LC resonators [300, 301].

The realization of EIT in classical optical systems is of particular inter-

est. There it emerges from the interference of the normal modes rather

than from quantum interference of excitation probabilities. This was

first realized using evanescently coupled high-Q microresonators [302–

307], and recently in metamaterials [155, 308, 309] and plasmonic struc-

tures [96, 134, 147, 150, 215, 216, 310, 311]. An effect similar to EIT and EIA

is the so-called superscattering, where the higher modes of a structure

are tuned such that their scattering amplitudes overlap with their fun-

damental dipolar mode and therefore substantially contribute to the

total scattering of the particle. This leads to a narrow scattering peak

on top of the broad dipolar scattering resonance. However, this only

has been predicted theoretically up to now [312–314].

Besides the physical peculiarity of the EIT effect itself, there are nu-

merous applications which make it very useful and therefore a realiza-

tion in systems other than cold atomic gases would be very convenient.

For example it can be harnessed to enhance nonlinear interaction in
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optical media [291], for dispersion engineering, in particular the real-

ization of slow light [302, 305, 307] or delay lines [307, 309], reduction

of losses [308], or plasmonic sensing with narrow linewidths [96].
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Figure 6.2. Geometry parameters of the structure. The phase difference be-

tween dipole and quadrupole can be tuned by changing the vertical spacing

dz .

In a classical system EIT is realized by modeling bright and dark tran-

sition by oscillators with different damping constants. Particularly, in a

plasmonic system the transitions are represented by metallic cut-wires:

a quadrupolar cut-wire pair, which exhibits no net dipole moment and

therefore does not couple to the far field, is used for the dark transition

and a dipolar cut-wire is used for the bright transition. A schematic

of the stacked structure is depicted in Fig. 6.2, where also the relevant

dimensions are introduced. In contrast to EIT in atomic physics, where

a probe laser is used to monitor the spectral response of the system,

the effect can be directly observed by acquiring white light spectra of

the structure with light polarized parallel to the dipolar wire. Further-

more, the coupling between both oscillators is not mediated by the use

of a coupling laser but rather by the plasmonic near fields of the oscil-

lators themselves. Hence it is favorable to maximize the (near-field)

coupling strength between quadrupole and dipole. In contrast to a pla-

nar side-by-side arrangement [216] a stacked arrangement exhibits a

substantially higher coupling strength and therefore an increased mod-

ulation depth for the effect [215]. The coupling strength can be tuned

by varying the offset parameter S. For s = 0nm no coupling between

dipole and quadrupole is possible due to symmetry considerations. For

increasing offset, an excitation of the quadrupole via the near field of

the dipole is possible. Therefore the near-field coupling strength, rep-
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resented by S, is analogous to the coupling laser field strength Ωc in

atomic systems.

6.4 modes of the eit structure

To investigate the basic principles of the structure Fig. 6.3 displays a set

of field calculations for different frequencies of incoming light, namely

at both transmittance dips (150THz and 201THz) and at the EIT peak

(176THz). The z component of the electric field in planes slightly above

the corresponding oscillators is displayed. This field component corre-

sponds to the normal field on the respective surface, which is tightly

connected to the charge distribution and therefore plasmon oscillation

within the wires. As structural parameters the values of Liu et al. [215],

L1 = 315 nm, L2 = 355 nm, H1 = H2 = 40nm, W1 = W2 = 80nm,

dz = 30nmi, g = 220nm, and S = 120nm are used. The periodicity is

700nm in both directions.

Fig. 6.3 (a) shows the calculated transmittance spectrum which ex-

hibits the characteristic shape of a window of high transmittance on

top of the broader dipolar transmittance dip. Fig. 6.3 (b-d) shows the

amplitude of the electric field z component on a plane slightly above the

dipole and quadrupole. Temporally, the fields are displayed at the point

of maximum field intensity. For the points of minimum transmittance,

i.e., at frequencies of (b) 150THz and (d) 201THz one can observe two

of the expected modes [214, 315] in a coupled three-particle system:

both quadrupole wires oscillate exactly antipodal due to symmetry and

excitation mechanism. Therefore they exhibit a typical quadrupolar

charge distribution which cancels in the far field and hence this mode

cannot couple to far-field radiation on its own.

The polarization of the dipole wire takes two orientations with re-

spect to the quadrupole: in case of (b) the quadrupolar and dipolar

wire end which are faced towards each other exhibit opposite charges,

analogous to the antisymmetric mode in wire pairs. Therefore, this

mode will be referred to as the antisymmetric mode of the structureii.

The electrostatic energy is decreased, therefore this mode is red shifted

from the single oscillator resonance positions. In case of (d) the nano-

wire ends facing toward each other exhibit equal charges, which resem-

i Here dz is defined as the pure spacer layer thickness, in contrast to the paper by Liu

et al. [215].

ii Unlike in the wire pair case, the modes do not exhibit real symmetry or anti-symmetry.

Nevertheless, this naming is intuitive by considering the analogies to the wire pair case.
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Figure 6.3. (a) Calculated transmittance spectrum of the EIT structure with

arrows indicating the spectral positions at which electric field calculations (b-

d) were performed. (b-d) Calculated z component of the electric field for the

EIT structure with dz = 30nm for different spectral positions, (b) 150THz, (c)

176THz and (d) 201THz. At the transmittance minima a characteristic anti-

symmetric (b) and symmetric (d) field distribution is observed. Interference

between these two modes of the structure leads to the cancellation of dipole

oscillation in case of (c) and hence the observation of the EIT peak. The bottom

row shows a schematic of the charge distribution for the different situations.

bles the symmetric mode of a wire pair, thus the resonance position is

blue-shifted and the mode will be referred to as the symmetric modeii.

Between these modes, namely at the transmittance peak, almost no

field intensity is observed at the dipole and only the quadrupole wires

exhibit a plasmonic oscillation. This is depicted in the field plot for a

frequency of 176THz. It is possible to interpret this in terms of a de-

structive interference of the twomodes. In this picture, the cancellation

of the dipole wire plasmon oscillation is a direct analog to the inhibited

population of state ∣ 1⟩ due to the destructive interference of probability
amplitudes, thus the effect can indeed be termed the classical analog of

EIT.
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6.5 phase tuning and the transition to eia

To realize EIA it is necessary to change the destructive to a constructive

interference. In an atomic system special care has to be taken in order

to achieve this. However, the realization for classical oscillators appears

quite straightforward: one can simply tune the oscillator phases in order

to change the type of interference between them. While this again is a

quite challenging task for mechanical oscillators connected by springs,

in an optical system retardation is present and can be harnessed for

phase tuning by increasing the vertical distance of the building blocks.

Analogous to the previous chapters, the behavior of the system will

be examined by calculating the spectra for different vertical distances dz
between dipole and quadrupole. Fig. 6.4 (a) shows calculated transmit-

tance, reflectance, and absorbance of the structure for the dimensions

stated above. The offset is S = 120nm which corresponds to maximum

coupling strength between dipole and quadrupole. To display the pure

effect undisturbed by nonradiative damping due to ohmic losses in the

metal, the damping parameter in the Drude model for gold has been

reduced to γD = 1 THziii.

For small dz the transmittance graph shows the typical behavior of

the EIT structure with a narrow transmittance peak imposed onto the

dipolar transmittance dip. Remarkably, for very low distances the spec-

tra looks similar to a conventional near-field splitting in a dimer struc-

ture. The increasing spectral splitting for these very low distances stems

from the increased coupling strength and also is present in atomic sys-

tems where it is termed Autler-Townes-Splitting.

On increased vertical spacing the near-field coupling strength is de-

creased and the spectra resemble a case of badly tuned EIT, as the mod-

ulation of the transmittance peak becomes smaller. However, a pro-

nounced difference in transmittance and reflectance can be observed:

The modulation of the dip in reflectance is much stronger than that

of the peak in transmittance, indicating that there is a change in ab-

sorbance. This can be seen in the absorbance spectra in the right panel

which are calculated using A = 1 − T − R. At the quadrupole reso-

nance position a very strong and narrow peak of increased absorbance

is observed. This effect is maximum for a vertical spacing of approxi-

mately dz = 260nm, as can be seen from the cross section plot below

the absorbance graph. The retardation phase at this point is matched

iii See definition in section 2.3.1.
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Figure 6.4. (a) Color-coded calculated transmittance, reflectance and

absorbance spectra for increasing vertical spacing dz between dipole and

quadrupole and maximum coupling strength. (b) Calculated transmittance

(solid) and reflectance (dashed) and (c) absorbance for the EIA structure with

an increasing offset S = 0nm to 120nm and a vertical spacing of dz = 260nm.

To show the effect unhampered by nonradiative damping, the damping coef-

ficient in the Drude model is set to γD = 1 THz in this calculation. The two

spectral shifts between 300nm and 350nm in (a) arise due to numerical arti-

facts.

to obtain constructive interference and the absorbance is increased due

to the coupling between dipole and quadrupole.
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For this vertical distance, calculated transmittance and reflectance for

varying offset S and thus coupling strength are displayed in Fig. 6.4 (b).

The resulting absorbance is shown in (c). In case of symmetric arrange-

ment (S = 0nm, bottom row) coupling between dipole and quadrupole

is not possible and only the dipolar absorbance is observed. As ohmic

losses have artificially been reduced, the absorbance is rather low, with a

maximum peak height of only 3%. By increasing the offset of the dipole

the coupling strength increases and a sharp absorbance feature at the

quadrupole resonance position emerges on top of the dipole peak. This

yields a double-Lorentzian lineshape. At this peak, the absorbance is

substantially enhanced to an absolute value of 49%, which corresponds

to an enhancement of more than one order of magnitude.

The spectra in Fig. 6.4 (c) correspond very well to those observed in

atomic EIA systems [294–296], with a very narrow peak that is substan-

tially increased in height, compared to the pure dipolar absorbance. To

transfer this concept to plasmonics, however, it is important to note,

that ohmic losses in the plasmonic system constitute an additional loss

mechanism which is not present in atomic systems. This loss imposes

a lower limit for the achievable linewidth in a plasmonic system [216]

and therefore the appearance of the spectra substantially changes. Still,

the underlying mechanism is valid for high damping values as well.

Fig. 6.5 shows calculations analogous to Fig. 6.4 with a realistic damp-

ing parameter, γD = 20THz. The spectra show two distinct differences

with respect to the idealized calculations of Fig. 6.4: first, the overall

dipolar absorption is strongly increased. While in the former case the

pure dipolar absorption was 3% it is now around 34%. As the maxi-

mum absorbance in the coupled case is not substantially altered and

still is around 50%, the allover change in absorption strength is less

dramatic. Second, the linewidth strongly changes. The low damping

spectra exhibit a nice double-Lorentzian shape due to the strong dif-

ference in linewidths (γ1/γ2 ≈ 30) which cannot be easily observed

for high damping. The reason is the additional nonradiative damping

which strongly broadens the quadrupolar resonance, leading to a ratio

of only γ1/γ2 ≈ 2.

6.6 experimental realization

As discussed in the previous section, an experimental observation of the

EIA effect is hampered by the spectral broadening due to nonradiative

ohmic losses in the gold. Consequently, to improve the observability of



126 the classical analog of eia

T R

@ THz

(a)

(b) (c)

Fr
eq

ue
nc

y 
(T

H
z)









d  (nm)z

   
d  (nm)z

  

d  (nm)z

   

A

.
.
.

 . . . . 

Tr
an

sm
itt

an
ce

 / 
Re

fle
ct

an
ce

.

.

.

.

.

.

.

.

.

Frequency (THz)
  

A
bs

or
ba

nc
e

.

.

.

.

.

.

.

.

.

.

.

Frequency (THz)
  

S 
= 

 
nm

S 
= 


 n

m
S 

= 


 n
m

S 
= 


 

nm

A (×)

Figure 6.5. (a) Color-coded calculated transmittance, reflectance and

absorbance spectra for increasing vertical spacing dz between dipole and

quadrupole and maximum coupling strength. (b) Calculated transmittance

(solid) and reflectance (dashed) and (c) absorbance for the EIA structure

with an increasing offset S = 0nm to 120nm and a vertical spacing of 140nm.

In this calculation a realistic gold damping coefficient in the Drude model,

γD = 20THz, is assumed. The spectral shift slightly above 300nm in (a) arises

due to a numerical artifact.

the effect, it is desirable to reduce the bare dipolar absorbance compared

to that of the quadrupolar mode. This is accomplished by changing the

wire geometry: we increase the widthW2 and height H2 of the dipole

wire, preserving the spectral position by tuning the length L2. Doing so
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leads to a change in the proportion of scattering and absorbance. This

is evident by comparing the absorbance spectra in Fig. 6.5 and Fig. 6.8

for offset S = 0nm. Absorbance is reduced from 34% in the first case

to only 20% for the structure with the larger dipole wire. Similarly, the

absorbance of the quadrupole can be increased by reducing its wire

cross section, still preserving the spectral position by tuning the length

L1. Additionally, a slight detuning δ of the spectral positions of dipo-

lar and quadrupolar mode is desirable, as this further facilitates the

observation of the double-Lorentzian lineshape.

For this new, detuned geometry with quadrupole dimensions of L1 ×
W1×H1 = 375 nm × 65nm × 40nm, g = 220nm, and dipole dimensions

of L2 ×W2 ×H2 = 420nm × 120nm × 40nm, calculated transmittance,

reflectance, and absorbance for full offset S and increasing vertical dis-

tance are shown in Fig. 6.6. The top row shows the calculations for

γD = 20THz while the bottom row displays the idealized calculations

with γD = 1 THz.

First, the case of high damping (top row) will be discussed. As is evi-

dent from the calculations, changing the geometry of the wires strongly

alters the appearance of the spectra: these are not symmetric any more.

For the dipole wire the absorbance is reduced, hence the symmetric

(blue shifted) mode of the structure, i. e., the one with a huge dipole

moment, is attenuated in absorbance and appears more pronounced in

reflectance. The opposite holds true for the antisymmetricmode, which

exhibits a more efficient coupling to the quadrupolar resonance due to

its charge distribution (compare Fig. 6.3 (b)). Decreasing width and

height of the quadrupolar wires here leads to a strong increase in ab-

sorbance, hence themode shows up strongly pronounced in absorbance

and rather weak in reflectance. The enhancement of absorbance shifts

to significantly lower vertical spacings and the absorbance difference

for dz = 30nm and dz = 90nm is less pronounced compared to the

non-detuned situation. Still the difference in modulation depth of re-

flectance dip and transmittance peak is observed resulting in a sub-

dipole-linewidth absorbance feature in the spectrum. The optimum

vertical distance is found by comparing the absorbance peak for full

(S = 120nm) to that of zero offset. It occurs around dz = 90nm. To

confirm these findings, also the low gold damping case is calculated

for the detuned system. The spectra in the bottom row of Fig. 6.6 dis-

play the characteristic behavior for the system (compare Fig. 6.4 (a)),

even though the asymmetry of the spectral features is also observable.

Hence, as already stated before, the main obstacle in the observation of
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Figure 6.6. Calculated transmittance, reflectance, and absorbance for increas-

ing vertical distance dz with a spectral detuning between dipole and quadrupole

for a gold damping value of γD = 20THz (top row) and γD = 1 THz (bottom

row). The spectral as well as scattering strength detuning leads to strongly asym-

metric spectra, especially in case of high damping. However, the EIA effect is

still present, which is more pronouncedly observed in the bottom row.

the effect are the ohmic losses in the gold. But also for realistic damping

values, it should be possible to observe it in the detuned structure.

To experimentally support the findings a sample with several arrays

of structures was fabricated using a two-step electron beam lithography

process. Quadrupole and dipole sizes are approximately matched to the

dimensions of the detuned structure. The spacer layer is dz ≈ 100nm
thick. The array size is 90 µm × 90µm for each field. The offset S is var-
ied from field to field in order to examine different coupling strengths.

Due to limited overlay accuracy, the offsets of the fabricated structures

have to be measured after fabrication. These are determined to be

S = 30nm, 45 nm, 60nm, and 150nm. A scanning electronmicrograph

of the fabricated structure with maximum offset is shown in Fig. 6.7.
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 nm

 nm

Figure 6.7. SEM micrograph of the fabricated structure with maximum offset

S. The inset displays one unit cell.

This image shows the large difference in wire sizes for the dipole and

the quadrupole.

Reflectance and transmittance measurements for the different offsets

are performed by Fourier-transform infrared spectrometer (FTIR) mea-

surement using a liquid nitrogen cooled Mercury Cadmium Telluride

(MCT) detector. As absorbance will be calculated from the measure-

ments of transmittance and reflectance, great care in the alignment

and during the measurement has to be taken to achieve quantitatively

comparable results in both measurements. The acquired spectra are

shown in the left panel of Fig. 6.8 (a). For comparison, calculations are

displayed in the right panel.

The resulting absorbance spectra are displayed in Fig. 6.8 (b). In

these graphs the double-Lorentzian spectral shape is well pronounced.

For maximum offset S the experimentally observed peak absorbance

is 38% compared to 28% in the uncoupled case which corresponds to

an enhancement of roughly 35%. In the calculations, this difference

is even more pronounced with a peak absorbance of 44% versus 20%,

which corresponds to an increase by more than 100%. However, the

enhancement of the absolute value of absorbance is not the crucial point,

as this always can be incorporated by introducing additional losses. In

this case the spectral width of the absorbance feature is smaller than

the pure dipolar absorbance peak.
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Figure 6.8. (a) Measured (left) and calculated (right) transmittance spectra

(solid) and reflectance spectra (dashed) for different offsets S. (b) Correspond-

ing measured (left) and calculated (right) absorbance. For increased offset S
and therefore increased coupling strength between dipole and quadrupole, a

narrow absorbance dip originating from the excitation of the quadrupole ap-

pears. The minimum offset absorbance curve is shown in every graph in light

gray for comparison. Simulated spectra are shown for offsets of 0 nm, 40nm,

80nm, and 120nm.

6.7 analytical modeling

6.7.1 Coupled Oscillator Model

Analogous to the straightforward description of EIT in terms of classical

oscillators [300, 316] the coupled oscillator model is also appropriate to

describe EIA. The system shown in Fig. 6.9 is described by two coupled

second order differential equations

ẍ1(t) + γ1 ẋ1(t) + ω2
1 x1(t) − κ̃′x2(t) = f ′ext(t)

ẍ2(t) + γ2 ẋ2(t) + ω2
2x2(t) − κ̃′x1(t) = 0,

(6.1)

where dipole and quadrupole are represented by oscillator 1 and 2, re-

spectively.

Only the dipole couples directly to the radiation field f ′ext(t). Crucial
to the description of EIA is the use of a complex coupling coefficient κ̃′ =
κ′ exp(iφ)which is necessary to model the phase retardation effect. Us-
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Figure 6.9. Mechanical schematic of the coupled oscillator model for two oscil-

lators with damping constants γ i = D i/m and γ2 ≪ γ1 , coupled by κ̃′ = κ̃′′/m.

Only the left oscillator is excited by the external force. For the implementation

of EIA κ̃′ has to be complex.

ing the harmonic ansatz xj(t) = aj exp (−iωt), f ′ext(t) = f ′ exp (−iωt)
and the approximation

ω2
j − ω2 − iωγ j

ω≈ω j≈ω0≈ −2ω0 (ω − ω j + i
γ j

2
) =∶ −2ω0Ω j (6.2)

which is valid for ω ≈ ω j ≈ ω0, the system can be simplified to

⎛
⎜
⎝
−2ω0Ω1 −κ̃′
−κ̃′ −2ω0Ω2

⎞
⎟
⎠

⎛
⎜
⎝
a1
a2

⎞
⎟
⎠
=
⎛
⎜
⎝
f ′

0

⎞
⎟
⎠
. (6.3)

The solution is found by matrix inversion

⎛
⎜
⎝
a1
a2

⎞
⎟
⎠
= 1

κ̃′2 − 4ω2
0Ω1Ω2

⎛
⎜
⎝
2ω0Ω2 f ′

−κ̃′ f ′
⎞
⎟
⎠
. (6.4)

From this equation it is evident, that the quadrupolar oscillator is

excited only via the coupling to the dipole: the second oscillator ampli-

tude a2 is proportional to the external field multiplied by the coupling

coefficient. The absorbance of the system is calculated as the dissipated

power, which yields

A(ω) = Im 2ω0Ω2 f ′

κ̃′2 − 4ω2
0Ω1Ω2

. (6.5)

Identifying Ω1 = ω −ω0 + iγ1/2 and Ω2 = ω −ω0 + δ + iγ2/2 alongside
with normalized values κ̃ = κ̃′/(2ω0) and f = f ′/(2ω0) one arrives at

A(ω) = Im fΩ2

κ̃2 −Ω1Ω2

. (6.6)
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This equation is formally identical to those derived previously [215,

216, 291, 300, 315], except for the complex coupling coefficient κ̃. The

consequences of this complex coupling coefficient are discussed in

Fig. 6.10. In this plot matrix, eq. 6.6 is shown for different values of

κ and φ. For φ = 0 (left column of Fig. 6.10) the spectra for a real cou-

pling parameter are shown and therefore the typical behavior of the

EIT effect—a dip emerging on the broad dipolar absorbance feature—is

observed. The upper row of Fig. 6.10 shows the spectra for almost van-

ishing coupling strength κ, where basically only the dipolar absorbance
is present. For intermediate coupling strengths (κ = 0.1), a transforma-

tion from a small dip in the absorbance for φ = 0 to a small peak on

top of the absorbance for φ = π/2 can be observed. However, this peak

does not simply emerge out of the dip, but a rather complex behavior

takes place. In the next row, κ = 0.2, this effect is more pronounced.

The narrow peak emerges from the right maximum next to the dip,

grows and is most pronounced at exactly φ = π/2. At this φ value, it is

furthermore symmetric around ω = ω0.

φ = 0 φ = π/8 φ = π/4 φ = 3/8 π φ = π/2
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Figure 6.10. Numerical evaluation of the analytical coupled oscillator formula,

eq. 6.6, with a complex coupling coefficient κ̃ = κ exp (iφ) for different combi-

nations of κ and φ. All quantities are dimensionless. The other parameters are

ω0 = δ = 0, f = 1, γ1 = 1 and γ2 = 0.2.
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For the parameter range from φ = π/2 to π the spectra look identical

but mirrored about the ω = ω0 axis. This is a characteristic Fano behav-

ior as observed in section 2.6, where the extreme case of a symmetric

dip is realized for φ = 0 and the extreme case of a symmetric peak for

φ = π/2.
An interesting situation occurs for large coupling strengths, as can

be seen in the last row of Fig. 6.10: increasing the coupling strength be-

yond κ >
√
γ1γ2/4 leads to negative absorbance. Such a phenomenon

of A < 0 has also been reported in atomic EIA spectra [297]. There this is

not a problem, as the atomic system is usually pumped by the coupling

laser and therefore gain might be possible. However, in a plasmonic sys-

tem, this would break energy conservation. In the coupled harmonic

oscillator model, the situation of strong coupling with φ = π/2 corre-
sponds to a strong force which is exerted on the second particle in the
wrong direction. This cannot occur in a real system. In the same man-

ner, some mechanism in the radiatively coupled system has to ensure

energy conservation, so that this situation is somehow prevented.

6.7.2 Fits to Experimental and Calculated Spectra

It is possible to fit eq. 6.6 to the experimental as well as to the calculated

spectra. These are shown in Fig. 6.11. The parameters retrievediv from

both fits are given in table 6.1. Even though the fitting to the calculated

spectra is more robust as the effect is more pronounced and can be

observed unhampered by experimental difficulties such as noise and

inhomogeneous broadening, there is reasonable qualitative agreement

between both, the parameters extracted from the experimental and the

calculated data. As expected, increasing the offset S yields an increase

in the coupling parameter κ. For maximum offset, κ exceeds the dark

mode linewidth in the calculated data, hence the coupling from the

dipole to the quadrupole is stronger than the dissipation processes in

the metallic quadrupole wires. This is less pronounced in the experi-

mental data, still at least κ and γ2 are of similar magnitude. The phase

parameter φ also changes for increasing offset, starting from approxi-

mately π for the lowest offset and going to a final value of approximately

0.7π. This trend is quite exactly reproduced in both parameter sets.

There is no straightforward explanation why φ ends up at an odd value

iv In order to keep the fitting parameter space small for the experimental fits, the parameters

ω0 and δ are determined directly from the curve and kept fixed.
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instead of a more intuitive one such as a multiple of π/2 or π. How-
ever, one has to keep in mind, that the system is more complex than

suggested by the model, consisting of three oscillators of which each

possesses several loss channels, thus the maximum of absorption does

not necessarily occur for a phase which is intuitively expected.
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Figure 6.11. (a,b) Fit curves (dashed) of the coupled oscillator model with

complex coupling coefficient (eq. 6.6) to the (a) experimental and (c) calculated

absorbance spectra (solid gray). (c,d) Retrieved fit parameters κ, φ, γ1 , and γ2 .
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experiment theory

a b c d 0nm 40nm 80nm 120nm

κ – 5.5 7.6 9.3 – 8.2 11.6 13.0

φ – 1.0 0.9 0.7 – 0.9 0.8 0.7

γ1 21 22 20 18 25 23 20 18

γ2 – 8.2 10 13 – 6.8 9.2 11

f 6.1 7.0 7.2 8.0 4.9 5.3 6.1 6.6

ω0 188 188 188 188 170 170 168.0 167

δ – 13 13 13 – 16 12 10

Table 6.1. Fit parameters obtained from experiment and simulation using

eq. 6.6. All parameters except φ are given in THz, φ is given in multiples of π.

As an example, one would expect constructive interference for a

phase delay of multiples of π—including 0. Still, the near-field coupled

EIT system obviously exhibits destructive interference instead, which

indicates that the concept of planewave interference is not directly appli-

cable to this system of coupled oscillators in the intermediate coupling

regime, in which near-field coupling effects still play a role.

Finally, the fitting parameters show that the quadrupolar linewidth is

in fact smaller than the dipolar linewidth, which is already obvious from

the spectra. However, it is of interest that the dipolar linewidth consis-

tently decreases with increasing coupling strength, while the quadrupo-

lar linewidth increases. In the naive coupled oscillator picture these

parameters should be constant as they are inherent oscillator proper-

ties and all coupling effects should be included within κ.
This indicates that the coupled harmonic oscillator system is indeed

a good model system which captures the major features for the descrip-

tion of the effect, but the real system possesses a higher degree of com-

plexity and therefore the model does not capture all of the details.

6.8 electric field distribution in the eia structure

To further investigate the phase behavior of the oscillators, we perform

electromagnetic field calculations for the structure. In the calculation

the detuned geometry with a vertical spacing of dz = 100nm and an
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offset of S = 120nm is used. The field is calculated at a frequency of fq =
152THz which corresponds to the quadrupole resonance frequency of

the detuned structure.

As the EIA structure intrinsically depends on retardation effects, the

field has to be evaluated in different planes perpendicular to the light

propagation axis, as indicated by Fig. 6.12 (a). Additionally, the field

maxima at the dipole and the quadrupole do not necessarily occur at the

same time due to retardation effects, hence the time-dependent fields

have to be considered. Thus, four different images of the z component

of the calculated electric field are displayed in Fig. 6.12 (b), for different

planes, z = 211 nm and z = 51 nm, as well as phases of the light field

ωq t = 2π fq t. The latter are chosen by determining the maximum field

strength at the dipole and the quadrupole. The field amplitude at the

dipole reaches its maximum value for ωq t = 1.24π, whereas the field
amplitude at the quadrupole is maximum for ωq t = 1.74π. For both
maxima the field at the respective other oscillator is very low, indicating

an out-of-phase oscillation of dipole and quadrupole.

Comparing this field distribution to the ones obtained for the near-

field-coupled EIT structure (see Fig. 6.3) the main difference between

both cases can be observed: In case of EIT the dipole excitation is can-

celed due to interference. At the quadrupole resonance frequency no

net plasmon oscillation is excited in the dipole wire, thus leading to

high transmittance through the structure. In contrast, for EIA the result-

ing effect is an out-of-phase oscillation of quadrupole and dipole. This

phase offset can be observed more clearly in Fig. 6.12 (c) where the field

intensity at two distinct points (indicated by circles in Fig. 6.12 (b)), at

the tip of the quadrupole (blue) and the dipole (red) are shown as a

function of time. The quadrupole phase lags behind that of the dipole

by π/2, therefore the amplitude at one oscillator is zero for maximum

Figure 6.12 (facing page). (a) Schematic for the planes, in which field calcu-

lations are shown. (b) Calculated z component of the electric field above the

dipole (top row) and the quadrupole (bottom row) for dz = 100nm. Maximum

field strength at dipole and quadrupole are observed at different times. z de-
notes the vertical position of the cross section. The dipole field is maximum for

ωq t = 1.24π (left column), the quadrupole field is maximum for ωq t = 1.74π
(right column). (c) Calculated time evolution of the electric field strength at

the dipole and quadrupole tip (indicated by blue and red circle in (b)).
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amplitude at the respective other oscillator. This yields a maximum

energy dissipation and hence high absorbance in the structure.

This behavior of field maxima occuring at different times for differ-

ent oscillators cannot be explained using only near-field coupling. As

there are no phases in the pure near-field part, all coupled oscillators

exhibit zero or π phase delay. Thus, the field distribution shows differ-

ent amplitudes at different positions, but all the maxima are achieved at

the same time in an oscillation cycle, which indeed is observed in the

field plots of the EIT structure. Fig. 6.12 shows, that this is not the case

any more in the EIA structure, and therefore demonstrates the necessity

of considering the phase in the latter.

6.9 conclusion

In conclusion, this chapter has given an overview over the work that has

been performed in connectionwith the plasmonic analog of electromag-

netically included transmission and absorption in a plasmonic system,

with a major emphasis on the structure consisting of a dipole cut-wire

stacked on top of two cut-wires forming a plasmonic quadrupole. In

order to be able to tune the phase between dipolar and quadrupolar os-

cillator, an additional phase term has been introduced. This additional

phase was realized by increasing the vertical distance between the oscil-

lators. Therefore we were able to manipulate the coupling phase of the

oscillators and obtain constructive interference of the two excitations,

leading to enhanced absorption. In doing so, we have demonstrated an

analog system to electromagnetically induced absorption for classical

oscillators.

One interesting feature of this structure is, that the vertical distance

is in the intermediate regime and the coupling exhibits characteristics

of both, the near- as well as the far-field regime. An excitation of the

quadrupole is still possible, but phase retardation due to enlarged spac-

ing between the oscillators is already significant. Considering only ra-

diative coupling would render the excitation of the quadrupolar oscil-

lator impossible, while on the other hand, considering only near-field

interaction would not allow for retardation phases in the structure. This

intermediate coupling regime offers new fascinating possibilities, such

as phase control for the coupling of plasmonic building blocks.

It is noteworthy that, unlike the plasmonic analog of electromagneti-

cally induced transparency, there is no straightforward implementation

of electromagnetically induced absorption in a system of mechanical
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masses and springs, as the coupling force is not instantaneous but in-

herently relying on retardation.

º





7
CONCLUSION & OUTLOOK

In conclusion, this thesis has provided an insight into the coupling of

plasmonic nanoparticles with a special emphasis on the investigation

of far-field coupling in three-dimensional, stacked arrangements.

Predominantly one building block, a gold nanowire, was utilized. It

is infinitely extended along one axis and a particle plasmon resonance

can be excited by light perpendicular to the wire. For typical geometries

it is spectrally located in the visible or near-infrared wavelength range.

To understand the basic coupling mechanisms, initially only dimer

arrangements were considered, and near- as well as far-field coupling

were investigated. In the near-field regime the electrostatic approxima-

tion is sufficient for a qualitative description of the coupling effects. In

this regime the plasmon hybridization concept is a valuable tool. The

coupled dimer system supports two modes: a symmetric and an an-

tisymmetric one. Their resonance frequencies have to be determined

from the specific arrangement of the particles and are very sensitive to

the specific orientation of the particles with respect to each other and

the polarization of the incident light. This was particularly observed

for a lateral shift of the top layer which leads to an inversion of the

hybridization scheme yielding a Fano lineshape in the spectra.

In the far-field regime Fabry-Pérot modes arise due to the spatial

arrangement of the oscillators. They interact with the particle plasmon

modes, giving rise to new coupled modes. These can be understood in

a simple model, the resonant mirror model, which is capable to predict

their resonance positions from the resonance properties of the plas-

monic nanowires and their spacing.

The calculations were confirmed by the experimental realization of

11 stacked dimer samples with different spacings covering a broad range

from the near-field to the far-field regime. The experimental spectra

agree very well with the calculations.

A peculiar situation occurs whenever the vertical spacing matches

a multiple of half the single particle plasmon resonance wavelength,

thus fulfilling the Bragg condition at this wavelength. The coupled

mode which spectrally approaches the single particle plasmon reso-

nance wavelength becomes very narrow and almost vanishes for exact
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Bragg spacing. This results in a broad range of high reflectance and low

transmittance as well as absorbance. In this special case the re-emitted

oscillator fields interfere constructively in backward direction and de-

structively in forward direction.

Structures with increasing layer number—each stacked at Bragg

distance—have been studied. These exhibit similarities to passive pho-

tonic crystals which feature a photonic band gap, however, due to the in-

clusion of resonant elements, new exciting properties arise. Due to the

resonant response of the individual plasmonic layers and their matched

arrangement a very broad photonic band gap emerges, which spans

about one octave at optical frequencies.

These findings were experimentally confirmed by realizing a four

layer plasmonic Bragg structure where a photonic band gap of 0.8 eV

could be observed. The absorption was relatively low, yielding a re-

flectance around 80%.

Besides the full calculations, a coupled oscillator model [131] which

describes the interaction of stacked resonant layers was capable of de-

scribing all far-field coupling effects. This model gives an analytical

description by incorporating all the oscillator polarizabilities and the

propagation phases between them.

The understanding of the mechanisms which govern the achievable

width of the photonic band gap can be approached from two different

directions. On the one hand, a dephasing length can be introduced,

which yields a maximum number of oscillators that are able to couple.

On the other hand the ultimate width for an infinite structure can be

calculated. Both points of view were compared to numerical results

yielding a reasonable agreement.

Even though all calculations were implemented using extended nano-

wires, the transferability of the results to different plasmonic build-

ing blocks such as cut-wires, nanodiscs or even more complex ones

is straightforward. In the far-field regime the key parameters are reso-

nance position and spectral width. The straightforward tunability of the

oscillators, which is not available for atoms, quantumwells, or quantum

dots, allows for a flexible and easy tailoring of functional structures.

Finally, the intermediate regime of plasmonic coupling was exam-

ined. In this regime neither the near- nor the far-field approximation

is valid. A plasmonic dipole cut-wire was stacked on top of a cut-wire

pair forming a quadrupolar oscillator. This arrangement mimics the

coupling of a bright (dipolar) transition to a dark (quadrupolar) tran-

sition, yielding the plasmonic analog of electromagnetically induced
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transparency. By increasing the space between both oscillators an addi-

tional phase was imposed onto the system which changes the relative

phases between the oscillators from a destructive to a constructive inter-

ference, thus yielding an enhanced absorption instead of transmission.

Consequently, the effect is termed the classical analog of electromagnet-

ically induced absorption. Both, near- as well as far-field effects have to

be present to achieve this: In the near-field regime the quasistatic fields

would not be able to mediate a retarded interaction, in the far-field

regime a coupling between dipolar and quadrupolar oscillator would

not be possible, as the quadrupolar oscillator does not couple to the

radiation field.

Beyond the work presented here, several perspectives open up: First

of all, future work has to address the extension from coupling in purely

plasmonic to coupling in hybrid systems incorporating emitters of dif-

ferent types. In these terms, the coupling to quantum emitters such as

quantum wells and quantum dots or dye molecules [317] would yield a

multitude of possibilities. The far-field coupling scheme might be feasi-

ble to mediate, and thus enhance the coupling of quantum emitters to

the radiation field [318]. Defects in Bragg stacks could be utilized to ob-

tain high-Q localized modes within the photonic band gap region [319].

In combination with the effortless tunability of the oscillators this po-

tentially might be useful for novel filters, resonant cavities [221, 258, 259,

320], plasmonic distributed gain schemes [321], or spaser concepts [322].

To do so, a deeper understanding of the dispersion characteristics of

the Bragg stacked multilayer structure would prove useful. A first step

towards this would be the investigation of the response under oblique

incidence illumination and the generalization to a three-dimensional

photonic band gap.

Using plasmonic far-field coupling of optical nanoantennas for the re-
alization of optical interconnects as described by Alù and Engheta [98]

is tempting. Optimized building blocks such as Yagi-Uda antennas [10,

77] on the emitter and receiver side would greatly improve the coupling

efficiency. A prerequisite for this, however, is the availability of schemes

for the local excitation and detection of radiation in single structures. A

final long-term objective would be the coupling between two quantum

emitters mediated via plasmonic nanoantennas on the emitter as well

as receiver side.

The research area ofmetamaterials has undergone a paradigm shift

from subwavelength effective media towards tailored structures with
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specific functionalities [323]. While in the former far-field coupling was

not possible by definition, the latter would allow for incorporation of

far-field coupling effects for the design of functional structures.

The dimer structure with lateral shift could be useful for plasmonic
sensing, as it features a Fano resonance with steep slope. The implemen-

tation would demand for a reliable fabrication technique for very small

stacking distances. Besides this, a further optimization of the structure

could improve the sensitivity.

The concept of coupling in the intermediate regime introduces an

additional tuning parameter into the design of structures. This could

prove useful to achieve tailored phase relations between oscillators.

While several schemes have been proposed which make use of a strong

detuning of the oscillators to harness the excitation phase change across

the resonance [185, 324], in the intermediate coupling regime this can

be achieved for non-detuned oscillators.

Finally, still one uncharted territory remains in the field of plasmonic

coupling: For ever decreasing distance between particles, at some point

classical electrodynamics should become invalid due to the occurrence

of quantum effects. Down to approximately 1 nm surface-to-surface

distance, no quantum effects could be observed [14]. The exploration

of this region requires a strong improvement of both, experimental

techniques as well as theoretical concepts which is an exciting challenge

for the years ahead.

º



AAPPENDIX

a.1 spherical bessel and hankel functions , associ-

ated legendre functions

The spherical Bessel and Hankel functions are defined as [325]:

jn(x) =
√ π

2x
Jn+1/2(x) (A.1a)

yn(x) =
√ π

2x
J−n−1/2(x) (A.1b)

h(1)n (x) = jn(x) + iyn(x) (A.1c)

h(2)n (x) = jn(x) − iyn(x). (A.1d)

Here Jn(x) denotes the Bessel function of the first kind which is given

by

Jn(x) =
∞

∑
s=0

(−1)s
s!(n + s)!(

x
2
)n+2s . (A.2)

The associated Legendre functions are defined as [325]:

Pm
n (x) = (1 − x2)m/2

∂m

∂xm
Pn(x), (A.3)

where the Pn(x) are the Legendre polynomials [288]

Pn(x) =
1

2nn!
∂n

∂xn
(x2 − 1)n . (A.4)

a.2 discussion of the arctangent function

As the tangent is a π-periodic function with a range of (−∞,∞), its
inverse, the arc tangent, is defined for all real values with a range of

(−π/2, π/2). It is antisymmetric, arctan(−x) = − arctan(x), and con-

tinuous over the whole domain.

145



146 appendix

It is a peculiarity of the arc tangent function that inverting its argu-

ment only yields a sign flip and a constant offset, i. e.,

arctan(x) = − arctan( 1
x
) + C .

This can be immediately conferred from the derivatives:

∂
∂x
⎛
⎝
− arctan( 1

x
)
⎞
⎠
= −
(− 1

x2 )

1 + ( 1

x )
2 =

1

1 + x2 =
∂

∂x
arctan(x).

As these are identical, on each domain the functions can differ only by

a constant C, which is obtained by direct evaluation, setting x = ±1:

C − arctan(1) = arctan(1) ⇒ C = 2 arctan(1) = π
2

C − arctan(−1) = arctan(−1) ⇒ C = 2 arctan(−1) = −π
2
.

Thus, we can write

arctan(x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

π
2
− arctan( 1

x
) x > 0

−π
2
− arctan( 1

x
) x < 0.

(A.5)

As the situation in section 4.7 is π-periodic anyway, the differing C
for different signs of x is incorporated into the mode number M and

therefore does not matter.

a.3 discussion of single layer reflectance in the an-

alytical coupling model

From the analytical model introduced by eqs. 2.66 and 2.67 the reflec-

tion amplitude for a single layer located at z = 0 is obtained asi

r(E) = iχ(E)
1 − iχ(E)

t(E) = 1 + r(E).
(A.6)

i The factor k/(2εSp) is omitted and included into χ(E).
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This can be evaluated using the susceptibility of the harmonic oscillator

model given in eq. 2.30, yielding

r(ω) = − iΓ0
ω − ωPPR + i(Γ0 + Γ)

, (A.7)

which shows, that the linewidth of the acquired reflectance is increased

by the radiative coupling strength Γ0. Calculation of the reflectance

R = ∣r∣2 from this yields

R(ω) = Γ20

(ω − ωPPR)2 + (Γ0 + Γ)2
. (A.8)

This allows to retrieve the oscillator parameters ωPPR, Γ0, and Γ from

a reflectance measurement. Obviously, the maximum reflectance oc-

curs for ω = ωPPR. Its absolute value Rmax is

Rmax = R(ωPPR) = (
Γ0

Γ0 + Γ
)
2

.

Furthermore, the condition R(ω) = Rmax/2 is found for ω = ωPPR ±
(Γ0+Γ), therefore the full width at halfmaximum is FWHM = 2(Γ0+Γ).
Both values, can be retrieved from the reflectance data which yields the

parameters

Γ0 =
FWHM

2

√
Rmax

Γ = FWHM

2
(1 −
√
Rmax) .

(A.9)

a.4 calculation of the inverse coupling matrix

Here, the inverse of the N × N dimensional matrix introduced in sec-

tion 5.5.1 with elements

Amn = δmn − (−1)m+nη

is calculated for arbitrary N . To calculate the inverse, Gauss-Jordan

elimination is applied to the matrix (A∣I) with the N ×N dimensional

unit matrix I , as

(A∣I) ⋅A−1 = (I ∣A−1) .
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The initial scheme reads

1 − η η −η η ⋯ ∓η ±η 1 0 0 0 ⋯ 0 0

η 1 − η η −η ⋯ ±η ∓η 0 1 0 0 ⋯ 0 0

−η η 1 − η η ⋯ ∓η ±η 0 0 1 0 ⋯ 0 0

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

∓η ±η ∓η ±η ⋯ 1 − η η 0 0 0 0 ⋯ 1 0

±η ∓η ±η ∓η ⋯ η 1 − η 0 0 0 0 ⋯ 0 1

Due to the special values of the components, it is possible to obtain a

triangular matrix, where only the diagonal elements and the last col-

umn are non-zero for the first N − 1 rows by subsequent addition and

subtraction of row m + 1 to row m, whereas the last, Nth row is kept

unchanged. This yields

1 0 0 0 ⋯ 0 ±1 1 0 0 0 ⋯ 0 ±1
0 1 0 0 ⋯ 0 ∓1 0 1 0 0 ⋯ 0 ∓1
0 0 1 0 ⋯ 0 ±1 0 0 1 0 ⋯ 0 ±1
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 0 ⋯ 1 1 0 0 0 0 ⋯ 1 1

±η ∓η ±η ∓η ⋯ η 1 − η 0 0 0 0 ⋯ 0 1

To eliminate the last line, all but the last row have to bemultiplied by ∓η
and added to the last line. The last column deserves special attention.
The signs in row m of this column exactly correspond to those of η in

the mth column of the last row. This leads to the appearance of the
factor N in the bottom right entry.

⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮
0 0 0 0 ⋯ 0 1 − Nη ∓η ±η ∓η ±η ⋯ η 1 − (N − 1)η

To obtain the unity matrix on the left side, the last row has to be

divided by 1−Nη and added to all rows above in order to eliminate the

last column. This yields the final inverse matrix on the right side:
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1 0 0 ⋯ 1 +
η

1−Nη −
η

1−Nη +
η

1−Nη ⋯ ±
η

1−Nη ∓
η

1−Nη

0 1 0 ⋯ −
η

1−Nη 1 +
η

1−Nη −
η

1−Nη ⋯ ∓
η

1−Nη ±
η

1−Nη

0 0 1 ⋯ +
η

1−Nη −
η

1−Nη 1 +
η

1−Nη ⋯ ±
η

1−Nη ∓
η

1−Nη

⋮ ⋮ ⋮ ⋱ ⋮ ⋮ ⋮ ⋱ ⋮ ⋮

±
η

1−Nη ∓
η

1−Nη ±
η

1−Nη ⋯ 1 +
η

1−Nη −
η

1−Nη

∓
η

1−Nη ±
η

1−Nη ∓
η

1−Nη ⋯ −
η

1−Nη
1−(N−1)η

1−Nη

The final inversematrix can straightforwardly be expressed component-

wise, which yields

A−1mn = δmn + (−1)m+n
η

1 − Nη
. (A.10)

a.5 manipulatable plot of eia oscillator model

To investigate the properties of the EIA oscillator model, the differential

equations can be solved in Mathematica by using the following input:

Exit []

f [kappa_,phi_] := x1 /. Solve [{
− omega^2 x1 − I omega gamma1 x1

+ omega1^2 x1 + kappa Exp[I*phi] x2 == Eext ,

− omega^2 x2 − I omega gamma2 x2

+ omega2^2 x2 + kappa Exp[I*phi] x1 == 0

}, x1 , {x2 }][[1]]

omega2 = omega1 = 1;

Eext = 1;

gamma2 = 0.03;

gamma1 = 0.1;

Manipulate[

Plot[Im[f[kappa,phi ]],{ omega ,0,2},PlotRange −> All ],
{{kappa ,0.07},0,0.5},{ phi ,0,3.141}]

º
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