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A B S T R A C T

When linearly polarized light propagates through a magneto-
optic material with an applied static magnetic field, the polar-
ization plane of the electromagnetic wave is rotated by an angle.
This phenomenon is known as the Faraday effect. An intriguing
and unique property of this effect is that both time-reversal sym-
metry and Lorentz reciprocity are broken. For that reason, Fara-
day rotators are widely utilized as core elements in nonreciprocal
optical devices such as optical isolators, which require a Faraday
rotation of 45◦ in order to ensure one-way light propagation.

Most systems that involve Faraday rotators have recently un-
dergone massive miniaturization. Hence, there is a high demand
for down-sized Faraday rotators. However, such systems are very
challenging to realize, since Faraday rotation is proportional to
the thickness of the magneto-optic material. Therefore, when the
size of a magneto-optic crystal is decreased, the achievable Fara-
day rotation is smaller. A key to overcome this problem lies with
plasmonic nanostructures: In this dissertation, it is demonstrated
that the Faraday effect of a dielectric thin film can be enhanced
significantly by the incorporation of a nanosized metallic grating.
Different approaches based on EuSe and EuS thin films are inves-
tigated both in experiment and theory. An important outcome of
the theoretical analysis is that the working principle of such struc-
tures can be described elegantly by means of a simple harmonic
oscillator model based on the Lorentz force.

At low temperatures, the presented hybrid magnetoplasmonic
structures yield giant Faraday rotation of up to 14◦ for a thick-
ness of less than 200 nm and a magnetic field of 5 T. By varying
the magnetic field from −5 to +5 T, a rotation tuning range of
over 25◦ is realized. As this performance is only a factor of three
away from the Faraday isolation requirement, the demonstrated
concept could lead to highly integrated, nonreciprocal photonic
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abstract

devices for optical isolation, light modulation, and optical mag-
netic field sensing.
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D E U T S C H E Z U S A M M E N FA S S U N G

Propagiert linear polarisiertes Licht durch ein magneto-optisches
Medium, so bewirkt ein angelegtes statisches Magnetfeld eine
Drehung der Polarisation der elektromagnetischen Welle. Dieses
Phänomen wird als Faraday-Effekt bezeichnet. Was diesen Effekt
besonders auszeichnet, ist die Tatsache, dass durch den Einfluss
des angelegten Magnetfeldes sowohl die Zeitumkehrinvarianz,
als auch die Lorentz-Reziprozität gebrochen werden. Aufgrund
dieser Eigenschaft, werden Faraday-Rotatoren als Grundbaustein
in einer Vielzahl von nichtreziproken optischen Systemen einge-
setzt. Das wichtigste Beispiel sind optische Isolatoren, die eine
Faraday-Rotation von 45◦ benötigen, um Licht in Vorwärtsrich-
tung zu transmittieren und in Rückwärtsrichtung vollständig zu
blockieren.

Sehr viele optische Komponenten, die Faraday-Rotatoren
beeinhalten, unterliegen dem Trend hin zu immer stärkerer
Miniaturisierung. Daraus folgt ebenfalls ein großer Bedarf
an Faraday-Rotatoren mit kleinsten räumlichen Abmessun-
gen. Allerdings ist die Realisierung solcher Systeme sehr
anspruchsvoll, da die Faraday-Rotation proportional zur Dicke
des verwendeten magneto-optischen Materials ist. Das be-
deutet, dass mit einem kleineren magneto-optischen Kristall
auch die maximal erreichbare Faraday-Rotation sinkt. Um
diesem Verhalten entgegenzuwirken, werden in dieser Dis-
sertation mehrere neuartige Methoden vorgestellt, die es er-
lauben den Faraday-Effekt eines Dünnfilms mithilfe von peri-
odischen metallischen Nanostrukturen zu verstärken. Die ver-
schiedenen Ansätze werden sowohl experimentell, als auch the-
oretisch untersucht. Weiterhin wird gezeigt, dass das magneto-
optische Verstärkungsprinzip der Nanostrukturen mithilfe eines
einfachen Oszillatormodells elegant beschrieben werden kann.
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deutsche zusammenfassung

Die in dieser Dissertation vorgestellten hybriden magnetoplas-
monischen Systeme bestehen aus EuSe- und EuS-Dünnfilmen,
sowie aus Gold-Nanogittern. Es wird gezeigt, dass diese weniger
als 200 nm dicken Strukturen bei einer Temperatur von 20 K und
einem statischen Magnetfeld von 5 T eine Faraday-Rotation von
bis zu 14◦ erzeugen können. Weiterhin kann die Polarisation des
transmittierten Lichts durch Umpolung und Variation des Mag-
netfeldes über einen 25◦ breiten Winkelbereich hinweg reguliert
werden. Da die für optische Isolation benötigte Drehung von 45◦

nur einen Faktor drei größer ist als die von der Dünnfilmstruktur
erreichte Faraday-Rotation, ist das hier präsentierte Konzept sehr
vielversprechend und könnte wichtige Anwendungen im Bereich
integrierter nichtreziproker photonischer Systeme finden. Beson-
ders herauszustellen sind hier Anwendungen in den Bereichen
optische Isolation, Lichtmodulation und Magnetfeldmessung.
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1I N T R O D U C T I O N

The presence of a static magnetic field influences the optical prop-
erties of certain materials that are referred to as magneto-optic
(MO) materials. This gives rise to several MO effects, such as the
Faraday effect [1] in transmission and the MO Kerr effect in re-
flection [2]. Here, the Faraday effect is of special interest as it is
the potentially largest MO effect. It describes the following phe-
nomenon: When linearly polarized light propagates through a
MO material, in the direction of an applied static magnetic field B,
the polarization plane of the electromagnetic wave is rotated by
the angle

θ = VBz, (1.1)

where z is the thickness of the material and V is the material
specific Verdet constant. A very intriguing and unique property
of the Faraday effect is that time-reversal symmetry and Lorentz
reciprocity are broken [3]. As a result, the direction of the po-
larization rotation is determined by the direction of the applied
magnetic field and not by the direction of the wave vector of the
incident light. This fact fundamentally distinguishes it from ef-
fects such as optical activity [4]. MO effects are actually the only
practical way to break Lorentz reciprocity in passive optical sys-
tems, since other approaches rely on either nonlinear effects [5–7]
or time modulation [8–12]. For that reason, Faraday rotators are
widely utilized as core elements in nonreciprocal optical devices
such as optical isolators [13], which require a Faraday rotation
of 45◦. As such, Faraday rotators are essential components in a
multitude of optical systems, including optical telecommunica-
tion networks [14–16] and laser systems [17–19]. Furthermore,
Faraday rotators are also attractive for magnetic field sensing
[20, 21] and optical modulation [22].
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introduction

Most systems that involve Faraday rotators have recently un-
dergone massive miniaturization. Hence, there is a high demand
for down-sized Faraday rotators [23, 24]. However, such sys-
tems are very challenging to realize, since, according to equa-
tion (1.1), Faraday rotation is proportional to the thickness of the
MO material. A promising approach to overcome this problem
is to combine MO materials with plasmonic nanostructures. It
has been demonstrated that this combination enables nanoscale
optical systems that offer magnetic tunability as well as strong
nonreciprocal optical response in ultracompact structures [25–
31]. The first approaches to enhance Faraday rotation of conven-
tional materials were based on MO nanoparticles [32], photonic
crystals [33–37], and microcavities [38–40] but were hampered
by either weak MO effects or relatively large structure sizes that
are also difficult to fabricate. There have also been efforts to en-
hance the rather weak MO Kerr effect in reflection by means of
ferromagnetic metallic nanoparticles [41–44] and dielectric films
[45]. Considerable attention was received by a recent approach
by Chin et al., where the Faraday rotation of a dielectric bismuth-
iron-garnet (BIG) thin film is enhanced by attaching a metal grat-
ing [46, 47], resulting in a Faraday rotation of about 0.8◦ for a
215 nm thick structure. Here, the strong Faraday rotation origi-
nates from the interaction between waveguide resonances in the
BIG thin film and localized surface plasmon resonances (LSPRs)
in the metal grating [48–50]. At that time, this performance was
already a remarkable achievement considering that conventional
Faraday rotators require centimeter sized crystals to achieve 45◦

rotation.

In this dissertation the approach by Chin et al. is further de-
veloped in various ways, resulting in novel magnetoplasmonic
systems with significantly larger Faraday rotation. In addition
to the experimental demonstration of these systems, the underly-
ing MO enhancement mechanism is unraveled by introducing a
theoretical description based on harmonic oscillators. The disser-
tation is divided into four main parts:
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introduction

As a theoretical primer, chapter 2 introduces all physical con-
cepts involved in hybrid magnetoplasmonic systems. This in-
cludes magneto-optic effects, plasmonics and the optical proper-
ties of corrugated waveguides. Furthermore, the utilized exper-
imental setup for measuring Faraday rotation of nanostructures
is explained.

In chapter 3, the hybrid magneto-plasmonic approach by
Chin et al. is employed and advanced to 220 nm thick devices,
which, at low temperatures, show five times greater polarization
rotation than in previously reported experiments. In contrast to
BIG, the utilized waveguide material EuSe provides a stronger
magneto-optical response and also allows much simpler sample
fabrication, which paves the way for the creation of sophisticated
2D and 3D magnetoplasmonic metamaterials. Furthermore, it is
demonstrated, for the first time, that the dispersion properties of
such structures can be exploited to freely tailor the working wave-
length within the transparency window of the magneto-optical
material. In addition, active magnetic tuning of the polarization
rotation is realized. This novel concept for an actively tunable
thin film optical rotator with a designated working wavelength
could have important applications in highly integrated optical
environments.

While the experimental realization and numerical simulation
of hybrid magnetoplasmonic systems received considerable at-
tention, an analytical theoretical description hast been missing.
In chapter 4, a simple coupled oscillator model is presented, that
reveals the underlying physics inside hybrid magnetoplasmonic
systems and yields analytical expressions for the resonantly en-
hanced magneto-optical response. The Lorentz nonreciprocity of
the oscillator model is intrinsically incorporated via the Lorentz
force, which is proportional to v× B. Moreover, the predictions
of the model are in good agreement with rigorous numerical solu-
tions of Maxwell’s equations for typical sample geometries. The
demonstrated ansatz is transferable to other complex and hy-
brid nanooptical systems and will significantly facilitate device
design.
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introduction

Usually, the maximal MO response of magneto-plasmonic sys-
tems is limited by the low Q factor of the plasmon resonances of
the grating. This limitation is lifted elegantly by a novel approach
presented in chapter 5, which is based on a classical optical
analog of electromagnetically induced absorption (EIA) [51, 52].
Here, a strongly damped plasmon oscillation is weakly coupled
to a narrow linewidth waveguide resonance with a phase delay,
leading to constructive interference. By tuning this coupling care-
fully, a high-Q absorptive hybrid mode is realized, which can be
used to resonantly amplify the Faraday rotation response. Fur-
thermore, the EIA mechanism allows to utilize the large oscilla-
tor strength of the plasmonic resonance, leading to an efficient
coupling of the incident light into the structure without reduc-
ing the effective Q factor due to the broad plasmonic resonance
as was the case in previous approaches [45, 47, 53]. Although
less than 200 nm thick, at low temperatures, the novel EuS-Au
structure design exhibits Faraday rotation of 14

◦. This is an or-
der of magnitude improvement over previous approaches which
only resulted in fractions of degree rotation [35–37, 46, 47]. Fur-
thermore, for low magnetic fields, the presented technique still
yields rotation angles that were only achievable with 20 times
stronger field strength in previous approaches [53]. The perfor-
mance of the thin film structure is only a factor of 3 away from
the 45

◦, which are required for building a Faraday isolator. Such
devices usually require MO media with a thickness on the order
of centimeters. As such, the demonstrated concept could lead
to highly integrated, nonreciprocal photonic devices for optical
isolation, light modulation and optical magnetic field sensing.
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2F U N D A M E N TA L S

This chapter provides a basic discussion of the physical phe-
nomena utilized in the following chapters such as magneto-
optic effects, plasmonics, and the modal dispersion of grating-
waveguide structures. Furthermore, the experimental techniques
for measuring Faraday rotation of nanostructures at low temper-
atures is discussed.

2.1 polarization of light

At first, the mathematical foundation and nomenclature for de-
scribing the polarization state of classical electromagnetic waves
is introduced. The relations compiled in this section are the basis
for the discussions throughout this dissertation. The derivations
and naming conventions in this section are adapted from Zvezdin
and Kotov [54].

A plane electromagnetic wave propagating in z-direction can
be written in the form

E(z, t) =
[

a cos(kz−ωt)
b cos(kz−ωt + δ)

]
, (2.1)

where ω is the angular frequency and k the wave number [54]. As
an alternative formulation to (2.1) it is often more convenient to
use a notation which is based on the assumption that the actual
physical electric field is given by the real part of the complex
electric field

E(z, t) = Ẽei(kz−ωt) (2.2)

with

Ẽ =

[
Ex
Ey

]
=

[
a

beiδ

]
. (2.3)
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fundamentals

As in the definition of the real electric field (2.1), the amplitudes
a and b, as well as the phase angle δ are assumed to be real. It is
immediately clear that the real part of E(z, t) in (2.2) is equal to
E(z, t) in (2.1).

The electromagnetic wave described by the general expressions
(2.2) and (2.3) can be interpreted as the superposition of two
waves, where one is oscillating only in x direction and the other
in y direction. However, depending on the phase δ between the
two partial waves, the resulting field vector (2.2) performs an el-
liptical movement. This is illustrated by figure 2.1. It shows a
parametric plot of the real part of the electric field, where the
varied parameter is the propagator term ωt− kz. The resulting
shape is an ellipse, which is fully characterized by the two angles
θ and ψ. While θ determines the tilt of the polarization ellipse
with respect to the x-axis, the angle ψ describes the degree of
ellipticity. If ψ = 0, the wave is linearly polarized, whereas for
|ψ| = π the wave is circularly polarized. Furthermore, the hand-
edness of the circular polarization can be expressed via die sign
of ψ, i.e., ψ = +(−)π corresponds to right(left)-handed circular
polarization. The two angles are related to the coefficients in (2.1)
in the following way [54]:

tan(2θ) =
2 Re(χ)
1− |χ|2 (2.4a)

tan(2ψ) =
2 Im(χ)

1− |χ|2 (2.4b)

with

χ ≡
Ey

Ex
=

beiδ

a
. (2.5)

For the important case of |χ| � 1 the equations (2.4) become

θ ≈ Re(χ) (2.6a)

ψ ≈ Im(χ). (2.6b)

While θ and ψ fully determine the polarization state of a plane
wave they are not directly accessible in experiment. The reason

6



2.1 polarization of light

Figure 2.1: Polarization ellipse of a plane electromagnetic wave with a tilting
angle θ and ellipticity angle ψ.

is that the electric and magnetic fields of a light wave usually
cannot be measured directly and have to be derived from time-
averaged intensity measurements. For that reason, the Stokes
formalism is an important alternative description of polarization
states as it is only based on time-averaged intensities. In this for-
malism the polarization state of light can be expressed by means
of the four Stokes parameters [54, 55]

S0 = Ix + Iy (2.7a)

S1 = Ix − Iy (2.7b)

S2 = I+45◦ + I−45◦ (2.7c)

S3 = IR + IL. (2.7d)

The quantities Ix and Iy correspond to the time averaged Intensity
of the x- and y-polarized components of the light. Furthermore,
I+45◦ and I−45◦ denote the time averaged Intensity measured af-
ter the light passes a perfect polarizer tilted by +45◦ and −45◦

respectively. Similarly, IR and IL are the time-averaged intensi-
ties of the right-handed and left-handed components of the plane

7
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wave. The time-averaged description of the Stokes formalism also
allows to take the degree of polarization

Π =

√
S2

1 + S2
2 + S2

3

S0
(0 ≤ Π ≤ 1) (2.8)

into account. Since every plane wave of the form (2.1) has a well
defined polarization state, the degree of polarization is Π = 1.
On the other hand, in the case of unpolarized light, the measure-
ment of the Stokes parameters would lead to Π = 0. This is
the typical situation for incoherent light emitted by thermal light
sources with rapidly and randomly changing field amplitude vec-
tors. If the degree of polarization is in between the two extremes,
the light is partially polarized.

In the case of Π = 1, the Stokes parameters can be related to
the quantities in equation (2.1) in the following way:

S0 = a2 + b2 =
√

S2
1 + S2

2 + S2
3 (2.9a)

S1 = a2 − b2 = S0 cos(2ψ) cos(2θ) (2.9b)

S2 = 2ab cos δ = S0 cos(2ψ) sin(2θ) (2.9c)

S3 = 2ab sin δ = S0 sin(2ψ). (2.9d)

Dividing equation (2.9c) by (2.9b) and equation (2.9d) by (2.9a)
yields the angles

θ =
1
2

arctan
(

S2

S1

)
(2.10a)

ψ =
1
2

arcsin
(

S3

S0

)
. (2.10b)

In the case of a complex electric field, the Stokes parameters can
be derived using

S0 = ExE∗x + EyE∗y (2.11a)

S1 = ExE∗x − EyE∗y (2.11b)

S2 = ExE∗y + E∗x Ey (2.11c)

S3 = i(ExE∗y − E∗x Ey). (2.11d)
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2.2 light propagation in magneto-optic materials

2.2 light propagation in magneto-optic materials

The characteristic property of magneto-optic (MO) materials is
that their associated permittivity tensor possesses magnetic field
induced off-diagonal elements which are antisymmetric. In this
section it will be elaborated on how this characteristic structure of
the permittivity tensor influences the propagation of light inside
magneto-optic materials. The most important outcome of this
section is that the Faraday effect is directly proportional to the off-
diagonal elements in the permittivity tensor.

A key element of the following discussions is the Helmholtz
wave equation, which describes the evolution of an electromag-
netic wave inside a medium with a given permittivity tensor. At
first, this relation is derived from the macroscopic Maxwell equa-
tions in matter and then applied to both anisotropic and isotropic
MO materials. The derivations in this section are based on the
works by Jackson [56], Yariv [57], as well as by Zvezdin and Ko-
tov [54].

2.2.1 Wave equation

Electromagnetic fields in a medium can be described by the
macroscopic Maxwell equations

∇× E +
∂B
∂t

= 0 (2.12a)

∇×H− ∂D
∂t

= J (2.12b)

∇ · B = 0 (2.12c)

∇ ·D = ρ (2.12d)

together with the constitutive equations

D = ε0E + P (2.13a)

H =
1
µ 0

B−M. (2.13b)
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In the following, it is assumed that no sources are present, i.e.,
J = 0 and ρ = 0. Furthermore, the time-harmonic ansatz

Ψ(r, t) = Ψ(r)e−iωt (Ψ = E, B, D, H) (2.14)

turns the equations (2.12) and (2.13) into

∇× E(r)− iωB(r) = 0 (2.15a)

∇×H(r) + iωD(r) = 0 (2.15b)

∇ · B(r) = 0 (2.15c)

∇ ·D(r) = 0 (2.15d)

and

D(r) = ε0ε(ω)E(r) (2.16a)

B(r) = µ0µ(ω)H(r). (2.16b)

In general, both the relative permittivity ε(ω) and the relative
permeability µ(ω) are tensorial quantities and frequency depen-
dent. However, at optical frequencies we can assume that µ = 1
[58]. By applying the operator ∇× to equation (2.15a) and by
using the relations ∇× (∇× E) = ∇(∇ · E) − ∆E and (2.15d),
the Helmholtz wave equation

∆E(r) +
ω2

c2
0

ε(ω)E(r) = 0 (2.17)

is obtained. This differential equation describes the evolution of
an electromagnetic wave inside a medium with a given dielectric
tensor ε(ω).

2.2.2 Propagation in anisotropic media

The effect of a static magnetic field on a MO material can be ex-
pressed by means of the dielectric tensor of the material. In the
following we consider an anisotropic MO material with an ap-
plied static magnetic field B pointing in z direction. Furthermore,

10



2.2 light propagation in magneto-optic materials

we assume that the principal dielectric axes of the material are
ex, ey and ez. In this case, the dielectric tensor takes the form

ε =

 εx +ig(B) 0
−ig(B) εy 0

0 0 εz

 . (2.18)

The magnetic-field induced off-diagonal elements of ε are the
characterizing property of MO materials and the origin for all
MO effects, such as the Faraday effect or the MO Kerr effect. The
quantity g is often referred to as gyration coefficient. For small
magnetic fields the gyration coefficient is usually proportional to
B, whereas for larger magnetic fields saturation sets in. This is
also the case for the materials EuSe and EuS, which are utilized
in the MO nanostructures presented in later chapters.

To solve the wave equation (2.17) we make the ansatz for a
plane wave propagating in z-direction:

E(r) = Ẽeikz. (2.19)

Since we can assume that the amplitude vector Ẽ lies within the
xy plane, we omit its z component in the following derivations.
Hence, we can reduce the permittivity tensor to

ε =

(
εx +ig
−ig εy

)
. (2.20)

Inserting (2.19) and (2.20) into the wave equation (2.17) leads to
the eigenvalue problem

εẼ = λẼ (2.21)

with

λ = k2 c2
0

ω2 . (2.22)

Solving the eigenvalue problem yields the eigenvalues

λ1,2 =
εx + εy

2
∓

√
g2 +

(εx − εy)2

4
(2.23)

11
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and the eigenvectors

Ẽ(1,2) =

( εx−εy
2 ∓

√
g2 +

(εx−εy)2

4

)
1
−ig

1

 . (2.24)

Consequently, the general solution of (2.17) is then given by the
superposition

E(r) = A Ẽ(1)eik1z + B Ẽ(2)eik2z (2.25)

with
k1,2 =

ω

c0

√
λ1,2. (2.26)

The coefficients A and B are determined by the initial condition.
For example, the case of x-polarized incident light implies that
Ey(z = 0) = 0 and B = −A, which leads to

E(r) = A
[
Ẽ(1)eik1z − Ẽ(2)eik2z

]
. (2.27)

Similarly, y-polarized incident light is described by Ex(z = 0) = 0
and implies B = −AẼ(1)

x /Ẽ(2)
x . This leads to a wave propatation

of the form

E(r) = A

[
Ẽ(1)eik1z − Ẽ(1)

x

Ẽ(2)
x

Ẽ(2)eik2z

]
. (2.28)

In both cases, the coefficient A is an arbitrary normalization
parameter depending on the incident intensity. The equations
(2.27) and (2.28) are utilized in section 4.1 where the magneto-
optical response of hybrid plasmonic nanostructures is described
by means of a birefringent effective medium.

2.2.3 Faraday rotation

Many bulk magneto-optic materials, such as EuSe and EuS are
not birefringent, i.e., the diagonal elements of the dielectric func-
tion are equal. In this case, the relative permittivity tensor (2.20)
simplifies to

ε(ω) =

(
εx +ig
−ig εx

)
(2.29)

12



2.2 light propagation in magneto-optic materials

and the solution of the eigenvalue problem (2.21) turns into

λ1,2 = εx ± g (2.30)

and

Ẽ(1,2) =

(
±i
1

)
. (2.31)

Furthermore, the absolute value of the gyration is typically signif-
icantly smaller than the diagonal permittivity, i.e., |g|/|εx| � 1.
In this approximation, we can write the two propagation con-
stants k1 and k2 as

k1,2 =
ω

c0

√
εx ± g ≈ κ ∓ γ, (2.32)

with

κ =
ω

c0

√
εx (2.33)

γ = −1
2

ω

c0

g√
εx

. (2.34)

From this, through equation (2.27) for x-polarized incident light,
we obtain

E(z, t) = Aei(κz−ωt)
[(

+i
1

)
e−iγz −

(
−i
1

)
e+iγz

]
. (2.35)

To evaluate how the polarization state of the wave (2.35) evolves,
we can apply the relations (2.11) to derive the corresponding
Stokes parameters

S0 = +4|A|2 cosh (2 Im {γ} z) (2.36a)

S1 = +4|A|2 cos (2 Re {γ} z) (2.36b)

S2 = −4|A|2 sin (2 Re {γ} z) (2.36c)

S3 = −4|A|2 sinh (2 Im {γ} z) . (2.36d)

13
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Furthermore, in the limit of a relatively weak gyration, i.e., for
|γ|z� 1, the relations (2.10) and (2.34) yield

θ =
1
2

ω

c0
Re
{

g√
εx

}
z (2.37a)

ψ =
1
2

ω

c0
Im
{

g√
εx

}
z. (2.37b)

From this we see that in the case of low material losses and a
small imaginary part of g, the ellipticity ψ stays small, while the
tilting angle θ increases linearly with the propagation distance
z. Since the gyration g is proportional to the applied magnetic
field B, it is very common to write equation 2.37a in the alterna-
tive form

θ = VBz, (2.38)

where the proportionality factor V is commonly referred to as
Verdet constant. However, the term constant is a bit misleading,
since V is actually frequency dependent. This is immediately
clear by considering that equation 2.37a contains both the factor
ω and the gyration g, which is also frequency dependent. The
magnetic field induced polarization rotation described by the ex-
pression 2.38 is called Farady effect and it is illustrated by the blue
wave in figure 2.2. It is important to realize that the magnetic
field induced polarization rotation breaks the time-reversal sym-
metry. The result of this symmetry breaking becomes clear when
a mirror is added behind the MO material as indicated in figure
2.2. In relation to the magnetic field vector, the backward propa-
gating orange light wave is rotated in the same direction and by
the same angle as the forward propagating blue wave. Hence, the
polarization states of the blue and orange waves on the left-hand
side are different. Such a nonreciprocal behavior is not found in
other linear and static systems [10]. For example, although an op-
tically active medium [4] can also induce a polarization rotation
of transmitted light, any back-reflected wave would rotate back
to the polarization state of the incoming wave. In other words,
in the case of an optically active medium the direction of polar-
ization rotation is determined by the direction of the wave vector,
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2.2 light propagation in magneto-optic materials

Figure 2.2: Illustration of the Faraday effect for the case of a real gyration g
and negligible absorption. When light propagates through a magneto-optical
material along the direction of the applied magnetic field (forward direction) the
polarization plane gets rotated by the angle θ. Backward propagating light is
rotated by the same angle and in the same direction (relative to the magnetic
field).

whereas the direction of Faraday rotation is determined by the
direction of the magnetic field.

This nonreciprocal nature [3, 59] of the Faraday effect directly
leads to its most prominent application, namely optical isolation:
If the rotation angle θ is equal to 45◦, the polarizations of the for-
ward and backward propagating waves on the left-hand side of
figure 2.2 are perpendicular. In this case, the addition of one ver-
tically aligned polarizer on the left-hand side of the MO material
and another polarizer, which is tilted by 45◦, on the right-hand
side of the MO material, allows light to pass the system only in
forward direction. Light traveling through the system in back-
ward direction is blocked by the polarizer on the left side.

2.2.4 Magneto-optic effects in reflection

The Faraday effect is only one of several phenomena arising from
the magnetically induced off-diagonal elements in ε(ω). For ex-
ample, also the reflection behavior of a MO material can change
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depending on the applied magnetic field. This phenomenon is re-
ferred to as magneto-optic Kerr effect (MOKE). Since the MOKE
does rely on reflection rather than propagation it cannot only be
observed for transparent materials but also for opaque materials
such as ferromagnetic metals.

Although the work presented in this dissertation concentrates
on the Faraday effect, in the following a brief overview of the
different types of the MOKE is given. As illustrated in figure 2.3,
the different types are classified depending on the direction of
the magnetization in relation to the plane of incidence and the
material surface [54]. The black arrows indicate the wavevectors
of the incident and reflected light. If the magnetization is per-
pendicular to the material surface, there occurs a magnetically
induced polarization rotation as well as a change in ellipticity of
the reflected light. This effect is referred to as the polar MOKE.
Similarly, if the magnetization is parallel to the surface the lon-
gitudinal MOKE occurs. Here, the magnetization also induces a
polarization rotation and an ellipticity change. If the magnetiza-
tion is perpendicular to the plane of incidence, the intensity of
the reflected light changes with the magnitude of magnetization.
This phenomenon is called transverse MOKE.

Figure 2.3: Illustration of the different manifestations of the magneto-optic Kerr
effect (MOKE). While polar and longitudinal MOKE describe a magnetically
induced polarization rotation and ellipticity change, in the case of transversal
MOKE a magnetization dependent modulation of the reflected intensity occurs.
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2.2 light propagation in magneto-optic materials

Since the polarization rotation of the MOKE only scales with
the off-diagonal elements of the permittivity tensor, the MOKE is
generally much weaker than the Faraday effect, which also scales
with the optical path length through the material. For example,
although Fe, Co and Ni possess an extremely large Verdet con-
stant (see section 2.4) the rotation angles arising from the polar
MOKE are usually less than 1 deg in the visible [54].
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2.3 microscopic description of the faraday effect

In the section 2.2 it has been shown that the magneto-optic re-
sponse of a material can be described phenomenologically by the
anti-symmetric off-diagonal elements of the material’s permittiv-
ity tensor. However, the microscopic mechanisms which give rise
to these off-diagonal elements were not discussed. In this section
the microscopic origin of magneto-optic effects is explained by
means of both a classical and a quantum mechanical approach.

2.3.1 Classical description

The microscopic origin of the magnetically induced off-diagonal
elements in (2.18) can be understood intuitively in the picture
of an extended Lorentz oscillator model. This model and the
calculations in this section are largely based on the descriptions
given in [60–62]. However, the model is presented in a slightly
generalized way, which allows a more direct link to the devel-
opment of the oscillator model of magnetoplasmonics presented
in chapter 4. As in the standard version of the Lorentz oscilla-
tor model for dielectrics [62], the bound electrons of a solid are
treated as classical mechanical oscillators, which are suspended
by three springs. This is illustrated by figure 2.4. Furthermore,
as each oscillator is assumed to have a charge q, it is driven by
the harmonically oscillating electric field E(t) = E e−iωt of the
light wave. The mass and the displacement vector of the oscilla-
tor are denoted by m and r = (x, y, z)T respectively. To account
for magneto-optic effects, in the extended version of the model a
static magnetic field B is assumed to be present, which addition-
ally exerts the Lorentz force

FL = q ṙ× B (2.39)

on the oscillators. For the following discussions we assume that
the magnetic field points in z direction. In this case, the Lorentz
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2.3 microscopic description of the faraday effect

Figure 2.4: Schematic drawing of the mechanical oscillator model for magneto-
optic solids. It corresponds to the standard Lorentz oscillator model for di-
electrics, but with the addition of a static magnetic field, which exerts a Lorentz
force on the bound electrons.

force is given by FL = qB(ẏ,−ẋ, 0)T and the resulting equations
of motion are

mẍ = −dxx− 2γx ẋ + qBẏ + qEx exp (−iωt) (2.40a)

mÿ = −dyx − 2γyẏ − qBẋ + qEy exp (−iωt) (2.40b)

mz̈ = −dzx − 2γz ż + qEz exp (−iωt) . (2.40c)

The quantities
{

dx, dy, dz
}

and
{

γx, γy, γz
}

denote the stiffness
and damping coefficients of the springs. To solve the equations,
we start by making a time harmonic ansatz for the oscillator dis-
placement, i.e.,

r(t) = r0 exp (−iωt) , (2.41)
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which turns the equations (2.40) into

(−ω2 + Ω2
x − 2iΓxω)x0 + iωωcy0 =

q
m

Ex (2.42a)

(−ω2 + Ω2
y − 2iΓyω)y0 − iωωcx0 =

q
m

Ey (2.42b)

(−ω2 + Ω2
z − 2iΓzω)z0 =

q
m

Ez, (2.42c)

with Ω2
i = di/m and Γi = γi/m (i = x, y, z) and ωc = qB/m. The

equations (2.42) can be reformulated in the matrix form, which
yields

M(ω) r0 =
q
m

E, (2.43)

with

M(ω) =

 Mx +iωωc 0
−iωωc My 0

0 0 Mz

 (2.44)

and Mi(ω) = −ω2 + Ω2
x − 2iΓxω, (i = x, y, z). Assuming that

n is the oscillator density in the medium, we can express the
macroscopic electronic polarization as

P = nqr0 =
nq2

m
M−1E. (2.45)

Furthermore, the comparison with

P = ε0χE (2.46)

allows to identify the electronic susceptibility

χ(ω) = ω2
q M(ω)−1, (2.47)

with

ωq =

√
nq2

ε0m
. (2.48)

The optical response of a material is usually expressed by the
electric permittivity tensor ε = I +χ, where I denotes the identity
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2.3 microscopic description of the faraday effect

matrix diag(1, 1, 1). To also account for a (scalar) background
susceptibility due to other off-resonant electronic polarizations
[62], we write the permittivity in the more general form ε = ε∞ I +
χ, where ε∞ corresponds to the value of the diagonal permittivity
elements for infinite frequency. With that, we arrive at

ε(ω) = Iε∞ + ω2
q M(ω)−1. (2.49)

In the anisotropic case, i.e., when the stiffness and damping co-
efficients of all oscillators are different, the inverse of M(ω) and
thus also the permittivity tensor ε(ω) exhibit a very complicated
ω dependence. However, many magneto-optical materials are
isotropic, that is, Ωx = Ωy = Ωz = Ω and Γx = Γy = Γz = Γ. In
this case we obtain

ε =

ε11 ε12 0
ε21 ε22 0
0 0 ε33

 (2.50)

with

ε11 = ε22 =
ω2

q(−ω2 + Ω2 − 2iΓω)

(−ω2 + Ω2 − 2iΓω)2 −ω2ω2
c
+ ε∞ (2.51a)

ε12 = −ε21 =
−iωωcω2

q

(−ω2 + Ω2 − 2iΓω)2 −ω2ω2
c

(2.51b)

ε33 =
ω2

q

−ω2 + Ω2 − 2iΓω
+ ε∞. (2.51c)

From the equations (2.51) we can see that the magnetic field not
only influences the off-diagonal elements of the dielectric func-
tion but also the diagonal elements, which can be regarded as
the classical manifestation of the Zeeman effect [61]: In the case of
low damping (Γ is small), the resonance condition for ε11 is given
by

ω ≈ Ω± ωc

2
, (2.52)

which means that the material resonance is split by the magnetic
field.
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However, in most magneto-optical applications, the influence
of the magnetic field on the diagonal components can be ne-
glected, since usually |ωc| � ω, Ω, Γ. In this approximation the
components of ε reduce to

ε11 = ε22 = ε33 =
ω2

q

−ω2 + Ω2 − 2iΓω
+ ε∞ (2.53a)

ε12 = −ε21 =
−iωωcω2

q

(−ω2 + Ω2 − 2iΓω)2 . (2.53b)

The model function (2.53) provides a very good qualitative de-
scription of the magneto-optic response of many materials. There
are several important properties of the model: Firstly, since ωc is
proportional to the magnetic field, the model correctly predicts a
linear relation between the off-diagonal elements of the permit-
tivity and the magnetic field. In the regime of weak magnetic
fields, this is the case for most magneto-optic materials. Further-
more, the model provides a Kramers-Kronig-consistent relation
between the real and imaginary part of ε12 [54].

The permittivity function can be easily implemented in many
numerical simulation tools. However, to obtain quantitatively
correct simulation results, the free model parameters in the rela-
tions (2.53) have to be fitted to measurement data. For some MO
materials it can be necessary to add further oscillators to the po-
larization (2.45) with different individual parameter sets, in order
to account for a more complex MO behavior.

2.3.2 Quantum mechanical description

Compared to the simple mechanical model provided in section
2.3.1 the advantage of the following quantum mechanical descrip-
tion is that it can explain different dispersion behaviors of the
magneto-optic spectra (i.e., diamagnetic and paramagnetic line-
shapes) as well as the influence of temperature on the magnitude
of the Faraday rotation. The following discussion is derived from
references [54] and [63].
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2.3 microscopic description of the faraday effect

To understand the origin of Faraday rotation in atomic systems,
we will make use of the fact that Faraday rotation can be regarded
as a manifestation of magnetic circular dichroism (MCD), i.e., dif-
ferent absorption of right-handed circularly polarized (RCP) and
left-handed circularly polarized (LCP) light [54]. The reason is
that it is much simpler to relate atomic properties to MCD than
to the Faraday effect directly. We note in passing, that, as in the
case of optical activity [4, 64], polarization rotation and circular
dichroism are connected via Kramers-Kronig relations [54].

In magneto-optics it is common to distinguish two contribu-
tions to MCD: Firstly, due to the Zeeman effect, atomic levels
are split into several levels that can be excited only with light
of the correct handedness. This results in absorption maxima of
LCP and RCP light which are slightly split in energy. As a con-
sequence, the absorption of LCP and RCP is different for most
wavelengths. This mechanism is referred to as diamagnetic Fara-
day rotation, as it often occurs in diamagnetic materials. The
second mechanism contributing to MCD usually (if present) ex-
ceeds the diamagnetic contribution: Due to temperature or other
influences, the effective oscillator strength of either the LCP or
RCP transition can be suppressed. This can dramatically increase
the absorption difference of LCP and RCP and thus the Faraday
rotation. This mechanism is called paramagnetic Faraday rotation
as paramagnetic materials often exhibit such a behavior. At this
point it should be emphasized that the terms diamagnetic and
paramagnetic are not related to the magnetic susceptibility but
are part of an established naming scheme for classifying the dis-
persion in magneto-optical spectra [54].

A more detailed comparison between the diamagnetic and
paramagnetic mechanisms is illustrated in the figures 2.5a
and 2.5b respectively. In the diamagnetic case the ellipticity
spectrum is S-shaped (orange line) whereas the Faraday rotation
shows a peak surrounded by two smaller negative peaks (blue
line). This behavior is very similar to chiral media [64]. The
lower part of figure 2.5a shows an exemplary and idealized en-
ergy level scheme which would result in such a magneto-optic
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Figure 2.5: Comparison of the diamagnetic and paramagnetic Faraday rota-
tion mechanisms. The line shapes of Faraday rotation and ellipticity are drawn
schematically.

dispersion. In this example we consider a transition from a 1S0
state to a 1P1 state. Due to the magnetic field the 1P1 state is split
into three states with quantum numbers MJ = 0,+1,−1. An in-
coming LCP or RCP photon induces a transition with ∆M = +1
or ∆M = −1 respectively. Due to the magnetic splitting, the
absorption lines of the LCP and RCP transitions (denoted by σ+
and σ−) are shifted in energy. Thus, the absorption for LCP and
RCP light is different for most wavelengths and results in the de-
picted Faraday rotation dispersion. We note that this is in fact
the dispersion behavior as predicted by the mechanical oscillator
description in section 2.3.1.

A different behavior can be observed in the paramagnetic case,
which is schematically depicted in figure 2.5b. This situation
arises when the oscillator strengths of the LCP and RCP transi-
tions is significantly different. To illustrate this, in the lower part
of figure 2.5b an idealized energy level diagram is depicted. The
transition energies and the magnetic field induced splitting are
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assumed to be the same as in the diamagnetic example. Hence,
there should also be a diamagnetic contribution to the Faraday
rotation spectrum with the same magnitude. However, here the
usually much stronger paramagnetic mechanism dominates the
magneto-optical spectra: For T → 0 the population probability of
the (MJ = −1) level is much higher than for the (MJ = +1) level
resulting in a magnetization. Therefore, the σ+ transition domi-
nates. This difference in oscillator strength is responsible for the
paramagnetic Faraday rotation dispersion.

Influence of spin-orbit coupling

The absolute magnitude of the magneto-optical response de-
pends on the specific atomic structure of the atoms in the
medium. In the case of solids, the resulting band structure is crit-
ical. There are many factors that contribute to a strong magneto-
optic response and also to a dispersion behavior deviating from
the two idealized cases discussed above. This includes spin-orbit
interactions, exchange interactions, and further effects. A more
detailed compilation of possible influences is left to specialized
literature, such as [54, 63, 65, 66]. However, in the following it
is motivated why spin-orbit interaction is one of the most impor-
tant ingredients for a large Faraday rotation response (as in the
case of Eu compounds).

To understand the influence of spin-orbit coupling, we con-
sider the exemplary dipole transitions depicted in figure 2.6. The
diagram shows transitions from a 2S1/2 state to 2P states. Due to
the spin-orbit interaction the 2P state is split into the two levels
2P1/2 (J = 1/2) and 2P3/2 (J = 3/2). The presence of a magnetic
field lifts the degeneracy of levels with the same total angular
momentum. The arrows indicate the dipole allowed transitions
which fulfill the selection rule ∆Mj = ±1. It can be shown [54]
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Figure 2.6: Schematic diagram of electric dipole transitions to illustrate that a
large spin-orbit coupling can contribute to strong Faraday rotation.

that the non-zero transition dipole moments d±ab fulfill the rela-
tions

|d+14|
2 = |d−23|

2 = (2/9)d2 (2.54)

|d−15|
2 = |d+28|

2 = (1/3)d2 (2.55)

|d+17|
2 = |d−26|

2 = (1/9)d2, (2.56)

where d is constant. For T → 0 only level 1 is populated and
only the transitions to the levels 4, 5 and 7 are possible. Neglect-
ing the difference in transition frequency, their contribution to
MCD (and thus Faraday rotation) would cancel out, since from
equation (2.54) follows |d+14|2 − |d

−
15|2 + |d

+
17|2 = 0. This means

that the Faraday rotation occurs only due to the different transi-
tion frequencies, as it was the case in the diamagnetic mechanism
discussed above. It can be seen directly from figure 2.6 that, with
increasing spin-orbit splitting, the difference in the transition fre-
quencies become larger and thus the overall Faraday rotation be-
comes larger. When the temperature increases, the population of
level 2 starts to grow and also contributes to the Faraday rotation.
In the high temperature limit, the populations of level 1 and 2

are the same and it can be shown that the overall contribution
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to the Faraday rotation by the transitions from level 2 is of the
same magnitude as the contribution by the transitions from level
1, yet with opposite sign [54]. More precisely, the Faraday rota-
tion is proportional to the population difference between level 1

and 2, i.e., to the average magnetic moment of the atom or ion (as
in the discussion of the paramagnetic mechanism). In summary,
we have seen that Faraday rotation tends to decrease with higher
temperatures (and lower average magnetic moment) and strong
spin-orbit interaction can be beneficial for large rotation angles.
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2.4 comparison of typical magneto-optic materials

Materials with a particularly strong magneto-optic response are
usually referred to as magneto-optic (MO) materials. The general
properties of these materials differ strongly, not only with respect
to the magnitude of the MO response, but also in many other as-
pects. For example, there are metallic as well as non-metallic
MO materials, magnetic MO materials with different magnetic
susceptibility, as well as transparent and opaque materials (de-
pending on wavelength). Furthermore, the MO properties usu-
ally strongly depend on temperature. In this section, some of the
most relevant MO materials are compared. However, it should
be mentioned that the collection of materials provided here is
not complete, especially because there are many doped variants
of the listed materials as well as materials with slightly modified
chemical composition. An extended overview can be found in
more specialized literature [54, 63, 66–70].

Figure 2.7 gives a rough overview of the range of available MO
materials and the magnitude of the achievable MO response in
terms of Faraday rotation per unit length. The data was extracted
from reference [65]. The graph shows that the materials with the
largest specific Faraday rotation response are ferromagnetic met-
als such as Fe, Co and Ni. Also quite strong Faraday rotation can
be achieved by using Europium compounds at low temperatures
such as EuSe or by CrI3, CrBr3 and MnBi. EuS, EuTe and EuO
are not shown in the diagram but exhibit optical and MO prop-
erties similar to EuSe [63, 68]. Relatively weak Faraday rotation
is obtained by yttrium-iron-garnet (YIG) as well as by CrCl3 at
shorter wavelengths. We should note at this point that although
the spectrum of YIG is plotted for low temperatures [65] the ma-
terial also exhibits Faraday rotation of comparable magnitude at
room temperature [71].

In many cases the specific Faraday rotation is not a suitable
figure of merit for the performance of a MO material. Especially,
when a MO material is to be used in transmission geometry, the
absorption of the material is relevant. Thus, a more useful way
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Figure 2.7: Faraday rotation per unit length for different magneto-optic materials.
The data were extracted from reference [65].

to characterize MO materials can be the specific Faraday rotation
normalized to attenuation (in dB/cm) shown in figure 2.8 (data
from reference [65]). This graph reveals that ferromagnetic met-
als, which show by far the largest MO response, also show the
largest optical losses. Although their room temperature compat-
ibility is convenient, their opacity makes them only useful for
MO effects in reflection geometry (e.g., for the MO Kerr effect).
In contrast, EuSe exhibits both high MO response and high trans-
parency. This is also the case for other Eu compounds such as
EuS, EuTe, and EuO, which are not plotted here [63, 68]. Al-
though the ratio of Faraday rotation and attenuation can be a
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Figure 2.8: Faraday rotation normalized to attenuation in dB for different
magneto-optic materials. The data were extracted from reference [65].

meaningful quantity, it should not be regarded as an universal
figure of merit for MO applications. For example, in the near IR
YIG exhibits a very high ratio of Faraday rotation and attenua-
tion. However, the absolute Faraday rotation in this frequency
region is extremely weak (see figure 2.7). This means that a po-
larization rotation device made of YIG would require a relatively
large amount of MO material in order to achieve a sizable rota-
tion angle. Hence, for realizing a small scale Faraday rotator, an
Eu compound would be more suitable, yet at lower temperatures.

In state of the art nanoscale MO systems, there are three pre-
dominant groups of utilized MO materials: Metals [32, 41–44],
iron garnets [26, 45–47] and Eu compounds (chapters 3 and 5).
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Due to the high optical losses of metals, the first group is mainly
used for systems that operate in reflection geometry (i.e., for uti-
lizing the MO Kerr effect). In the following, we focus on the
comparison between iron garnets and Eu compounds, which are
suitable for the utilization in Faraday geometry.

Since garnets possess a relatively low Verdet constant, there
have been efforts to modify their chemical structure in order to
enhance their MO response. For example, in the case of YIG,
substituting yttrium with bismuth leads to a greatly increased
Faraday effect [70]. However, the relatively large Faraday rota-
tion of bismuth-iron-garnet (BIG) comes with significant fabrica-
tion difficulties: BIG only forms in sophisticated non-equilibrium
processes, which involve pulsed laser deposition as well as a sub-
sequent high temperature annealing. This makes the fabrication
of hybrid systems incorporating plasmonic nanostructures very
challenging and restricts the number of possible structure geome-
tries considerably. For example, any gold nanostructures that are
incorporated inside a BIG film would get damaged due to the
high temperatures. Moreover, BIG only grows on garnet sub-
strates or special buffer layers.

Eu compounds such as EuSe and EuS provide very simple
fabrication by physical vapor deposition and are also compati-
ble with standard electron beam lithography processes. As such,
these materials can be used to realize sophisticated layer based
nanostructure geometries consisting of both magneto-optic an
plasmonic materials. EuSe and EuS possess very strong MO re-
sponse below and around their Curie temperatures at 7 K and
16.6 K, respectively.
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2.5 plasmonics

In this section the basic optical properties of metal interfaces and
nanostructures are summarized. This allows us to understand
the emergence of localized surface plasmon resonances in gold
nanostructures as used in the following chapters. It will turn
that plasmonic resonances are of fundamental importance for tai-
loring the dispersion properties of hybrid magnetoplasmonic sys-
tems.

This section begins with a discussion of the general optical
properties of metals based on the plasma model (also known as
Drude model). This is the foundation for the subsequent analysis
of the two most prominent plasmonic phenomena: Surface plas-
mon polaritons and localized surface plasmon resonances. As
this section cannot provide full coverage of all aspects of plas-
monics and related electrodynamic effects, the interested reader
can find very detailed further discussions in the works [56, 72],
which this section is based on.

2.5.1 The dielectric function of metals

The characterizing optical properties of metals can be derived
from the plasma model, also known as the Drude model. For many
metals the validity of this simple model extends over a surpris-
ingly wide wavelength range. The basic assumption of the model
is that the unbound electrons with number density n are moving
freely against the fixed and positively charged ions. This means
that the electrons are not subjected to a restoring force as in the
Lorentz oscillator model discussed in section 2.3.1. However, as
in the Lorentz model, the electrons are assumed to be driven by
the time harmonic electric field E(t) = E0e−iωt of the light wave.
The resulting equation of motion for the electron displacement
x(t) is given by

mẍ(t) + mγẋ(t) = −e0E0e−iωt, (2.57)
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where m and −e0 are the effective mass and charge of an indi-
vidual electron. Furthermore, the damping constant γ = 1/τ

corresponds to the characteristic collision frequency of a plasma
electron. The differential equation (2.57) can be solved by the
time harmonic ansatz

x(t) = x0e−iωt, (2.58)

which leads to the solution

x(t) =
e0

m(ω2 + iγω)
E(t). (2.59)

Furthermore, by means of equation (2.59), the macroscopic polar-
ization of the plasma P = −ne0x can be written as

P =
−ne2

0
m(ω2 + iγω)

E. (2.60)

With equation (2.60) we have now established the relation be-
tween the polarization of the plasma and the applied electric
field. Hence, via the relation P = ε0χ(ω)E, the electric suscep-
tibility χ(ω) can be identified as

χ(ω) =
−ne2

0
mε0(ω2 + iγω)

. (2.61)

Finally, by introducing the plasma frequency ωp

ωp =
ne2

0
mε0

(2.62)

and by using ε(ω) = 1− χ(ω), the complex dielectric function of
the free electron gas can be written as

ε(ω) = 1−
ω2

p

ω2 + iγω
. (2.63)

The real and imaginary parts of ε(ω) are given by

Re [ε(ω)] = 1−
ω2

pτ2

1 + ω2τ2 (2.64)

Im [ε(ω)] =
ω2

pτ

ω + ω3τ2 . (2.65)
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In order to increase the agreement between the modeled permit-
tivity (2.63) and the one of real metals, it can be useful to intro-
duce a slight modification. By adding a constant parameter to
the expression (2.63), the contribution of the positive metal ions
to the overall polarization can be taken into account [72]. With
this modification, the dielectric function becomes

ε(ω) = ε∞ −
ω2

p

ω2 + iγω
, (2.66)

where ε∞ is the permittivity at infinite frequency. Before the be-
havior of this model function is discussed in further detail, the
role of the plasma frequency ωp should be clarified.

Plasma frequency and volume plasmons

In order to understand the physical meaning of the plasma fre-
quency ωp, we now consider a plane wave propagating in an
electron plasma with the dielectric function (2.63). For the sake
of simplicity any material losses are neglected, i.e., we assume
γ = 0 and obtain

ε(ω) = 1−
ω2

p

ω2 . (2.67)

For the propagating electromagnetic wave we make the ansatz

E(z, t) = E0ei(kz−ωt). (2.68)

By inserting the equations (2.67) and (2.68) into the Helmholtz
wave equation (2.17) the dispersion relation

k2 =
ω2

c2
0

ε(ω) =
ω2 −ω2

p

c2
0

(2.69)

is obtained. It is evident that there are two distinct frequency
regimes: For ω < ωp the propagation constant k becomes imag-
inary, i.e., there is no light propagation possible. On the other
hand, for ω > ωp transverse electromagnetic waves can propa-
gate through the plasma, as k is real.
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Figure 2.9: Illustration of a volume plasmon. The electrons in the metal are
collectively driven at the plasma frequency ωp. They are displaced by the distance
d relative to positively charged ions. This results in a surface charge density
σ = −ne0d.

A physically interesting situation occurs if ω = ωp. In this
case, the propagation constant k vanishes, i.e., the electron excita-
tion becomes a collective movement. Furthermore, the dielectric
function ε(ωp) becomes zero. Together with D = ε0ε(ωp)E = 0
the equation (2.13) yields

E = −P/ε0, (2.70)

which means that the electric field is purely originating from the
polarization of the medium. Figure 2.9 illustrates how this situ-
ation can be interpreted in the case of a flat piece of metal. The
electrons are collectively displaced by a distance d leading to the
surface charges σ = −ne0d and σ = +ne0d on the two sides of the
slab. The attractive force between the two charged surfaces nor-
malized to a single electron can be written as F = md̈ = −e0|E|
with |E| = ne0d/ε0. This results in the equation of motion

d̈(t) + ω2
pd(t) = 0. (2.71)

From this follows that the plasma frequency can be interpreted as
the characteristic frequency of an electron sea that is oscillating
relatively to a fixed positively charged background. The excita-
tion of such an oscillation is referred to as volume plasmon. At this
point it should be noted that volume plasmons are a fundamen-
tally different type of excitation compared to surface plasmons
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and localized surface plasmons, which is discussed in the next
sections. Volume plasmons are of longitudinal nature and can
thus not couple to transverse light waves. Thus, they do not play
a role for the magnetoplasmonic systems discussed in the follow-
ing chapters.

Drude model vs real metals

Figure 2.10 depicts a comparison of the Drude model function
(2.66) (orange curves) fitted to the measured permittivity of the
most popular plasmonic material, namely gold (blue dots). The
data was extracted from [72]. The top panel shows the imagi-

Figure 2.10: Comparison of the measured dielectric function of gold (blue dots)
and the fitted model function (2.66) (orange curves). For low frequencies the is a
good agreement between the modeled permittivity and the measurement. How-
ever, for higher frequencies interband transitions cause a significant deviation
from the model. The measurement data was extracted from [72].
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nary part, whereas the lower panel displays the real part of ε(ω).
For photon energies below 2 eV (above 650 nm), there is good
agreement between the model and the measurement. However,
for larger frequencies the interband transitions of gold cause an
increase of Im(ε). Silver exhibits a similar behavior (not shown
here), however the accuracy of the Drude model extends until
electron energies of about 3.5 eV (350 nm). Also for many other
metals the Drude model yields a very accurate description of the
permittivity, especially in the infrared.

In principle, the Drude model can be extended to take the in-
terband transitions into account by adding further oscillators that
contribute to ε(ω). In contrast to the equations of motion (2.57),
these additional oscillators are then subjected to a restoring force
in analogy to the Lorentz oscillators discussed in section 2.3.1.
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2.5.2 Surface plasmon polaritons

Surface plasmon polaritons (SPPs) are electromagnetic waves
propagating along metal-dielectric interfaces. Although SPPs are
not directly utilized in the magnetoplasmonic systems analyzed
in later chapters, the discussion of their most important proper-
ties provides an important context for the analysis of localized
surface plasmon resonances presented in the next section.

In the following, the electrodynamics of a SPP are analyzed for
the simplest case of a flat metal-dielectric interface at z = 0, as il-
lustrated in figure 2.11. For an electromagnetic wave propagating
in x direction we make the ansatz

E(r, t) = E(z)ei(βx−ωt) (2.72a)

H(r, t) = H(z)ei(βx−ωt). (2.72b)

Since the geometry is invariant in y direction, H(z) and E(z)
can be assumed to be independent of y. By inserting (2.72)
into Maxwell’s equations for time harmonic fields (2.15) it can
be shown that there are two classes of solutions: TE-polarized
waves, with only the components Hx, Hz and Ey being non-zero

Figure 2.11: Illustration of a surface plasmon polariton (SPP) propagating along
a flat metal-dielectric interface at z = 0.
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and TM-polarized waves, with only the components Ex, Ez and
Hy being non-zero. However, it should be noted that it can be
shown that TE waves do not fulfill the condition that Ex and
Dz are continuous at the metal-dielectric interface [72]. Hence,
SPPs are always TM polarized. In the case of the TM waves, the
Maxwell equations (2.15) yield

∂2

∂z2 Hy(z) +

[
ω2

c2
0

ε(ω, z)− β2

]
Hy(z) = 0 (2.73a)

Ex(z) =
1

iωε0ε(ω, z)
∂Hy(z)

∂z
(2.73b)

Ez(z) =
−β

ωε0ε(ω, z)
Hy(z). (2.73c)

Within the dielectric half-space (z > 0) the solutions of the equa-
tions (2.73) are given by

Hy(z) = Cde−κdz (2.74a)

Ex(z) = Cde−κdz iκd
ωε0εd

(2.74b)

Ez(z) = Cde−κdz β

ωε0εd
(−1), (2.74c)

where the positive decay constant κd has to obey

κ2
d = β2 − ω2

c2
0

εd. (2.75)

Similary, for z < 0 the solutions are given by

Hy(z) = Cme+κmz (2.76a)

Ex(z) = Cme+κmz iκm

ωε0εm
(−1) (2.76b)

Ez(z) = Cme+κmz β

ωε0εm
(−1) (2.76c)

with the condition

κ2
m = β2 − ω2

c2
0

εm (2.77)
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for decay constant κm, wich is also positive. At the interface be-
tween the two half-spaces the normal component of D = ε0εE
and the tangential component of E have to be continuous. From
this follows that Cm = Cd and

κm

κd
= − εm

εd
. (2.78)

Equation (2.78) is an important intermediate result. We see that
modal confinement (κm, κd > 0) requires Re(εm) < 0, if εd > 0. In
other words, SPPs indeed occur only at metal-dielectric interfaces.
Furthermore, we can use equation (2.78) to eliminate κm and κd in
the equations (2.75) and (2.77) and obtain the dispersion relation
of SPPs:

β(ω) =
ω

c0

√
εm(ω)εd(ω)

εm(ω) + εd(ω)
. (2.79)

For the sake of simplicity, the dispersion of SPPs is discussed
for the case of a perfect Drude metal without damping, i.e., it
is assumed that the dielectric function of the metal half-space to
be (2.63) with γ = 0. Figure 2.12 displays the plots of Re(β)

(solid lines) and Im(β) (dotted lines) for a metal-air interface
(blue) and a metal-glass interface (orange). The light cones of
the corresponding dielectric half-spaces are indicated by dash-
dotted lines. The dielectric function of glass is assumed to be
εd = 2.3. The plots show that the SPP wavenumber is purely
imaginary between the plasma frequency and the characteristic
surface plasmon frequency ωSP = ωp/

√
1 + εd. Hence, the SPP

propagation in this range is prohibited. On the other hand, for
ω < ωSP the SPP wavenumber is purely real and the propaga-
tion of SPP waves is possible. For ω > ωp the metal becomes
transparent (see section 2.5.1). Since the dispersion curves of
the propagating SPPs lie outside of the light cones of the dielec-
tric materials (dash-dotted lines), these waves cannot be excited
by incident plane waves, as the photon energy and momentum
cannot be conserved simultaneously. However, there is a vari-
ety of techniques that allow to excite SPPs by an incident light
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Figure 2.12: Dispersion diagram for surface plasmon polaritons at a metal-air
interface (blue) and a metal-glass interface (orange). Solid lines correspond to the
real part of the wavenumber β, whereas the dotted lines denote the imaginary
part. The dash-dotted lines indicate the corresponding light cones of the dielectric
half-spaces.

beam. Typical examples involve prism couplers, grating couplers
and other surface perturbations such as edges or even dust parti-
cles. Finally, it should be pointed out that the dielectric function
of a real metal does involve significant absorptive contributions,
which result in a relatively fast decay of the propagating SPPs.
Typical propagation lengths of SPPs are on the order of 10 to
100 µm [72].
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2.5.3 Localized surface plasmon resonances

In this section the second important type of plasmonic excita-
tions will be introduced: Localized surface plasmon resonances
(LSPRs). This plasmonic phenomenon is of fundamental rele-
vance for the magnetoplasmonic structures presented in later
chapters. In contrast to the surface plasmon polaritons discussed
in the previous section, LSPRs are non-propagating excitations.
They occur in sub-wavelength metal nanoparticles surrounded by
a dielectric medium. Typical resonance wavelengths of gold and
silver particles are in the visible and near infrared. The small par-
ticle size also results in a high surface curvature, which enables
the direct excitation of LSPRs by plane electromagnetic waves. It
should be pointed out that LSPRs not only occur in metal vol-
umes which are confined in all three dimensions, but also in
structures which are infinitely extended in one dimension (i.e.,
in metal wires as utilized in the following chapters).

Figure 2.13: Illustration of a spherical metal nanoparticle surrounded by a dielec-
tric medium. If the radius a is well below the wavelength of light, the condition
for the localized surface plasmon resonance can be obtained by means of the
quasistatic approximation.
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To understand the fundamental mechanism behind a LSPR it is
useful to investigate the simple case of a spherical metal particle
with a radius a well below the wavelength of light. This situation
is illustrated in figure 2.13. Due to the small particle size, the elec-
tric field of a surrounding electromagnetic wave can be assumed
to be constant within a volume of the size of the sphere. Hence,
the electric field of the light wave can be treated as a static field
E0 = E0ez and the system is described by the Laplace equation

∆Φ(r) = 0, (2.80)

where the electric field is obtained via E(r) = −∇Φ(r). Any
time-harmonic dependence can then be added subsequently to
the static solution, i.e., E(r, t) = E(r)e−iωt. This assumption is
known as quasistatic approximation. Since the geometry in figure
2.13 possesses spherical symmetry we can write the general solu-
tion of (2.80) as

Φ(r, θ) =
∞

∑
l=0

[
Alrl + Blr−(l+1)

]
Pl(cos θ), (2.81)

where Pl are the Legendre polynomials [56]. The coefficients Al
and Bl are determined by the following conditions: Firstly, at the
surface of the metal sphere, the tangential component of E(r) and
the normal component of D(r) = ε0ε(ω)E(r) have to be contin-
uous. Additionally, it is required that Φ(r, θ) → −E0r cos θ as
r → ∞. Applying these conditions results in

Φ(r, θ) = − 3εd
ε + 2εd

E0r cos(θ) (r < a) (2.82a)

Φ(r, θ) = −E0r cos(θ) +
ε− εd

ε + 2εd
a3E0

cos(θ)
r2 (r > a). (2.82b)

By comparing the second term in equation (2.82b) to the generic
potential of a dipole in z direction [56]

Φ(r, θ) = − 1
4πε0εd

p cos(θ)
r2 (2.83)
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we can identify

p = 4πε0εd
ε− εd

ε + 2εd
a3E0. (2.84)

Furthermore, by using E0 = E0ez and r = rer we can express the
equations (2.82) in the form

Φ(r) = − 3εd
ε + 2εd

E0 · r (r < a) (2.85a)

Φ(r) = −E0 · r +
ε− εd
ε + 2εd

a3 p · r
r3 (r > a) (2.85b)

which is also valid for any direction of the electric field E0. So
far, we see from equation (2.84) that the metal particle produces
a static dipole field proportional to the applied electric field.
Hence, by introducing the polarizability α(ω) via the relation
p = ε0εdα(ω)E0, equation (2.84) yields the important result

α(ω) = 4πa3 ε(ω)− εd
ε(ω) + 2εd

. (2.86)

We see immediately that when ε(ω) approaches −2εd the polar-
izability exhibits a resonant behavior. In the case of an approx-
imately constant Im[ε(ω)] around that resonance, the resonance
condition becomes

Re [ε(ω)] = −2εd, (2.87)

which is known as the Fröhlich condition. For a nanoparticle con-
sisting of an ideal Drude metal without damping (with a dielec-
tric function (2.67)) the Fröhlich condition is met at the resonance
frequency

ωSPR =
ωp√

1 + 2εd
. (2.88)

From this we see that an increase of the refractive index around
the metal particle causes a red-shift of the resonance. This behav-
ior is utilized in refractive index sensing [73]. With the resonantly
increased polarizability (and thus light absorption) also comes a
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field enhancement inside and in the vicinity of the nanoparticle.
This can be immediately recognized by deriving the electric fields
E = −∇Φ associated with the potentials (2.85):

E(r) =
3εd

ε + 2εd
E0 (r < a) (2.89a)

E(r) = E0 +
1

4πε0εd

3(er · p)er − p
r3 (r > a). (2.89b)

The results we have obtained by using the quasistatic approxi-
mation are independent of the actual particle size and provide
very good accuracy for nanoparticles with sizes below 100 nm.
For an increasing particle size the exact derivation of the optical
response is still possible for spheres (Gustav Mie 1908 [74]) but
it is much more complicated. For most complex particle shapes
the derivation of the field distribution and resonance condition
needs to be performed numerically.

However, as a rule of thumb, for Drude metals as well as for
real gold and silver an increase of the particle size in the direc-
tion of the light polarization results in a red-shift of the resonance
wavelength and a broader absorption line [72]. Furthermore, as
we will see in chapter 3, LSPRs also occur in less confined ge-
ometries, such as metal wires, if the light polarization is perpen-
dicular to the wire, i.e., in the direction of the metal confinement.
In analogy to the case of spheres, a plasmon resonance in a gold
wire also red-shifts for increasing wire width.
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2.6 resonances in grating-waveguide structures

The Faraday rotation enhancement mechanisms utilized in the
chapters 3, 4 and 5 are based on modifying magneto-optic thin
films such that they provide both localized surface plasmon reso-
nances, as well as quasiguided waveguide resonances. While the
origin of the first resonance type was analyzed in section 2.5, in
this section the concept of quasiguided waveguide modes is dis-
cussed. The basic dispersion properties of these modes is moti-
vated by first discussing the properties of guided modes and sub-
sequently making the transition to periodically perturbed waveg-
uide slabs via the empty lattice approximation. Since this approach
is based on highly idealized assumptions, it does not allow to
accurately calculate the optical response of the structures intro-
duced in later chapters. However, it gives a basic understand-
ing of the most important properties of quasiguided waveguide
modes and their origin. This section is based on the discussions
in [57, 75–77].

Figure 2.14: Schematic drawing of a dielectric slab waveguide (light blue) on top
of a substrate (grey). The superstrate above the waveguide is drawn as empty
white space. The dark blue features indicate a periodic perturbation that is as-
sumed to involve only non-metallic elements. Furthermore, the perturbation is
assumed to be so small that the influence on the effective refractive index of the
slab waveguide is negligible.
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Figure 2.14 shows a schematic drawing of a dielectric slab
waveguide. It consists of a thin waveguide (WG) layer with
thickness h and permittivity εWG on top of a substrate with
permittivity εsub. The superstrate, i.e., the half-space above the
waveguide layer (usually air), is assumed to possess the dielec-
tric function εsuper. In order to allow light to be guided inside
the center slab, the dielectric functions have to fulfill the condi-
tion εWG > εsub, εsuper. The whole structure is assumed to be ex-
tended infinitely in y-direction. The dark blue markings indicate
a periodic perturbation of the waveguide layer with periodicity
p. For example, this could be a corrugated upper surface of the
waveguide film or a dielectric grating with a small extension in
z-direction. In later chapters, it is shown that in the case of a
metallic grating, additional plasmonic resonances are introduced
to the system. However, in this section only the case of purely
dielectric perturbations is considered.

Guided modes

At first, let us consider the situation without any periodic cor-
rugation. In this case the waveguide consists of three flat and
homogenous layers. The corresponding optical eigenmodes are
obtained by solving the Helmholtz wave equations

∆E(r) + k2
0εE(r) = 0 (2.90)

∆H(r) + k2
0εH(r) = 0. (2.91)

A comparison with (2.17) shows that the substitution k0 = ω/c0
was used. It can be shown that for the considered geometry there
are two types of solutions [57]: Transverse electric (TE) modes
(with E = Eyey , H = Hxex + Hzez) and transverse magnetic
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(TM) modes (with H = Hyey , E = Exex + Ezez). For the TE
modes the following ansatz can be made:

Ey(x, z) = Aeazei(kx x−ωt) (superstrate) (2.92)

Ey(x, z) = (Beikzz + Ce−ikzz)ei(kx x−ωt) (WG slab) (2.93)

Ey(x, z) = De−bzei(kx x−ωt) (substrate) (2.94)

The ansatz for Hy in the case of TM modes (not shown here) is
very similar. By applying the correct boundary conditions for
the material interfaces, the following dispersion relation for TE
modes is obtained [57, 77]:

h
√

k2
0εWG − k2

x = arctan

[√
k2

0(εWG − εsuper)

k2
0εWG − k2

x
− 1

]
+

arctan

[√
k2

0(εWG − εsub)

k2
0εWG − k2

x
− 1

]
+ mπ.

(2.95)

For TM modes the dispersion relation is given by

h
√

k2
0εWG − k2

x = arctan

[
εWG

εsuper

√
k2

0(εWG − εsuper)

k2
0εWG − k2

x
− 1

]
+

arctan

[
εWG

εsub

√
k2

0(εWG − εsub)

k2
0εWG − k2

x
− 1

]
+ mπ.

(2.96)

The equations (2.95) and (2.96) are transcendental equations,
which connect the frequency of the light ω = c0k0 with the prop-
agation constant kx. The integer (m = 0, 1, 2, 3...) denotes the
mode order. For εsuper 6= εsub the dispersion relations only pos-
sess solutions for photon energies E = c0h̄k0 above the cut-off
energy Ecut. These cut-off energies are

Ecut,TE =
h̄c0

h
√

εWG − εsub

[
arctan

(√
εsub − εsuper

εWG − εsub

)
+ mπ

]
(2.97)
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for TE modes and

Ecut,TM =
h̄c0

h
√

εWG − εsub

[
arctan

(
εsub

εsuper

√
εsub − εsuper

εWG − εsub

)
+ mπ

]
(2.98)

for TM modes. Figure 2.15 displays an exemplary dispersion
plot obtained by numerically solving the transcendental equa-
tions (2.95) and (2.96) for m = 0. The assumed structure pa-
rameters are εWG = 3.61, εsuper = 1, and εsub = 2.1, as well as
h = 140 nm. The energies of the TE and TM waveguide modes
are plotted with blue and orange solid lines, respectively. The
corresponding cut-off energies are marked with dotted lines. The
light cones of air, waveguide material, and substrate are drawn
as black lines. From the plot it can be seen that the modes are al-
ways above the light cone of the waveguide material. This means
that for a given light frequency, the effective wavelength inside
the waveguide slab is always longer than for an infinitely thick
waveguide slab (i.e., bulk).

In order to realize the excitation of guided modes by incident
light, the following three requirements have to be met: 1.) The
polarization of the incoming light has to match the polarization of
the waveguide modes. This means that TE0 and TM0 waveguide
modes can only be excited by s-polarized and p-polarized light
respectively. 2.) Energy conservation requires that the incoming
light and the guided light have to have the same frequency ω.
3.) Momentum conservation requires that the component of the
incoming wave vector (see figure 2.14) matches the wavenumber
inside the slab, i.e.,

kx = k||in. (2.99)

The latter two conditions implicate that guided modes cannot be
excited by incident plane waves: Looking at figure 2.15 reveals
that for a given light frequency (energy), the propagation con-
stant kx is always larger than the wavenumber of the light cones
of air and the substrate. This means that even for incident light
with k||in → |kin|, the equation (2.99) cannot be fulfilled.
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Figure 2.15: Dispersion of guided modes in a 140 nm thick waveguide. The blue
curve corresponds to the TE polarized mode, wheras the orange curve denotes
the TM waveguide mode dispersion. The black lines mark the light cones of air,
substrate and the waveguide material.

One way to overcome the problem of simultaneous energy and
momentum conservation is by utilizing prism couplers [78, 79].
This technique employs a prism with a refractive index larger
than that of the waveguide slab. This prism is brought in contact
with the waveguide slab and light is sent through the prism such
that it is reflected at the contact interface. Due to photon tunnel-
ing, an evanescent wave is then leaking into the waveguide slab.
The x component of this evanescent wave can be matched with
kx by adjusting the incident angle into the prism.

Quasiguided modes

Another way of coupling the waveguide modes to external plane
waves can be realized by introducing periodic perturbations of
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2.6 resonances in grating-waveguide structures

the waveguide surface, e.g., by attaching a grating on top of the
waveguide [57, 76]. In figure 2.14 such a perturbation is indi-
cated by the dark blue features. If this perturbation is small
and the change of the effective refractive index of the waveguide
slab is negligible, the modal dispersion can be assumed to be the
same as in the non-disturbed case, with the only difference that
the range of kx can now be reduced to the first Brillouin zone
(−π/p ≤ kx ≤ π/p) by treating every wavenumber kx to be
equivalent to kx ± l 2π/p, with (l = 0, 1, 2, 3...) [57]. As a result,
the condition (2.99) relaxes to

kx = k||in ± l
2π

p
, (l = 0, 1, 2, 3...). (2.100)

This means that the dispersion line is folded back at the bor-
ders of the first Brillouin zone (kx = ±π/p). This description
is called empty lattice approximation [75]. Exemplary results of this
approximation are displayed in figure 2.16. The two plots show
the modal dispersion of the same slab waveguide as discussed
in figure 2.15 but with an additional periodic perturbation with
p = 300 nm and p = 550 nm. For better readability, only the TE0
waveguide mode is plotted. The most notable feature of these
plots is that as a consequence of the folding of the dispersion line,
the TE modes now reach regions above the air and substrate light
cones. In this region the corresponding TE waveguide modes no
longer possess an infinite lifetime and can couple to incoming
and outgoing plane waves, i.e., the modes become quasiguided.
Of special relevance for chapter 3 are the points where the dis-
persion lines intersect with the line of kx = 0. These points corre-
spond to the case of normal incidence (k||in = 0 and l = ±1,±2, ...).
For example, in the case of p = 300 nm the first mode accessible
for normal incidence has an energy of E1 = 2.5 eV. On the other
hand, in the case of p = 550 nm the first intersection with the
energy axis already happens at lower energies such that also the
second intersection at E2 lies within the plotting range. At this
point we note the important result that a larger grating period
leads to a lower resonance frequency.
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Figure 2.16: Illustration of the empty lattice approximation for the TE0 waveguide
mode in the slab waveguide structure corresponding to figure 2.15, but with an
additional periodic perturbation.

Both at the center (kx = 0) and at the edge of the first Bril-
louin zone (kx = π/p) the modes are twofold degenerated due
to the line folding. At these points the periodic structure sup-
ports two modes with the same energy, but with different sym-
metry of the electric field distribution with respect to the unit cell
of the periodic waveguide. In the simplest case, one of the two
modes shows a sinusoidal behavior with respect to the x direc-
tion, whereas the other one shows a cosinusoidal behavior. For
normal incidence and systems with high symmetry, usually one
of the two eigenmodes is dark, i.e., it possesses a line width of
zero, and only the other mode can be excited efficiently. For an
increasing incident angle, the line width of the dark mode in-
creases and the mode becomes bright (see also section 3.3). Fur-
thermore, when the periodic corrugation of the waveguide be-
comes stronger, the degeneracy of the eigenmodes at the center
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and the edges of the first Brillouin zone is lifted. This is in anal-
ogy to the case of electronic Bloch wavefunctions in solids [80]
and is indicated by the magnified crop next to E1 in the right
plot of figure 2.16.

The simple concept of the empty lattice approximation gives
a good flavor of the nature of quasiguided modes in corru-
gated slab waveguides. However, in most real world grating-
waveguide systems, the periodic corrugation cannot be treated
as a small perturbation anymore. This is also the case for the
structures investigated in chapters 3, 4, and 5. Hence, full nu-
merical simulations are required to solve Maxwell’s equations in
order to accurately predict the modal dispersion and the optical
response of such systems. In chapter 3 we will see that especially
the introduction of metallic wire gratings dramatically influences
the waveguide dispersion. As the individual grating wires pro-
vide an additional localized surface plasmon resonance, which
can couple to the quasiguided waveguide modes, a new hybrid
excitation emerges: The so-called waveguide-plasmon-polariton.
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2.7 measuring faraday rotation of nanostructures

The magneto-plasmonic systems experimentally studied in the
chapters 3 and 5 are based on the magneto-optic materials EuSe
and EuS, which require temperatures well below the nitrogen
boiling point. Therefore, the samples are placed inside a helium
cryostat system during the Faraday rotation measurement. In
this section the experimental and technical details of the self-built
low-temperature polarimeter are summarized.

Typical sample layout

Before the utilized experimental setup is examined as a whole,
at first, the size and layout of the utilized samples should be
considered. Typically, the samples were fabricated on Suprasil
substrates with dimensions 10× 10× 0.5 mm as illustrated in fig-
ure figure 2.17. The purple color cast is due to an evaporated MO
thin film (in this case it is EuS). The patches in the center of the
film contain periodic arrays of plasmonic nanostructures fabri-
cated by electron beam lithography. The patch size and thus also
the maximal spot size of the measurement beam is 200× 200 µm.

Measurement setup

The photograph in figure 2.18a gives an overview of the whole
measurement arrangement. In the middle of the image one can
see the blue cryostat, which contains the measured sample. The
utilized Oxford Instruments Microstat MO is a helium flow cryo-
stat incorporating a superconducting magnet, which produces
magnetic fields of up to 5 T perpendicular to the sample surface.
Furthermore, the cryostat contains two windows in the front and
back side to allow light to be sent through the sample along the
direction of the magnetic field. In order to position the focus spot
of the measurement beam on a specific patch on the sample, the
whole cryostat can be translated with 10 µm accuracy by means
of the highlighted XYZ stage. On the right-hand side of the cryo-

54



2.7 measuring faraday rotation of nanostructures

Figure 2.17: Photograph of a typical hybrid magnetoplasmonic sample as utilized
in the chapters 3 and 5. The square patches are nanostructured areas with a size
of 200× 200 µm.

stat, the incident light beam is prepared and focused onto the
sample inside the cryostat. The devices on the left of the cryostat
are for analyzing the polarization of the outgoing light beam.

A more detailed sketch of the setup is displayed in figure 2.18b.
To understand the working principle of the setup, we now follow
the light beam, starting at the laser driven plasma light source
in the top part. This fiber coupled lamp is a very bright light
source, which provides a small effective light emission volume.
This means that the light emitted by the lamp can be focused
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Figure 2.18: (a) Photograph of the measurement setup. (b) Schematic drawing of
the light path and the utilized optical elements.

down to relatively small spot sizes. Right next to the lamp is
a beam conditioning unit that produces a collimated light beam.
Before this beam hits the sample in the cryostat, it is focused
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down using two lenses. Their relative distance can be changed to
fine tune the exact focus position. Directly in front of the sample,
inside the cryostat, is a polarizer to define the polarization of the
incident light. The reason for not positioning it in front of the
cryostat is the following: Since the cryostat windows themselves
induce a significant amount of Faraday rotation, the incident po-
larization would change with the applied magnetic field. How-
ever, this would be very inconvenient as a the defined incident
polarization is very critical for measuring anisotropic magneto-
optic samples. The utilized polarizer is a custom made variant of
a ColorPol polarizer by the company Codixx. This polarizer pro-
vides an extinction ratio of 10, 000 : 1 in the wavelength range
between 550 nm and 900 nm. The working principle of the polar-
izer relies on nanoparticles incorporated just below the surface
of the plate. To avoid any Faraday rotation within the polarizer
plate itself, the plate is mounted in front of the sample such that
the polarizing side (where the nanoparticles are concentrated) is
facing the sample. This way, the unpolarized light emitted by
the lamp is only polarized just in front of the sample and the
polarization state is well-controlled.

After the light passes through the sample, it exits the cryostat
and is recollimated by another zoom lens system. Now the polar-
ization state of the light beam is measured by means of a rotating
(circular) polarizer, acting as analyzer. The principle behind this
rotating analyzer can be explained as follows: If the polarization
of the light is not altered between the polarizer inside the cryostat
and the analyzer, the resulting intensity detected at the spectrom-
eter is proportional to cos2(φ), where φ is the angle between the
analyzer and the polarizer. Furthermore, if the polarization of the
light is altered after the polarizer (for example due to the Faraday
effect of the sample), the intensity recorded by the spectrometer
can be written as

I(φ) ∝
[
cos2(φ− ∆φ) + ∆I

]
, (2.101)

where ∆φ is equal to the polarization rotation of the light beam.
The quantity ∆I depends on the induced ellipticity, as well as on
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Figure 2.19: (a) Brass sample holder mount of the cryostat. (b) Detailed view
on the removable copper inlet containing the sample, a spacing frame, and the
polarizer plate.

the absolute Intensity and the degree of polarization of the mea-
surement light beam. In the actual measurement the analyzer
does not rotate continuously but step-wise and stands still while
the spectrometer at the end of the light path records the inten-
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sity I(φ) for each analyzer angle and wavelength. After that, the
polarization rotation ∆φ is obtained by fitting the recorded inten-
sities to the relation (2.101) for each wavelength. To minimize
fitting errors due to the noise in the individual intensity spectra,
a sufficiently large number of rotation steps has to be recorded.
For the measurements in the chapters 3 and 5 the polarizer angle
φ was varied from −180◦ to +180◦ with a stepsize of 1

◦.
The reason for not utilizing a linear polarizer as analyzer is the

following: The utilized spectrometer (HR4000 by Ocean Optics)
exhibits a slightly different sensitivity for different linear polar-
izations. This can result in a systematic error of the measured
I(φ) function. To suppress such errors, a circular polarizer was
used as analyzer (with the side of the quarter-wave plate facing
in the direction of the spectrometer). This causes the light cou-
pled into the spectrometer to be circularly polarized and results
in much cleaner measurements as compared to the case of a ro-
tating linear polarizer.

Sample holder

As already pointed out, it is crucial to mount the polarizer to-
gether with the sample inside the cryostat. This is done by means
of the sample holder displayed in figure 2.19a. It mainly con-
sists of a brass mount, which is connected to the heat sink of the
cryostat. The sample is situated inside a removable copper inlet,
which is connected to the brass mount via heat conducting silver
paste.

The copper inlet also contains the polarizer plate, as can be
seen in the more detailed image in figure 2.19b. To provide a
good heat transfer to the brass mount, only in the middle of the
inlet there is a 5 mm aperture to allow light transmission. The
sample with the nanostructures facing upwards is directly con-
nected to the copper inlet via heat conducting silver paste. Be-
tween the sample and the polarizer plate there is a 1 mm thick
aluminum frame to prevent direct contact. The stack of sam-
ple, aluminum frame and polarizer is fixed by means of a brass
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clamp. The transmission axis of the polarizer plate is parallel to
its edges. Furthermore, the symmetry axes of the nanostructures
are also aligned with the sample substrate. This allows to easily
align the polarizer with the nanostructures.

Since the polarizer is mounted to the sample holder, the inci-
dent polarization cannot be changed without opening the cryo-
stat. Hence, in order to perform measurements with different
incident polarizations, it can be useful to fabricate several ver-
sions of each nanostructure which are rotated relatively to each
other.

Faraday rotation of cryostat windows

It is important to realize that the static magnetic field of the cryo-
stat also induces significant Faraday rotation in the exit window
of the cryostat and in the glass substrate of the sample. Hence,
in every measurement these contributions are superimposed on
the Faraday rotation of the sample. Figure 2.20 shows the Fara-
day rotation spectra of the mentioned glass elements for different
magnetic fields. It can be seen that in the wavelength range be-
tween 500 and 800 nm the glass elements produce a considerable

Figure 2.20: Faraday rotation of the cryostat exit window and the glass substrate
of the sample for different magnetic field strengths.
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rotation on the order of 1◦ for 5 T. This is a magnitude compara-
ble to spectral features found in the Faraday rotation spectra of
typical EuSe and EuS based nanostructures. Hence, it is impor-
tant to subtract the glass contributions from all measured Faraday
rotation spectra.
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3G I A N T FA R A D AY E F F E C T I N E u S e - Au
S T R U C T U R E S

In this chapter1, the realization of an ultra-thin plasmonic Fara-
day rotator for the visible wavelength regime will be demon-
strated. The rotator is a magneto-plasmonic hybrid structure
consisting of an EuSe slab and a 1D plasmonic gold grating. At
low temperatures, EuSe possesses a large Verdet constant and ex-
hibits Faraday rotation, which does not saturate over a regime
of several Tesla. By combining these properties with plasmonic
Faraday rotation enhancement, as introduced by Chin et al. [47],
giant Faraday rotation of up to 4.2◦ for a film thickness of only
220 nm is achieved. This magneto-optic response is five times
stronger than in previously reported experiments. Furthermore,
by varying the magnetic field from −5 to +5 T, the polarization
of the transmitted light can be continuously tuned over a range
of 8.4◦. Through experiments and simulations, it will be demon-
strated for the first time that the unique dispersion properties of
such a Faraday rotator allow to tailor its working wavelength to
arbitrary spectral positions within the transparency window of
the magneto-optical slab. The demonstrated concept might lead
to important, highly integrated, nonreciprocal, photonic devices
for light modulation, optical isolation, and optical magnetic field
sensing. Moreover, the simple fabrication of EuSe nanostructures
by physical vapor deposition opens the way for many interesting
magneto-plasmonic systems and 3D magneto-optical metamate-
rials.

At first, in section 3.1, the working principle of the utilized
EuSe-Au nanostructures will be discussed by means of numerical

1 Major parts of this chapter were published in the article [53] under a Creative
Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License. The
author of this dissertation is also first author of the referenced article.
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simulations. After that, the experimental results are presented
in section 3.2. In section 3.3 it will be elaborated on how the
magneto-optic properties of the Faraday rotators depend on the
angle of incidence and on the thickness of the incorporated EuSe
films.

3.1 the waveguide-plasmon-polaritonic approach

From the discussion of the Faraday effect in section 2.2.3, we
have seen that, in first approximation, the Faraday rotation an-
gle scales linearly with the applied magnetic field, the material
specific Verdet constant and the material thickness. Hence, as
the rotation capabilities of a magneto-optic material is usually
limited by a small Verdet constant, a thin-film rotator structure
might seem contradictory. However, a strong Faraday effect and
a low material thickness can be combined by making the rotator
structure resonant. As it was also discussed in section 2.2.3, the
Faraday effect is non-reciprocal, which allows light to accumulate
rotation of the same sign and magnitude for both forward and
backward propagation. This behavior implies that when light
propagates through a medium and is reflected in the backward
direction, the accumulated Faraday rotation is twice the rotation
of only one pass. Moreover, the rotation can be enhanced even
further by additional round-trips through the medium. This prin-
ciple is utilized in the magneto-plasmonic structure schematically
depicted in Figure 3.1a. The structure consists of an EuSe slab
waveguide and a gold wire grating on top. Both the magnetic
field and the wave vector of the incident light are assumed be
perpendicular to the EuSe film. In the following, the incident po-
larization parallel and perpendicular to the wires is referred to
as TE and TM, respectively. The gold nanowire grating has two
functions. First, it acts as a waveguide coupler and allows nor-
mally incident light to couple into the slab and excite a waveg-
uide mode (see section 2.6). The wave vectors of these modes
possess a significant component in the z-direction. In ray approx-
imation, this scenario can be understood as light bouncing back
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Figure 3.1: (a) Geometry of the EuSe-Au hybrid structure. The applied magnetic
field and incident light are normal to the EuSe film. There are two cardinal
polarization orientations, namely transverse electric (TE, electric field parallel to
the gold wires) and transverse magnetic (TM, electric field perpendicular to the
gold wires). (b) Schematic dispersion graph of the hybrid structure. For TM
incident polarization, the plasmonic resonance of the gold wires couples strongly
to the TM waveguide mode of the EuSe slab and forms a waveguide-plasmon-
polariton.

and forth inside the magneto-optical film and accumulating the
rotations of multiple round-trips. When light is eventually cou-
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pled out of the film, due to a finite lifetime, the effective Faraday
rotation is significantly larger than that for a bare film.

Many applications require wavelength-specific device opera-
tion. The presented structure design provides the freedom to
tune the working wavelength (i.e., the spectral region with largest
rotation enhancement) to arbitrary positions within the trans-
parency window of the magneto-optical film. To explain the prin-
ciple behind the wavelength tunability, we must first consider the
connection between Faraday rotation enhancement and the dis-
persion properties of the hybrid structure. The largest Faraday
rotation enhancement occurs at wavelengths at which the struc-
ture supports both a TM-polarized and a TE-polarized eigen-
mode (see section 2.6). In that case, the TM-to-TE conversion
(i.e., polarization rotation) can occur most efficiently. This behav-
ior will also be described analytically in chapter 4. Strictly speak-
ing, the modes excited by TE- and TM-polarized incident light
are themselves not purely (but mainly) TE- and TM-polarized
due to the anisotropic permittivity tensor of the magneto-optical
material. However, in the interest of readability, these modes
are referred to as TE and TM modes, respectively. To overlap
the TE and TM modes in k-space as well as at their energetic
position, the second function of the metallic grating comes into
play. In TM polarization, the gold wires provide a localized
particle plasmon resonance that hybridizes with the TM waveg-
uide mode of the magneto-optical slab and forms a waveguide-
plasmon-polariton (WPP) [49]. For the resulting TM-polarized
WPP, there will always exist a grating period such that its dis-
persion curve intersects with a TE waveguide dispersion curve
at the same wavelength. This mechanism is illustrated in Fig-
ure 3.1b, which schematically displays the dispersion behavior
of the magneto-plasmonic hybrid structure. The lines in the di-
agram trace the resonance frequencies of the TE and TM modes
for different grating periods. The solid lines correspond to the
case when the grating coupler is made of a dielectric material
and thus does not support any plasmonic resonance. As it was
discussed in section 2.6, in the empty-lattice approximation, the
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waveguide resonance wavelength increases with larger grating
periods. Since the exciting light wave is assumed to be imping-
ing normally, the solid lies in the dispersion diagram can be as-
sociated with the energy E1 in figure 2.16. The dispersion for a
metallic waveguide coupler is depicted as dotted lines. In the
dielectric case, the TE and TM modes never overlap except for
the zero grating period or inclined incidence [48], whereas they
overlap in the metallic case owing to the formation of the WPP.
As a result of the coupling of the localized particle plasmon to
the TM waveguide mode, the dispersion curve of the TM mode
is bent over the TE waveguide-mode dispersion curve and an
intersection is created [48, 49]. The position of this intersection
directly depends on the wavelength of the localized particle plas-
mon in the grating wires. By increasing (decreasing) the wire
width of the grating, both the plasmonic resonance and intersec-
tion point of the WPP and TE mode shift toward longer (shorter)
wavelengths and larger (smaller) periods. By means of this fea-
ture, the working wavelength of the system can be tuned via the
gold wire width and grating period.

In the experimental realization of the hybrid-plasmonic struc-
ture, the waveguide was made of EuSe. Already in the 1960s,
in the context of research on computer memories, the group of
Europium chalcogenides received attention for their exceptional
magnetic properties and strong magneto-optical response at low
temperatures [69, 81, 82]. In particular the compound EuSe ex-
hibits extremely large Faraday rotation angles on the order of
1
◦ per Tesla and micrometer thickness in the visible wavelength

range at temperatures of 30 K. EuSe also possesses a high satu-
ration magnetic flux density of 2 to 5 T, depending on the wave-
length [81–83]. Furthermore, the fabrication of EuSe thin films
is very simple and can be carried out by physical vapor deposi-
tion [84] (PVD). This feature is a significant advantage over bis-
muth iron garnet (BIG), which is widely utilized both in magneto-
optical devices [85–89] and concept studies [16, 29, 47]. BIG films
are typically fabricated by pulsed laser deposition [70] (PLD) fol-
lowed by high-temperature annealing, which is largely restricted
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Figure 3.2: Simulation of absorbance and Faraday rotation for a 150 nm thick
EuSe slab and 70 nm thick and 70 nm wide periodic gold wires. The assumed
conditions are a temperature of 30 K and a magnetic field of 5 T. The black and
white dashed lines denote the calculated TE and TM resonance modes. At the
point where TM and TE modes overlap, the largest Faraday rotation occurs. The
red dashed line indicates the Rayleigh anomaly depending on the grating period.

to homogeneous films and does not allow for the direct incorpo-
ration of other materials, such as plasmonic nanostructures, into
the film. With the flexibility of PVD, EuSe provides the possi-
bility of fabricating more sophisticated potential future designs,
including 3D geometries, where the magneto-optical and plas-
monic elements are merged. The gold gratings attached to the
EuSe films were fabricated by electron beam lithography [90].

To support the explanation of the Faraday rotation enhance-
ment mechanism, the dispersion behavior of the demonstrated
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structures was simulated using the scattering matrix method [91].
The simulation results displayed in figure 3.2 confirm the forma-
tion of WPPs in the EuSe-Au hybrid structure for TM incidence
and also show that the maximum Faraday rotation enhancement
can be expected around the intersection of the TE waveguide
mode and the TM-polarized WPP. The upper panels of Figure
3.2 show the simulated absorbance spectra for a 150 nm thick
EuSe film with a gold wire grating on top for varying the grat-
ing periods. The gold wires are assumed to be 70 nm thick and
70 nm wide. The black and white dashed lines trace the radi-
ating TE- and TM-mode resonance frequencies of the EuSe hy-
brid structure and have been derived ab initio from the scatter-
ing matrix [91]. The diffraction induced Rayleigh anomaly [49]
is plotted in red. For small periods, the TM hybrid-mode dis-
persion is dominated by the plasmonic resonance of the gold
wires and is therefore relatively broad with a weak dependence
on the grating period. For larger periods, the TM hybrid-mode
dispersion becomes more waveguide-like and converges toward
a sharp and purely waveguide-induced resonance. Because the
localized particle plasmons in the gold wires can be excited only
for TM-incident polarization, the TE-mode dispersion shows a
distinct feature of a waveguide resonance. The corresponding
Faraday rotation spectra are shown in the lower panels of Fig-
ure 3.2. The maximum Faraday rotation occurs around the inter-
section of the TE and TM mode dispersion, as predicted in the
previous discussion. For the case when the wave vector of the in-
cident light is tilted, the dispersion behavior changes according
to the analysis by Christ et al. for non-magneto-optical hybrid
structures [48, 49]. However, the criterion for maximum Faraday
rotation enhancement remains unchanged: it occurs where the
TM waveguide-plasmon-polariton has the strongest overlap with
the TE waveguide modes. More discussion on that matter can be
found in section 3.3, which will also elaborate on the influence of
the waveguide thickness.

In the numerical simulations, the gold has been described by
tabulated data by Johnson and Christy [92]. The glass substrate
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was assumed to possess a constant relative permittivity of 2.13.
The diagonal elements of the permittivity tensor of the EuSe film
were modeled using experimental data gained from transmission
measurements of different plasmonic gratings on top of an EuSe
slab. The off-diagonal elements of the dielectric tensor were ob-
tained from measurements of a blank EuSe film at 30 K and 5 T,
which is the condition given in the performed experiments.

3.2 experimental realization

The Faraday rotation measurements for the EuSe-Au hybrid
structures were performed in a magnet cryostat at 30 K. The po-
larization rotation was measured with a rotating analyzer be-
tween the illuminated sample and a spectrometer. Because the
presented structures are anisotropic, for rotation measurements
it is crucial that the incident light be either purely TE- or TM-
polarized. For other incident polarizations, undesired reciprocal
rotation contributions occur owing to different transmittance for
TE and TM polarization. Wavelength-dependent deviations from
the pure TE or TM polarizations can occur due to the Faraday ro-
tation in glass elements within the reach of the magnetic field of
the magnet cryostat. For this reason, an intra-cryostat polarizer
was placed directly in front of the sample to ensure that the un-
polarized measurement light beam is only polarized just before
it hits the sample. More details on the measurement procedure
can be found in section 2.7.

3.2.1 Faraday rotation enhancement

The simulated Faraday rotation of the EuSe-Au structures, pre-
sented in section 3.1, was subsequently confirmed experimentally.
Figure 3.3a displays the transmittance and Faraday rotation spec-
tra for TM incidence for different grating periods. The utilized
EuSe film is 150 nm thick. Both the width and thickness of the
gold wires is 70 nm. The corresponding spectra from the sim-
ulations are plotted in Figure 3.3b. The black curves represent
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Figure 3.3: Faraday rotation and transmittance spectra for a 150 nm thick EuSe
slab and 70 nm thick and 70 nm wide periodic gold wires. By varying the grat-
ing period, the overlap of the TM and TE waveguide modes can be successively
increased and the Faraday rotation enhanced. (a) Measured data. (b) Simulated
data.

the case of a blank EuSe film without grating. The blue curves
correspond to a 360 nm grating period and represent the case
where the TE- and TM-mode dispersions have the greatest over-
lap. Hence, the largest Faraday rotation enhancement is achieved.
At 662 nm, the structure exhibits a Faraday rotation of 4.2◦ at
reasonably high transmittance of 30 %. The other curves show
that when the period is increased, the enhancement of the rota-
tion decreases as the TE and TM modes move farther apart. As
in the color-coded absorbance diagram in Figure 3.2, the reso-
nance features of the TE mode (negative rotation contribution)
and TM mode (positive rotation contribution) are drifting away
from each other with an increasing grating period while simul-
taneously flattening out. The simulated and experimental data
correspond well, although there is a difference in the Faraday
rotation base line plotted in black. For small wavelengths, in
the simulation, this curve completely overlaps with the colored
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rotation spectra of the different gratings. However, in the mea-
surement this is not completely the case. This discrepancy is
caused by the limited temperature accuracy of the utilized cryo-
stat system. In principle, this effect can be completely eliminated
by using a cryostat that can maintain a temperature below 7 K,
which is the Néel temperature of EuSe. Earlier measurements
(not shown here) confirmed that in this temperature range, the
Faraday rotation of EuSe is even larger and not temperature de-
pendent.

3.2.2 Tunable working wavelength

As explained in section 3.1, the Faraday rotation of the waveg-
uide material can be enhanced at selected wavelengths. The only
requirement is that the material offers a sufficiently low absorp-
tion at the wavelength of interest to achieve a high-quality fac-
tor of the waveguide resonator. From the visible to the near in-
frared, EuSe is transparent at wavelengths larger than 550 nm
[93]. Figure 3.4 shows the measured Faraday rotation spectrum

Figure 3.4: Experimental demonstration of sweeping the Faraday rotation en-
hancement over a range of wavelengths. The graph is showing the Faraday rota-
tion of a 150 nm thick EuSe slab and 70 nm thick periodic gold wires. From left
to right, the curves correspond to a wire width w of (70 nm, 80 nm, 90 nm) and a
grating period p of (360 nm, 390 nm, 420 nm).

72



3.2 experimental realization

of a 150 nm thick EuSe film at a temperature of 30 K and a mag-
netic flux density of 5 T. The black curve denotes the Faraday
rotation for the case without plasmonic enhancement. By tailor-
ing the plasmonic gratings such that the TE waveguide mode
and TM WPP mode dispersions overlap at different wavelengths,
the Faraday rotation can be enhanced selectively at these tailored
wavelengths. As it was explained in section 3.1, for a given
thickness of the magneto-optical slab, the TE-TM overlap can be
achieved by tuning the wire width and period of the metal wires.
The colored curves in Figure 3.4 correspond to three different
plasmonic gratings, which fulfill the TE-TM-matching condition.
All gratings share a constant wire thickness of 70 nm. Both the
wire width w = (70 nm, 80 nm, 90 nm) and the grating period
p = (360 nm, 390 nm, 420 nm) are increasing from left to right.
The resulting maximum absolute values of Faraday rotation oc-
cur at the wavelengths λ = (662 nm, 695 nm, 736 nm). For longer
wavelengths, both the intrinsic Faraday rotation of the film and
the enhanced rotation are decreasing. This finding is in agree-
ment with the assumption that the enhanced Faraday rotation
and the intrinsic Faraday rotation of a film are approximately
proportional to each other for constant absorption, a constant
waveguide coupling efficiency, and thus a constant quality factor.

3.2.3 Magnetically tunable polarization rotation

The magnetic field dependence of the Faraday rotation was mea-
sured to demonstrate the polarization tuning capability of the
demonstrated EuSe-Au structures. Figure 3.5a shows the Fara-
day rotation of the structure with a 360 nm grating period, 70 nm
wire thickness, and 70 nm wire width for TM incidence. The mag-
netic field was varied from -5 T to +5 T. The structure geometry
yields largest Faraday rotation at 663 nm. For this wavelength, a
polarization rotation tuning range from -4.2◦ to +4.2◦ is obtained.
The tuning behavior is nearly linear in the magnetic field, as can
be extracted from Figure 3.5b. The polarization rotation mea-
surement for inverted magnetic fields also acts as a control ex-
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Figure 3.5: Magnetic tuning of the polarization rotation. (a) Faraday rotation of
a 150 nm thick EuSe slab and 70 nm thick and 70 nm wide periodic gold wires for
different applied magnetic fields. (b) Magnetic field dependence of the Faraday
rotation at 663 nm.

periment to reveal potential spurious non-magnetically induced
contributions. Since the measured samples are anisotropic, such
effects can occur when the incident polarization deviates from
an exactly TE or TM polarized state, for instance, as a result of
the Faraday rotation of the cryostat windows. The highly mirror
symmetric behavior of the measured rotation spectra in Figure
3.5a clearly shows that polarization errors of the incident light
are well under control.

3.3 on the incident angle and film thickness

The simulations and measurements presented in the sections 3.1
and 3.2 were performed for normal incidence. Here, the case of
tilted incidence will be discussed by means of numerical simu-
lations. As in the previous sections, the hybrid structure is as-
sumed to consist of a 150 nm thick EuSe slab with 70 nm thick
and wide gold wires on top. Furthermore, also a magnetic Field
of 5 T and a temperature of 30 K are assumed.

The optical path length through a magneto-optical film can be
increased by tilting the incident beam. However, the Faraday ro-
tation is proportional to the component of the optical path in the
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Figure 3.6: Dispersion of the absorbance for different angles of incidence.

direction of the magnetization of the material, which is perpen-
dicular to the EuSe film. Therefore, a small tilting angle does not
affect the polarization rotation in a bare film. However, a differ-
ent behavior is exhibited by the presented magnetoplasmonic hy-
brid structures. Their WPP dispersion, and thus, also the Faraday
rotation response critically depends on the incident angle. This is
illustrated by the absorbance plots in figure 3.6 for both TM and
TE polarized incident light, as well as for different angles of the
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Figure 3.7: Dispersion of the Faraday rotation for different angles of incidence.

wavevector in the plane perpendicular to the gold wires. It can
be clearly seen that for an increasing tilting angle, there emerges
a second resonance feature both for TM and TE incidence. This
is in agreement with the analysis of non-magneto-optic WPP sys-
tems by Christ et al. [48, 49], showing that for normal incidence
there are two TE and TM polarized waveguide modes with sim-
ilar frequency, where one of them is symmetry-forbidden and
thus possesses zero line-width. However, by deviating from nor-
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Figure 3.8: Dispersion of the Faraday rotation for different EuSe film thicknesses.
The incident light is TM polarized.

mal incidence the dark waveguide modes become bright. Further-
more, with an increasing tilting angle, the two resonances move
further away from each other. This behavior is also in qualita-
tive agreement with the dispersion of a waveguide in the empty
lattice approximation, as discussed in section 2.6.

Comparing the modal dispersion in figure 3.6 with the corre-
sponding Faraday rotation plots in figure 3.7 reveals that, regard-
less of the more complex spectra for tilted incidence, the criterion
for maximum Faraday rotation enhancement is still the same. It
occurs where the TM WPP has the strongest overlap with the TE
waveguide modes.
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It is also interesting to investigate the influence of the thickness
of the magneto-optical EuSe slab. Since the Faraday rotation of
a bulk piece of material scales with its thickness, it might seem
reasonable that a thicker EuSe film also leads to larger Faraday
rotation. However, this is not generally the case, especially when
the grating period and the wire dimensions are kept the same.
To illustrate this, let us consider the dispersion diagram in fig-
ure 3.1b: Increasing the film thickness induces a redshift of the
waveguide modes, whereas the plasmonic resonance remains at
the same spectral position (in first approximation). As a result,
the TE-TM overlap region shifts to smaller periods. The conse-
quence of this behavior is illustrated in figure 3.8, which shows
the simulated Faraday rotation dispersion spectra for different
film thicknesses and different periods. The gold wires are as-
sumed to be 70 nm thick and wide. The simulations confirm that
the Faraday rotation of the film alone (far away from the TE and
TM modes) increases for thicker EuSe films. However, since the
TE-TM-overlap region is slightly shifted toward smaller periods,
the Faraday rotation decreases for the listed periods. If desired, in
principle, the shift of the TE-TM overlap could be compensated
by tuning the plasmonic resonance toward longer wavelengths,
which can be achieved by increasing the wire width.

3.4 conclusion

An actively tunable thin-film optical rotator with a variable work-
ing wavelength was demonstrated both in experiment and in sim-
ulation. This was achieved by combining a slab of EuSe, which
possesses a large Verdet constant and high saturation magnetic
flux density, with a gold nanowire grating. The wavelength range
of largest Faraday rotation can be selected by choosing the correct
combination of grating period and wire width. The magnitude
of optical rotation can be magnetically tuned over a wide angu-
lar range. At 30 K for a 220 nm thick structure, a rotation tuning
range of up to 8.4◦ was obtained. For the present structure, this

78



3.4 conclusion

range can presumably be doubled when cooling down to temper-
atures below the Néel temperature of EuSe, which is 7 K.

The demonstrated concept can be expected to have applica-
tions in highly integrated optics, demanding actively controlled
optical modulation [22], magnetic field sensing [20, 21] and opti-
cal isolation [14–19]. Furthermore, the presented structure geom-
etry is suitable for large-area fabrication [94, 95], which makes
it a promising design for non-reciprocal coatings of optical el-
ements, such as lenses, with active external control at specific
wavelengths. In addition, the direct attachment onto optical fiber
ends [96–98] or onto laser diodes could yield devices with ex-
tremely small volumes for a highly integrated environment.

The working principle of the presented structures is not re-
stricted to EuSe as a waveguide material. It can be directly trans-
ferred to other magneto-optical materials. The only requirement
is that the magneto-optical material provides a transparency win-
dow near the wavelength region of interest and a sufficiently
high surface quality to ensure a high Q-factor. These require-
ments can be met by commonly used room temperature magneto-
optical materials, such as BIG [70], YIG [70] or TGG [99]. For the
low-temperature regime, there are also other chalcogenides, such
as EuS [81], EuTe [82], EuO [100], which have similar magneto-
optical properties as EuSe. The temperature at which these mate-
rials show the largest Faraday rotation can possibly be increased
by doping with Gd. For example, doping EuO with Gd can
raise the Curie temperature from 69 K to 135 K [67, 101]. EuSe
and EuS combine large magneto-optical response, high satura-
tion magnetic flux density, and simple thin-film fabrication via
PVD. Thus, they are promising materials for further magneto-
plasmonic studies with structures that are not restricted to de-
signs including strictly continuous magneto-optical films. For
example, in chapter 5, EuS will be utilized for a less than 200 nm
thick structure design, that relies on an EuS thin film with an in-
corporated gold grating and produces Faraday rotation of up to
14◦, corresponding to a tuning range of over 25◦.
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4L O R E N T Z F O R C E M O D E L F O R
M A G N E T O P L A S M O N I C S

It was shown recently that the Faraday rotation [47] and also the
transverse magneto-optic Kerr effect [45] of a dielectric film can
be enhanced considerably by attaching a resonant plasmonic grat-
ing. As it is demonstrated in chapter 3, by varying the grating
and nanowire geometry, the maximal polarization rotation en-
hancement can be tuned to arbitrary spectral positions [53]. Such
structures exhibit Faraday rotation of up to 4.2◦ for a thickness
of 220 nm [53]. Hence, they are very relevant for future devices,
such as thin-film Faraday rotators and isolators as their perfor-
mance exceeds other approaches considerably.

While the experimental realization and numerical simulation
of such systems received considerable attention, so far, there
has not been an analytical theoretical description. In this chap-
ter1, a simple coupled oscillator model will be presented, that
reveals the underlying physics inside hybrid magnetoplasmonic
systems and yields analytical expressions for the resonantly en-
hanced magneto-optical response. The Lorentz nonreciprocity of
the oscillator model is intrinsically incorporated via the Lorentz
force, which is proportional to v× B. Moreover, the predictions
of the model are in good agreement with rigorous numerical solu-
tions of Maxwell’s equations for typical sample geometries. The
demonstrated ansatz is transferable to other complex and hy-
brid nanooptical systems and will significantly facilitate device
design.

In section 4.1 the model will be introduced and applied to the
EuSe-Au structures discussed in the previous chapter. Next, the

1 Major parts of this chapter were published as an article [102] in Phyiscal Review
Letters, c©2016 American Physical Society. As the author of this dissertation is
also first author of the referenced article, the American Physical Society gave
permission to include the text and figures of the article in this dissertation.
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model will be assessed by comparing its predictions to full nu-
merical simulations based on Maxwell’s equations. In order to
maintain good readability, some of the mathematical details of
the model are presented separately in the sections 4.2 and 4.3.

4.1 application to EuSe-Au hybrid structures

The geometry of the investigated magneto-optical system is de-
picted in figure 4.1a. It consists of a dielectric magneto-optic
(MO) thin film with an attached one-dimensional gold grating
on top. The incident light is assumed to be linearly polarized
and impinges on the sample along the z-direction. The polariza-
tion direction with electric field perpendicular (parallel) to the
gold wires will be referred to as x- (y-) polarized. Figure 4.1b de-
picts the corresponding mechanical analog of the optical system,
where each relevant optical excitation is represented by a mass
suspended by a linear spring. The coupling between the different
excitations is modeled by interconnecting springs. All masses are
assumed to be charged and driven by the external light field. Due
to its periodicity, the gold grating acts primarily as a waveguide
coupler and allows for the far-field excitation of transverse elec-
tric (TE) and transverse magnetic (TM) polarized quasi-guided
waveguide modes inside the MO film. In the absence of the mag-
netic field, the TE (TM) waveguide modes can only be excited
by y- (x-) polarized incident light. Thus, the waveguide modes
are modeled by one mass each, which is restricted to move only
along the x- or y-direction.

The second purpose of the gold wires is to provide a localized
plasmon resonance, which can be excited by x-polarized light.
This plasmonic resonance is taken into account by an oscillator
moving in x-direction (labeled P). Due to the field overlap, the
plasmonic resonance is coupled to the TM waveguide mode [48,
49]. The dielectric response of the MO material itself is modeled
by the red mass, which can move within the xy-plane and is
subjected to a Lorentz force [60] in the xy-plane due to a static
magnetic field B oriented along z-direction.
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Figure 4.1: (a) Schematic drawing of the hybrid magnetoplasmonic nanostruc-
ture. (b) Mechanical analog that represents the coupling of the relevant optical
excitations. (c) Simplified oscillator model providing analytical solutions.

The oscillator system in figure 4.1b possesses five degrees of
freedom. Its motion is described by five coupled second or-
der linear differential equations. While these equations can be
solved exactly, it is impossible to derive closed expressions for
its eigenmode frequencies. To simplify the model and allow for
the analytical calculation of the eigenmode frequencies, a series
of proper approximations can be applied.

First of all, neglecting the dispersion effects by the MO material
itself yields significant simplification. This is achieved by assum-
ing the driving frequency to be far away from the MO oscillator
resonance and the impact of the driving force on the MO oscilla-
tor (i.e., the associated coupling constant) to be small, resulting
in a reduced system of three coupled second order equations.
Furthermore, in a rotating wave approximation, which is valid
when the driving frequency ω is close to the eigenfrequencies Ωj,
(j = TE, TM, P) of the individual oscillators, the second order
equations are reduced to first order. The mathematical details
of the model reduction are provided in section 4.2 and the limi-

83



lorentz force model for magnetoplasmonics

tations of the applied approximations are discussed later in this
section.

The simplified oscillator scheme is depicted in figure 4.1c.
The three masses of the TE, TM and material oscillator are
now merged into one waveguide oscillator. Assuming a
time-harmonic oscillator displacement that is proportional to
exp(−iωt), the governing equations in the rotating wave approx-
imation are given by the matrix equation

(M0 + ∆M− Iω)x = ηR E||, (4.1)

where I is the 3× 3 identity matrix, and η is a residue of the ro-
tating wave approximation that is inversely proportional to the
effective mass and the density of our oscillators (see section 4.2).
The vector x = (xTM, xP, yTE)

T contains the displacements of the
corresponding oscillators in the xy-plane, while E|| = (Ex, Ey)T

denotes the driving electric field. The forces acting on each oscil-
lator are proportional to R E||, with the charge density matrix

R =

 ρTM 0
ρP 0
0 ρTE

 . (4.2)

Furthermore, M0 accounts for the coupling of the TM waveguide
mode and the plasmon [48], with

M0 =

ωTM −κ 0
−κ ωP 0
0 0 ωTE

 . (4.3)

The corresponding coupling constant κ is assumed to be purely
real, while ωj = Ωj − iΓj, (j = TE, TM, P) are complex frequen-
cies that consist of the resonance frequencies Ωj and the damp-
ing coefficients Γj (due to radiative and absorptive losses) of the
different modes. The antisymmetric matrix ∆M denotes the non-
reciprocal influence of the magnetic field via the Lorentz force
proportional to v× B and is defined as

∆M = βeiθ

 0 0 −i
0 0 0
+i 0 0

 , (4.4)
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with the real coupling coefficient β, that is proportional to the
static magnetic field. The factor exp iθ stems from the four-
oscillator model and represents the phase of the MO oscillator
in that system. In the sections 4.2.2 and 4.3 it is shown by pertur-
bation theory [103, 104] that this phase corresponds to the phase
of the gyration g = |g| exp(iθ) of the MO material.

The optical response of the system is obtained by assigning an
effective susceptibility to the system. This is done by summing
up the effective electronic polarization P|| = χE||, which can be
identified as P|| = RTx. Hence, the effective susceptibility can be
written as

χ(ω) = ηRTM(ω)−1R, (4.5)

with M(ω) = M0 + ∆M − Iω. Due to the cross product in the
Lorentz force, ∆M and thus M(ω) become antisymmetric for
non-zero magnetic fields, reflecting the nonreciprocity of the sys-
tem [3, 10].

The eigenfrequencies of the coupled oscillator system are ob-
tained by setting the external electric field in equation (4.1) to
zero. This results in the following eigenvalue problem

(M0 + ∆M)xn = ωnxn, (4.6)

where ωn denotes the eigenvalues, and xn the eigenvectors for
n = 1, 2, 3. In the presented model, the Lorentz force is assumed
to be weak compared to the restoring forces. Hence, ∆M is re-
garded as a small perturbation of M0, resulting in ωn being close
to the eigenfrequencies of M0. The eigenfrequencies of M0 are
given by

ω
1/2

=
ωTM + ωP

2
∓

√
κ2 +

(
ωTM −ωP

2

)2
, (4.7)

ω3 = ωTE. (4.8)

The first two eigenfrequencies correspond to the two branches
of a WPP hybrid mode arising from the coupling between the
plasmonic mode and the TM waveguide mode [48, 49]. The

85



lorentz force model for magnetoplasmonics

third eigenfrequency is simply the frequency of the TE polarized
waveguide mode. In chapter 3, it was demonstrated numerically
that the largest magneto-optical response occurs for grating pe-
riods at which the TE waveguide mode and one of the TM po-
larized WPP branches possess similar resonance frequencies, i.e.,
when ω1/2 = ωTE. This behavior can now be deduced analyti-
cally from the presented model by examining the inverse of M
for a small perturbation ∆M:

M−1 ≈ (M−1
0 − Iω)− iβeiθ

(ω1 −ω)(ω2 −ω)(ωTE −ω)

×

 0 0 +(ω−ωP)

0 0 −κ

−(ω−ωP) +κ 0

 . (4.9)

This expression reveals that the magnetic terms proportional to
β become largest for ω = ωTE = ω1/2, which confirms previous
numerical findings.

To obtain the effective susceptibility for a particular nanostruc-
ture, the free parameters in M and R have to be deduced by a
systematic and rigorous fitting procedure. Our fitting process
consists of three steps, in which M0, R, and ∆M are fitted se-
quentially. Full numerical simulations based on the scattering
matrix method [91, 105] were used as reference. In the follow-
ing, the three fitting steps are discussed and applied to a sample
geometry that consists of a 150 nm thick EuSe film with 70 nm
thick and 70 nm wide gold wires on top (see figure 4.1a). The
substrate under the film is assumed to be glass with a permit-
tivity ε = 2.13. The applied magnetic field is assumed to be 5 T.
The permittivity of the gold grating is modeled using the Drude
model function ε(ω) = ε∞ − ω2

p/(ω2 + iγω), which was intro-
duced in section 2.5.1. The model parameters for gold were ex-
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Figure 4.2: Comparison between transmittance spectra and modal dispersion de-
rived from numerical simulations (left panels) and the Lorentz force oscillator
model (right panels). TM (TE) polarized modes are plotted as blue (green) dashed
lines. Blue solid lines indicate the uncoupled plasmon and TM waveguide fre-
quencies.

tracted from reference [46] and set to ε∞ = 7.9, ωp = 8.77 eV, and
γ = 1.13× 1014 s−1. The components of the permittivity tensor

εEuSe =

 ε11 ε12 ε13
−ε12 ε22 ε23
−ε13 −ε23 ε33

 (4.10)

of the magneto-optical slab are assumed to be ε11 = ε22 =

4.95 + 0.007i, ε33 = 3.9643 + 0.0126i, ε12 = 0.061 + 0.061i, and
ε13 = ε23 = 0. These values correspond to a 150 nm thick EuSe
thin film at a wavelength of 660 nm and a magnetic field of 5 T
in z-direction. These data were obtained by previous magneto-
optical measurements [53].
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Figure 4.3: Comparison of the Faraday rotation derived from numerical simu-
lations (left panels) and the Lorentz force oscillator model (right panels). The
eigenfrequencies corresponding to the upper TM polarized waveguide plasmon
polariton (WPP) branch and the TE waveguide mode are drawn as dashed lines.

In the first step, the free parameters in M0 are fitted such that
the eigenfrequencies of the mechanical system match the eigen-
frequencies of the actual nanostructure obtained by rigorous nu-
merical solutions of Maxwell’s equations. While Eq. (4.8) allows
the direct derivation of ωTE, the complex coefficients ωTM, ωP,
and the real coefficient κ in Eq. (4.7) cannot be deduced directly
from the full numerical simulations. This can be resolved by cal-
culating the real part of ωTM from an empty lattice approxima-
tion [75] and assuming ΓTM ≈ ΓTE/10, as justified by the results
by Christ et al. [48, 49]. Figure 4.2 shows the comparison between
the simulated and fitted eigenmodes of the oscillator model that
includes the Lorentz force. The eigenmodes are plotted as blue
(TM) and green (TE) dashed lines in units of wavelength. The

88



4.1 application to EuSe-Au hybrid structures

Figure 4.4: Comparison of the ellipticity derived from numerical simulations
(left panels) and the Lorentz force oscillator model (right panels). The eigenfre-
quencies corresponding to the upper TM polarized waveguide plasmon polariton
(WPP) branch and the TE waveguide mode are drawn as dashed lines.

solid black lines mark the edge of the light cone (i.e., the Rayleigh
anomaly). The blue solid lines correspond to the frequencies of
the individual oscillators. Especially in the most relevant region
around the intersection of the TE waveguide mode and WPP, the
modal dispersion is reproduced very well by the oscillator model.
Outside this region, in the simulated TM dispersion at around
530 nm, there is a discontinuity due to the presence of another
spectrally close higher-order mode. As expected [106], the eigen-
modes of the actual nanostructure exhibit a cut-off at the edge of
the light cone (see also section 2.6). Since the model does not take
the periodic geometry into account, this discontinuity is missing
in the dispersion plot of the model.
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In the second part of the fitting sequence, the coefficients in
R are derived by the condition that the transmittance of the ef-
fective medium has to reproduce that of the actual sample. In
analogy to the first fitting step, it is assumed that the magnetic
field only has weak influence on the absorption behavior. Hence,
the absorption can be derived from the effective susceptibility
for zero B-field. This is done by setting ∆M = 0 and solving
the Helmholtz equation to obtain the evolution of an x- and y-
polarized plane wave over an effective propagation distance (see
section 2.2.2). The effective propagation distance was assumed
to be the sample thickness of 220 nm. For the sake of simplicity,
the coefficients in R were assumed to be constant for all grating
periods. By comparing the simulated transmittance in figure 4.2
(left panels) and the modeled transmittance (right panels), it can
be seen that, except for the discontinuities outside the region of
interest, as discussed above, the line shapes agree very well.

In the last part of the fitting procedure, the remaining magneto-
optical coefficients in ∆M are determined. Far away from the MO
material resonance, the gyration g = |g| exp(iθ) can be assumed
to be constant. For bismuth iron garnet [47] and EuSe [53], this
assumption is valid for the red and near-IR spectral region, where
θ ≈ −45 deg. This is also the value used for the oscillator model
and the numerical simulations. Note that our model will work
as well for other materials exhibiting different θ (see section 4.3).
The last remaining fitting parameter is β, which is proportional to
the magnetic field. For realistic magnetic field strengths, its value
only influences the magnitude of the MO response but not its
spectral line shape. Thus, β is scaled such that the MO response
of the modeled system reaches the values of the full simulation.

Figure 4.3 depicts the comparison of the resulting Faraday ro-
tation spectra from the full numerical simulations and the oscilla-
tor model. The green and blue dotted lines trace the eigenmodes.
As expected by examining Eq. (4.9), the MO response is largest
around the intersection point of the TM polarized WPP and the
TE waveguide mode. Furthermore, the qualitative and quantita-
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Figure 4.5: Comparision of the Faraday rotation derived from numerical simula-
tions (left panels) and the Lorentz force oscillator model (right panels). The spec-
tra correspond to slice cuts from figure 4.3 at equidistant periods from 250 nm to
430 nm with 30 nm spacing.

tive agreement between model and numerical simulation is excel-
lent.
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The corresponding dispersion of the ellipticity response is dis-
played in figure 4.4. It can be seen, that the ellipticity predicted
by the model is also in good agreement with numerical simula-
tion. As in the case of the Faraday rotation dispersion, it can
be seen that the ellipticity response is strongest around the in-
tersection region of the TE waveguide mode and the TM polar-
ized waveguide-plasmon-polariton mode, and lowest far-off res-
onance.

To compare the exact line shapes of the MO spectra, figure 4.5
displays the corresponding slice cuts of the Faraday rotation and
ellipticity spectra. The model reproduces the line shapes very
well. This includes the characteristic up-down feature in the
Faraday rotation for x-polarization (indicated by arrows), which
is successively spreading for periods larger than the period of
the TE-WPP intersection (green line) as it was also described in
chapter 3. On the other hand, the modeled MO spectra do not
reproduce the offset in the numerically simulated spectra. This is
a result of the approximations required for the reduction of the
four-oscillators-model to the two-oscillators model. There, the
oscillator strength of the MO material was assumed to be much
smaller than the oscillator strength of the waveguide modes and
the plasmon. As a result, only the resonant contributions to the
MO response are taken into account. The slightly broader MO
features result from fitting the resonance linewidths to the values
from numerical simulations. A better qualitative agreement in
Faraday rotation could be obtained when adjusting the losses in
our model independently of the calculated resonance line widths.
In summary, it is evident that even the simplified oscillator model
correctly predicts the overall shape of the MO spectra very well.

4.2 simplifications and approximations

In this section, the equation of motion (4.1) of the simplified os-
cillator model will be derived explicitly. The discussion will start
from the equations of motions of the extended oscillator model
with five degrees of freedom (figure 4.1b) described by five cou-
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pled second order linear differential equations. By applying ap-
propriate simplifications the system of five equations can be re-
duced to three coupled quadratic equations, which describe the
motion of effectively three oscillators. Furthermore, in order to
obtain an analytical solution of the three-oscillator problem, a
rotating wave approximation will be applied.

4.2.1 Extended model (5 degrees of freedom)

For light propagating in z direction (Ez = 0), the equations of
motion for the four-oscillators model in figure 4.1b are given by

XMO − kMO,TMxTM − kmẏMO =
qMO

m
Exe−iwt (4.11a)

YMO − kMO,TEyTE + km ẋMO =
qMO

m
Eye−iwt (4.11b)

XTM − kMO,TMxMO − kP,TMxP =
qTM

m
Exe−iwt (4.11c)

YTE − kMO,TEyMO =
qTE

m
Exe−iwt (4.11d)

XP − kP,TMxTM =
qP

m
Exe−iwt, (4.11e)

where the lower case variables xj and yj with (j =

MO, P, TE, TM) denote the displacements of the oscillators as-
sociated with the magneto-optical (MO) material, the plasmon
mode (P), as well as the TE and TM waveguide modes in x and y
direction. The upper case symbols Xj and Yj denote terms of the
form

Xj = ẍj + Ω2
j xj + 2Γj ẋj (4.12a)

Yj = ÿj + Ω2
j yj + 2Γjẏj (4.12b)

with (j = MO, P, TE, TM). Dots indicate a time derivative. The
coefficient km is proportional to the magnetic field. Due to the
cross product in the Lorentz force ∝ (v × B), it occurs in the
first two equations with opposite signs. In order to reduce the
number of parameters in the model, the oscillator masses m are
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assumed to be equal for all oscillators. The time harmonic ansatz
exp(−iωt) for the displacements leads to

WMO(ω)xMO − kMO,TMxTM + iωkmyMO =
qMO

m
Ex

(4.13a)

WMO(ω)yMO − kMO,TEyTE − iωkmxMO =
qMO

m
Ey

(4.13b)

WTM(ω)xTM − kMO,TMxMO − kP,TMxP =
qTM

m
Ex

(4.13c)

WTE(ω)yTE − kMO,TEyMO =
qTE

m
Ey

(4.13d)

WP(ω)xP − kP,TMxTM =
qP

m
Ex,

(4.13e)

where Wj(ω) = −ω2 + Ω2
j − 2iΓjω, (j = MO, TM, TE, P). In ma-

trix form, equation (4.13e) reads

M(ω) x =
1
m

Q E||. (4.14)

Here, we introduced the vectors x = (xMO, yMO, xTM, yTE, xP)
T as

well as E|| = (Ex, Ey)T and the matrices

M(ω) =


WMO(ω) +iωkm −kMO,TM 0 0
−iωkm WMO(ω) 0 −kMO,TE 0
−kMO,TM 0 WTM(ω) 0 −kP,TM

0 −kMO,TE 0 WTE(ω) 0
0 0 −kP,TM 0 WP(ω)


(4.15)

and

Q =


qMO 0

0 qMO
qTM 0

0 qTE
qP 0

 . (4.16)

94



4.2 simplifications and approximations

The optical response of the system is obtained by assigning an
effective susceptibility to the system. This is done by summing
up the effective electronic polarization P|| = χE||, which is given
by P|| = nQTx, where n denotes the effective oscillator density.
Hence, the effective susceptibility can be written as

χ(ω) =
n
m

QTM(ω)−1Q. (4.17)

4.2.2 Identifying the gyration of the waveguide

The following auxiliary calculation will establish a relation be-
tween the gyration of the MO film and the model parameters.
The special case of a bare magneto-optical slab is described by
equations (4.13a) and (4.13b) for kMO,TM = kMO,TE = 0. In anal-
ogy to equation (4.14), the corresponding matrix form is[

WMO(ω) +iωkm
−iωkm WMO(ω)

] (
xMO
yMO

)
=

qMO

m

(
Ex
Ey

)
. (4.18)

For small km, i.e., for small magnetic fields, the resulting suscep-
tibility is then given by

χ(ω) =
n q2

MO
m WMO(ω)

(
1 −ikmω

WMO(ω)
+ikmω

WMO(ω)
1

)
. (4.19)

As discussed in section 2.2.2, for light propagating in z direction,
the susceptibility tensor χ = ε− I of a MO material can be written
as

χ =

(
χxx +ig
−ig χyy

)
, (4.20)

where g is the complex magnetic field induced gyration of the
material. By comparing the equations (4.19) and (4.20) g can be
identified to be

g = |g|eiθ = −
nωkmq2

MO
mWMO(ω)2 . (4.21)
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4.2.3 Simplified model (3 degrees of freedom)

Solving equations (4.13a) and (4.13b) for xMO and yMO yields in
the limit of a small magnetic influence (i.e., km �WMO)

xMO =+
1

WMO(ω)
(m−1qMOEx − kMO,TMxTM)

− ikm
ω

WMO(ω)2 (m
−1qMOEy − kMO,TEyTE)

(4.22)

yMO =+
1

WMO(ω)
(m−1qMOEy − kMO,TEyTE)

+ ikm
ω

WMO(ω)2 (m
−1qMOEx − kMO,TMxTM).

(4.23)

The equations (4.22) and (4.23) can now be inserted into the equa-
tions (4.13c) and (4.13d) to eliminate xMO and yMO. It is reason-
able to assume that the MO oscillator couples only weakly to
the far field and that the system is mainly driven via the waveg-
uide and the plasmon oscillators. This means that the driving
forces of the MO oscillator are assumed to be much weaker than
the internal coupling forces (|m−1qMOEx| � |kMO,TMxTM| and
|m−1qMOEy| � |kMO,TEyTE|). In this limit and by using the equa-
tion (4.21), the equations (4.13c) and (4.13d) can be rewritten as

(−ω2 + Ω2
TM − 2iΓTMω−

k2
MO,TM

WMO(ω)
)xTM

− ig
mkMO,TMkMO,TE

nq2
MO

yTE − kP,TMxP = m−1qTMEx

(4.24)

(−ω2 + Ω2
TE − 2iΓTEω−

k2
MO,TE

WMO(ω)
)yTE

+ ig
mkMO,TMkMO,TE

nq2
MO

xTM = m−1qTEEy.
(4.25)

Together with (4.13e), these two equations fully describe the op-
tical system. Hence, the applied approximations led to a reduc-
tion to only three equations. Usually, the material resonance of
the MO slab is far away from the excitation frequency and the
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waveguide frequencies (i.e., ΩMO � ΩTM, ΩTE, ω), which means
that the terms proportional to 1/WMO(ω) can be neglected. This
results in the following set of equations:

(−ω2 + Ω2
TM − 2iΓTMω)xTM − ibeiθyTE − kP,TMxP = m−1qTMEx

(4.26a)

(−ω2 + Ω2
TE − 2iΓTEω)yTE + ibeiθ xTM = m−1qTEEy

(4.26b)

(−ω2 + Ω2
P − 2iΓPω)xP − kP,TMxTM = m−1qPEx,

(4.26c)

where b = |g|mkMO,TMkMO,TE/nq2
MO and θ = arg(g). For an ab-

sent driving electrical field, i.e., for E|| = 0, the equations above
represent a quadratic eigenvalue problem for the eigenfrequen-
cies ω. Obtaining these eigenfrequencies would therefore require
to find the roots of a polynomial with degree six, which cannot
be accomplished analytically. However, by applying a rotating
wave approximation, the quadratic eigenvalue problem can be
reduced to a linear eigenvalue problem. This approximation is
valid, when the relevant frequencies are in the same range, that
is

−ω2 + Ω2
j ≈ (Ωj −ω)2Ω̄, j = TM,TE,P. (4.27)

Here, Ω̄ is a constant average frequency close to ω, ΩTM and ΩTE.
In this approximation, the equations of motion become

(ωTM −ω)xTM − iβeiθyTE − κ xP = ηρTMEx (4.28a)

(ωTE −ω)yTE + iβeiθ xTM = ηρTEEy (4.28b)

(ωP −ω)xP − κ xTM = ηρPEx. (4.28c)

The following definitions were used: β = b/2Ω̄, κ = kP,TM/2Ω̄,
η = 1/2mΩ̄n, ρj = nqj and ωj = Ωj − iΓj, with j = TM, TE, P,
where n is the oscillator density in the effective medium. When
writing the equations above in the matrix form

(M0 + ∆M− Iω) x = ηR E||, (4.29)
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with x = (xTM, xP, yTE)
T and

M0 =

ωTM −κ 0
−κ ωP 0
0 0 ωTE

 (4.30)

∆M = βeiθ

 0 0 −i
0 0 0
+i 0 0

 (4.31)

R =

ρTM 0
ρP 0
0 ρTE

 , (4.32)

it is evident that we arrived at the equation of motion as utilized
in 4.1.

4.3 on the phase of the gyration

In section 4.2.3, it was already motivated, that θ is the complex
phase of the gyration of the magneto-optical slab. In this section,
this interpretation will be supported by electromagnetic perturba-
tion theory [103, 104] based on the assumption that the influence
of the magnetic field (represented by ∆M) can be regarded as a
small perturbation compared to M0.

First of all, it is important to note that the presented pertur-
bation theory does not provide the magneto-optical spectra, but
only the modifications of the eigenfrequencies due to the applied
magnetic field. Since these changes are very small and not of
particular interest, they will not be part of further discussion. In-
stead, the goal is to utilize perturbation theory to link the pa-
rameter θ of the oscillator model to the dielectric parameters
of the actual nanostructure compounds. For this, the mechani-
cal eigenvalue problem (4.6) will be formulated in the basis of
the eigenvectors of the unperturbed matrix M0. This eigenvalue
problem is then compared to the corresponding electromagnetic
eigenvalue problem formulated for a given geometry and mate-
rial composition. The comparison of the two eigenvalue equa-
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tions then yields the connection between the phase θ and the
material properties of the structure.

Mechanical picture

For zero magnetic field, i.e., in the unperturbed case, equa-
tion (4.6) turns into

M0x(0)n = ω
(0)
n x(0)n , (4.33)

with the eigenfrequencies

ω
(0)
1,2 =

ωTM + ωP

2
∓

√
κ2 +

(
ωTM −ωP

2

)2
(4.34)

ω
(0)
3 = ωTE (4.35)

and the eigenvectors

x(0)1,2 =


[
ωP −ωTM ±

√
4κ2 + (ωP −ωTM)2

]
/2κ

1
0

 , x(0)3 =

0
0
1

 .

(4.36)

The eigenvalue equation of the perturbed case formulated in the
basis A = (x(0)1 , x(0)2 , x(0)3 ) then reads[

diag(ω(0)
1 , ω

(0)
2 , ω

(0)
3 ) + ∆M̃

]
cn = ωncn, (4.37)

where

∆M̃ = A−1∆MA (4.38)

cn = A−1xn. (4.39)

Electromagnetic picture

In the electromagnetic picture, the eigenmodes have to fulfill the
wave equation

∇×∇× En =
ω2

n
c2 (ε + ∆ε)En. (4.40)

99



lorentz force model for magnetoplasmonics

Here ε(r; ω) is the space dependent material permittivity tensor
of the structure for zero magnetic field and ∆ε(r; ω) is a small
magnetic field induced perturbation. In the case of a magnetic
field pointing in z-direction, within the MO slab this perturbation
is given by

∆ε =

 0 ig 0
−ig 0 0

0 0 0

 , (4.41)

whereas ∆ε is zero outside the MO slab. Knowing the eigenfre-
quencies and eigenvectors for perturbation ∆ε = 0, we can ex-
pand the Green’s dyadic of the unperturbed system in terms of
its resonances, provided that the fields are normalized correctly
[103]. Then, we can consider the contribution in equation (4.40)
proportional to ∆ε as a source of the unperturbed system. Ne-
glecting the influence of Rayleigh anomalies as well as material
dispersions, and assuming that we can decompose the new eigen-
states in terms of the unperturbed eigenstates as

En(r) = ∑
m

cmnE(0)
m (r), (4.42)

we can derive the following system of equations for the expan-
sion coefficients:

cmn(ωn −ω
(0)
m ) = ωn ∑

k
Dmkckn, (4.43)

with

Dmk =
1
2

∫
d3r E(0)

m (r)∆ε E(0)
k (r). (4.44)

After restricting the left part of equation (4.43) to the fundamental
plasmon and waveguide modes, it can be written in the compact
matrix form

cnωn − diag(ω1, ω2, ω3)cn = ωnDcn (4.45)

with D being a 3× 3 matrix containing the overlap integrals of the
fields and the perturbation as defined in equation (4.44). Since
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the components of D are small, equation (4.45) can be approxi-
mated as

(I + D)diag(ω(0)
1 , ω

(0)
2 , ω

(0)
3 ) cn = ωncn. (4.46)

The left hand side of this equation simplifies due to the spe-
cial form of the eigenmodes of the unperturbed system: The
TM polarized waveguide-plasmon-polariton modes (low energy
branch ω1 and high energy branch ω2) have zero electric field
in y-direction, whereas the TE waveguide mode (ω3) only has a
y-component [48, 49].

Linking θ to the gyration

If our mechanical model correctly reflects the physical properties
of the nanostructure compound, equation (4.46) and (4.37) should
be formally equivalent, resulting in the following relation:

D diag(ω1, ω2, ω3) = ∆M̃. (4.47)

Together with equation (4.38), the explicit form of (4.47) reads 0 0 D13ω3
0 0 D23ω3

−D13ω1 −D23ω2 0

 = iβeiθ

×

 0 0 −κ/κ′

0 0 +κ/κ′

(ωP −ωTM + κ′)/2κ −(ωTM −ωP + κ′)/2κ 0

 ,

(4.48)

with the abbrevation κ′ =
√

4κ2 + (ωP −ωTM) and the overlap
integrals

D13 = −D31 = ig
1
2

∫
d3r E(1)

x E(3)
y (4.49a)

D23 = −D32 = ig
1
2

∫
d3r E(2)

x E(3)
y , (4.49b)

where the integration volume is restricted to the slab waveguide.
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Figure 4.6: Dispersion of MO response obtained by full numerical simulations
(left panels) and the presented model (right panels) for θ = 0◦.

102



4.3 on the phase of the gyration

Figure 4.7: Dispersion of MO response obtained by full numerical simulations
(left panels) and the presented model (right panels) for θ = −90◦.
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Since the quantities β and κ are defined to be real, and the com-
plex phase of {ωTE, ωTM, ωP} and thus of κ′ can be assumed to be
small, the phase θ is predominantly determined by the phase of
g and the phases of the overlap integrals in equation (4.49). Scat-
tering matrix simulations for grating periods within the range
presented in section 4.1 have shown that the contributions of
the overlap integrals to the phase θ are also negligible. Hence,
as already motivated in sections 4.2.2 and 4.2.3, the model pa-
rameter θ can be interpreted as the phase of the gyration of the
magneto-optical material:

θ = arg (g) . (4.50)

In section 4.1, the MO spectra were simulated and modeled for
constant θ = arg(g) = −45 deg, which is a reasonable assump-
tion for typically used MO materials such as EuSe [53] and bis-
muth iron garnet [47] in the red and near-IR. Here, exemplary re-
sults for further values of arg(g) and θ are provided. In figure 4.6
the simulation and modeling results for θ = arg(g) = 0 deg are
displayed, whereas figure 4.7 shows the corresponding plots for
θ = arg(g) = −90 deg. Besides θ, all model parameters were set
to the same value as for the structure in section 4.1. The good
agreement between numerical simulation and modeling results
confirms the connection between θ and the gyration, given by
(4.50). It should be noted that increasing or decreasing the pa-
rameter θ by 180 deg leads to equal results as flipping the sign of
β, which corresponds to the inversion of the magnetic field.

4.4 conclusion

In summary, the dispersion of the MO response of hybrid mag-
netoplasmonic waveguides can now be understood in the picture
of a simple oscillator model including the nonreciprocal Lorentz
force. In the case of a weak influence of the Lorentz force, ana-
lytical expressions for the optical response were obtained, which
confirm previous numerical findings. Importantly, the spectral
line shape of the MO response is fully determined by the optical
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properties of the system for zero magnetic field. Only the over-
all magnitude of the MO response is determined by the applied
magnetic field.

The theory in this chapter provides the understanding required
to further develop hybrid magnetoplasmonic systems in highly
integrated optics, demanding actively controlled optical modu-
lation [22], magnetic field sensing [20, 21], refractive index sens-
ing [107], and optical isolation [14–19]. It should also be men-
tioned that the presented findings can not only help to under-
stand and optimize existing sample geometries, but can also be
transferred to other geometries, such as 2D plasmonic gratings.
Furthermore, by removing all plasmonic oscillators, the case of a
purely dielectric grating-waveguide combination can be realized.

In chapter 5 the presented model will be applied to a system
consisting of an EuS thin film and an embedded plasmonic grat-
ing. By means of the model, it will be shown, that in the case of
weak coupling between the plasmonic and waveguide resonance,
the classical optical analog of electromagnetically induced trans-
parency and absorption can be realized. Moreover, the model
will be of fundamental importance to understand why the corre-
sponding magneto-optic response in such a system is so excep-
tionally large.

In prospect of non-linear magnetoplasmonics, the presented
model could also be of fundamental relevance. Although the
described model is fully linear, a non-linear extension would be
straight-forward by adding higher order coupling terms [108].
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5G I A N T FA R A D AY E F F E C T V I A I N D U C E D
A B S O R P T I O N

In this chapter1 a new hybrid magnetoplasmonic thin film struc-
ture will be demonstrated, that resembles the classical optical
analog of electromagnetically induced absorption. In transmis-
sion geometry the gold nanostructure embedded in an EuS film
induces giant Faraday rotation of up to 14◦ for a thickness of
less than 200 nm and a magnetic field of 5 T at T = 20 K. By
varying the magnetic field from −5 T to +5 T, a rotation tuning
range of over 25◦ is realized. As this is only a factor of three
away from the Faraday isolation requirement, the demonstrated
concept could lead to highly integrated, nonreciprocal photonic
devices for optical isolation, light modulation, and optical mag-
netic field sensing.

5.1 realization with EuS-Au hybrid systems

In the last two chapters it was demonstrated how the magneto-
optic (MO) response of a dielectric thin film is enhanced by the
attachment of a plasmonic grating. This technique also allows
the amplified MO response to be spectrally tailored by tuning
the grating parameters. However, the MO performance of such a
system is limited by the low Q factor of the plasmon resonances
in the grating. In the following, it will be shown that this limita-
tion can be lifted elegantly by a novel approach, which is based
on a classical optical analog of electromagnetically induced ab-
sorption (EIA) [51, 52]. Here, a strongly damped plasmon oscil-
lation is weakly coupled to a narrow linewidth waveguide res-

1 Major parts of this chapter were published in the article [109] under the Creative
Commons Attribution 4.0 International license. The author of this dissertation is
also first author of the referenced article.
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Figure 5.1: (a),(b) Schematic drawing of the sample geometry. p, nanowire period;
t, w gold nanowire thickness and width. The wires are buried with a distance b
between the glass substrate and their lower edge. The nominal thickness of the
EuS magneto-optical waveguide is h, which is increased near the position of the
gold nanowires. (c) Colorized scanning electron micrograph of the sample cross
section. The samples are measured at T = 20 K.

onance with a phase delay, leading to constructive interference.
By tuning this coupling carefully, a high-Q absorptive hybrid
mode is realized, which can be used to resonantly amplify the
Faraday rotation response. Furthermore, the EIA mechanism
allows to utilize the high oscillator strength of the plasmonic
resonance, leading to an efficient coupling of the incident light
into the structure without reducing the effective Q factor due to
the broad plasmonic resonance as was the case in previous ap-
proaches [45, 47, 53]. Although being only less than 200 nm thick,
the presented novel structure design exhibits an order of mag-
nitude better rotation capability than previous approaches that
only resulted in fractions of degree rotation [35–37, 46, 47].

Furthermore, for low magnetic fields, the presented technique
still yields rotation angles that were only achievable with 20 times
stronger field strength in previous approaches [53]. The perfor-
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5.1 realization with EuS-Au hybrid systems

mance of the thin film structure is only a factor of 3 away from
the 45

◦ that are required for building a Faraday isolator which
usually requires MO media with a thickness on the order of
centimeters. The first demonstration of plasmonic resemblances
of EIA [110, 111] and its related effect, namely electromagneti-
cally induced transparency (EIT) [112–114], triggered significant
attention. The special dispersion properties of such systems are
known to facilitate plasmonic sensing with narrow linewidths
[115–117] as well as slow light [118–120] and delay lines [121, 122].
Furthermore, there have been extensive studies on enhanced non-
linear response [123, 124] in such systems. Here, it will be demon-
strated that the EIA-like optical dispersion in the presented sys-
tem also facilitates a giant MO response. While in EIT the light
within a narrow spectral band passes through the sample, in the
case of EIA real material polarization is excited within a narrow
spectral region.

Another important aspect of the presented approach is the in-
troduction of EuS as a new dielectric material for hybrid magne-
toplasmonics. At low temperatures, EuS possesses an exception-
ally large Verdet constant in combination with a high saturation
magnetic flux density, resulting in a potentially very strong MO
response [68, 93]. Furthermore, it is transparent in the visible,
qualifying it for the utilization in Faraday geometry. While EuS
possesses as similar refractive index and absorption coefficient as
EuSe [68, 93], EuS is significantly cheaper and already exhibits a
stronger MO response at low magnetic field strengths. Further
information about the temperature dependence of the EuS ma-
terial parameters can be found in section 5.2. Despite the need
for low temperatures, EuS is well suited for studying plasmonic
MO model systems, as it combines the above-mentioned benefits
with simple fabrication by physical vapor deposition. This allows
for the realization of complex hybrid magnetoplasmonic struc-
ture geometries, which are challenging when fabricated with
commonly used magneto-optic materials, such as bismuth iron
garnet [70] or yttrium iron garnet [125]. The reason is that the
deposition of garnet films is a sophisticated process that usually
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involves pulsed laser deposition and high-temperature annealing
that could damage any underlying plasmonic structures.

The utilized structure geometry is depicted in the figures 5.1a
and 5.1b. It consists of an EuS thin film with an embedded Au
nanowire grating. The EuS film is magnetized by an external
magnetic field in the z direction, which is also the direction of
propagation of the incident light. The structure is fabricated in
a three-step process. First, the bottom layer of the EuS film with
thickness b is evaporated onto the glass substrate by physical va-
por deposition. After that, the gold wire grating with thickness t,
width w, and period p is structured via electron beam lithogra-
phy. In the last step, an EuS film with thickness (h− b) is evapo-
rated. This results in an EuS-Au thin film structure with a slightly
corrugated upper surface. Figure 5.1c shows a colored scan-
ning electron micrograph of the cross section of such a structure
with geometry parameters p = 490 nm, t = 33 nm, w = 85 nm,
h = 139 nm, and b = 33 nm. For the case of b = 0, the non-MO
dispersion properties of such a metal-dielectric hybrid structure
have previously been analyzed in detail by Zentgraf et al. [126].
Because of the presence of the glass substrate with a higher re-
fractive index than the air above the sample, the x component of
the electric field of the TM waveguide mode is concentrated in
the upper part of the EuS waveguide. Hence, the coupling be-
tween plasmon and TM waveguide mode is weak in comparison
to the case where the metal wires are attached on top. In the
work by Zentgraf et al. it was also demonstrated that this weak
coupling can lead to the classical analog of the quantum mechan-
ical effect of electromagnetically induced transparency, resulting
in a narrow transmission peak on top of a broad transmission dip
for x-polarized incident light.

Exploiting the regime of induced absorption

It will now be demonstrated that by increasing the burial param-
eter b in the hybrid system, the phase between the plasmonic
mode and the TM waveguide mode can be tuned such that the
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Figure 5.2: (a),(b) Simulated transmittance and absorbance (1− T − R with T and
R denoting transmittance and reflectance, respectively) for x-polarized incident
light and different burial parameters b. For increasing b there is a gradual transi-
tion from the regime of induced transparency to induced absorption. The white
dotted line indicates the Rayleigh anomaly. (c),(d) Slice cuts for a clearer view on
the line shapes of the spectra. The oval indicates the EIA regime, characterized
by very sharp induced absorption peaks.

system undergoes a transition from EIT-like to EIA-like behavior
[110, 111]. Figure 5.2 displays the simulated transmittance and
absorbance spectra for x-polarized incident light and different
burial parameters b. The simulations have been carried out using
the Fourier modal method for anisotropic materials [127]. Our
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implementation is based on a scattering matrix algorithm [75],
which has been improved by adaptive spatial resolution [105] to
enable an efficient derivation of optical properties of metallodi-
electric systems. The refractive index of the substrate is assumed
to be 1.456, and for the gold wires the permittivity data by John-
son and Christy [92] are used. In the investigated wavelength
range, the refractive index of EuS is approximately 2. The utilized
material model parameters for EuS can be found in section 5.2.1.
The geometry parameters were set to p = 490 nm, t = 33 nm,
w = 85 nm, and h = 139 nm. In all simulations the bumps in
the EuS film above the Au wires are approximated by a rectan-
gular shape with thickness t and a width of 2w. As expected
[126], for small values of b, the transmittance spectrum exhibits
the characteristic EIT line shape with a broad, mainly plasmon-
induced dip and a narrow, mainly TM waveguide-induced peak.
For increasing values of b, this effect is reversed and the sharp
waveguide feature flips around, resulting in a sharp absorbance
peak that is characteristic for an EIA-like system. At 715 nm,
the spectra are slightly distorted due to the Rayleigh anomaly
[49]. The transition of the spectra with increasing b can be under-
stood in the picture of coupled Lorentz oscillators introduced by
Taubert et al. [111]: Here, a strongly damped Lorentz oscillator
(in this case the plasmon) and a less damped Lorentz oscillator
(in this case the TM waveguide mode) are coupled via a complex
coupling constant that includes an additional phase delay. It was
shown that by changing the phase of the coupling constant, the
optical response of the system turns from EIT-like to an EIA-like
behavior. In the present case, this behavior is particularly pro-
nounced for b between 25 and 36 nm (see figure 5.2d, oval area).
Furthermore, by changing the distance between the wire grating
and the substrate, the coupling phase can be changed. As in
other cases of plasmonic EIT and EIA, the reflection behavior of
the system also changes with the coupling phase, which leads to
the situation that the EIT coupling regime can be observed most
pronounced in the transmittance spectrum, whereas the EIA case
can be identified best in the absorbance spectrum [111]. In sec-
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Figure 5.3: The left-hand column displays the measured transmittance (a) and
Faraday rotation (b) for x-polarized incident light for a wire width of 85 nm,
burial parameter b = 33 nm, and different grating periods. The experimental data
agree with the performed simulation shown in the right-hand column (c),(d).

tion 5.3, there will be an extended discussion on interpreting the
presented magnetoplasmonic system in the picture of coupled
oscillators.

For a burial parameter of b = 33 nm, the EIA coupling regime
manifests itself also in the transmittance spectrum in the form of
a small dip (see figure 5.2c). For this case the relation between the
EIA-like behavior and the MO response was investigated exper-
imentally. The figures 5.3a and 5.3b display the measured trans-
mittance and Faraday rotation spectra for x-polarized incident
light and different grating periods p. The measurements are per-
formed at 20 K and a magnetic field of 5 T in the z direction. The
Faraday rotation was measured with a rotating analyzer setup
where the incident polarization state was prepared using a polar-
izer inside the cryostat (see section 2.7). For a period of 490 nm,
the sharp EIA feature is best centered with respect to the broad,
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mainly plasmonic, transmittance feature. For the same grating
period, at the spectral position of the EIA resonance, the Faraday
rotation exhibits a sharp maximum of about 8◦, which is a sub-
stantial rotation enhancement compared to a bare EuS film with
thickness h = 139 nm (gray curve). This behavior can be under-
stood in the following way: For wavelengths close to the narrow
EIA resonance, the system acts as a resonator with a relatively
high Q factor, implying multiple vertical round-trips of the light
through the MO material before it is coupled out in z direction.
Due to Lorentz non-reciprocity, the polarization rotation adds
up for each propagation cycle, resulting in an enhanced rotation
compared to a single pass through the EuS film. Furthermore,
the EIA mechanism allows utilizing the high oscillator strength
of the plasmonic resonance, leading to an efficient coupling of
the incident light into the structure without reducing the effec-
tive Q factor due to the broad plasmonic resonance as was the
case in previous approaches [45, 47, 53]. As such, the plasmonic
EIA mechanism provides an elegant way to greatly increase the
interaction between the incident light and the MO material. In
section 5.3 the connection between the EIA dispersion and Fara-
day rotation enhancement will be discussed in further detail by
means of a coupled oscillator model. The measurement is also in
good agreement with the full numerical simulation displayed in
the figures 5.2c and 5.2d. In the measured wavelength region, the
Faraday rotation of EuS shows a notable wavelength dependence
due to a material resonance (see gray line). Hence, in order to
obtain realistic simulation results, the material dispersion of EuS
is modeled with a MO Lorentz oscillator (see section 2.3.1). The
free model parameters are fitted such that the measured MO re-
sponse of a bare EuS film matches the simulated MO response in
the wavelength range of interest between 650 and 850 nm. More
details on the EuS permittivity model can be found in section
5.2.1. The discrepancy between the measured and simulated Fara-
day rotation below 650 nm is due to the limited model accuracy
in this range. In the transmittance spectra, the grating-induced
Rayleigh anomaly is barely visible. For example, for p = 490 nm
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Figure 5.4: The left-hand column displays the measured transmittance (a) and
Faraday rotation (b) for y-polarized incident light for a wire width of 75 nm, burial
parameter b = 33 nm, and different grating periods p. The experimental data
agree well with the performed simulation shown in the right-hand column (c),(d).
For a period of 505 nm, the Faraday rotation reaches values of up to 14

◦.

it occurs at 715 nm and is most visible in the simulated Faraday
rotation, where it manifests itself as a small kink. However, the
Rayleigh anomaly has no major influence on the Faraday rotation
enhancement as it is well separated from the enhancement by the
EIA resonance.

Also for y-polarized incident light, large Faraday rotation an-
gles can be realized. This is illustrated by the figures 5.4a
and 5.4b, which depict the corresponding transmittance and Fara-
day rotation spectra for a sample geometry with t = 33 nm,
w = 75 nm, h = 139 nm, b = 33 nm, and different grating peri-
ods p. Since a direct excitation of the plasmon resonance and TM
waveguide resonance is only possible for x-polarized light, they
have no discernable influence on the transmittance line shape.
However, as the x- and y-polarized eigenmodes are coupled via
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giant faraday effect via induced absorption

the magnetic field, the Faraday rotation spectrum for y-polarized
incidence is strongly influenced by the x-polarized eigenmodes
(and vice versa) [102], which results in strongly enhanced Fara-
day rotation also for y-polarized incidence. Furthermore, this
behavior will be discussed in more detail in section 5.3. For a
grating period of 505 nm, the Faraday rotation reaches values of
up to 14

◦ at a transmittance value of 17%. Given the thin struc-
ture profile of below 200 nm, this is a giant Faraday rotation value
and only a factor of 3 away from a Faraday isolator. Again, the
measurement results are in good agreement with the numerical
simulations plotted in the figures 5.4c and 5.4d, except that the
Rayleigh anomalies (kinks in the left shoulders of the transmit-
tance spectra) are washed out in the measurement. This hap-
pens certainly due to sample roughness and limited fabrication
accuracy. As in the case of x-polarized incidence, the Rayleigh
anomalies are well separated from the Faraday rotation enhance-
ment feature and have no significant influence on the Faraday
rotation spectra.

Influence of magnetic field strength

Furthermore, since the rotation angle scales with the applied
magnetic field, the presented structure offers an impressive polar-
ization tuning range of over 25◦. This is indicated in figure 5.5a,
where the Faraday rotation spectra are plotted for different mag-
netic field strengths ranging from −5 to +5 T. The spectra for in-
verted magnetic fields exhibit almost perfectly mirror symmetric
shapes. Any deviations from absolute mirror symmetry can be
explained by a slight misalignment between the gold wires and
the incident polarization. Figure 5.5b shows a close-up of the
Faraday rotation enhancement feature for lower magnetic field
strengths that can be realized easily using standard permanent
magnets [128]. Even for magnetic fields as low as 250 mT, the
Faraday rotation still reaches values of up to 4.9◦. This is a sim-
ilar rotation performance as was previously realized for a 220-
nm thick hybrid structure based on EuSe, however, only with 20
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5.1 realization with EuS-Au hybrid systems

Figure 5.5: (a) Measurement of the magnetic field dependence of the polarization
rotation for a period of 505 nm. (b) Closer view on the rotation spectra for weak
magnetic fields. Already for 250 mT the Faraday rotation reaches values of over
4
◦. (c) Saturation behavior of the Faraday rotation at 737 nm.

times larger magnetic fields [53]. Figure 5.5c displays the Fara-
day rotation at 737 nm as a function of applied magnetic field
and illustrates the saturation behavior. Up to 500 mT the rotation
angle increases linearly with the applied magnetic field, whereas
for larger fields saturation sets in and the response curve flattens
out.

Simulation of the ellipticity spectra

As the utilized measurement setup does not allow for measuring
the ellipticity spectra, in the following, the numerically simulated
ellipticity spectra are provided. Figure 5.6 displays the ellipticity
spectra of the sample geometries with 85 and 75 nm wire width.
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Figure 5.6: Simulated Faraday rotation and ellipticity spectra corresponding to
the sample geometries with 85 nm wire width (a) and 75 nm wire width (b).

In the first case, a grating period of 490 nm results in the largest
Faraday rotation peak. At its center wavelength, the correspond-
ing ellipticity is close to zero. This behavior is consistent with the
following rule of thumb, originating from the Kramers-Kronig
relations [54]: A symmetric Faraday rotation peak usually cor-
responds to asymmetric (s-shaped) ellipticity spectrum with a
zero-crossing at the center wavelength of the rotation peak. On
the other hand, a symmetric ellipticity peak corresponds to s-
shaped Faraday rotation spectrum with the zero crossing at the
center wavelength of the ellipticity peak. For example, the latter
behavior is exhibited for a wire width of 75 nm, and a period of
505 nm, as illustrated in figure 5.6b.

On the sample anisotropy

Since the utilized magnetoplasmonic structure geometry is
anisotropic, in general, the optical response for x- and y-
polarized light is different. To illustrate this, figure 5.7 shows
a comparison of the transmittance and Faraday rotation for the
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5.1 realization with EuS-Au hybrid systems

Figure 5.7: Comparison of the transmittance and Faraday rotation spectra for
different incident polarizations. (a) 85 nm wire width. (b) 75 nm wire width.

same geometry but different polarizations of the incident light.
Figure 5.7a corresponds to a wire width of 85 nm, whereas fig-
ure 5.7b shows the spectra for the 75 nm wide gold wires. It can
be seen that for the wavelengths of largest Faraday rotation, the
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transmittance for the two polarization directions is different. This
transmittance difference results in some minor reciprocal contri-
bution to the overall polarization rotation. However, since the
Faraday rotation is well below 45◦, this effect only has a negligi-
ble contribution to the overall polarization rotation.

Furthermore, as already mentioned above, although the EIA-
resonance is not visible in the absorbance spectra for y-polarized
light, the Faraday rotation rotation enhancement tends to be
largest for this polarization direction. This can be understood
in the picture of the oscillator model in section 5.3, where it will
be shown that the EIA-resonance enters in both off-diagonal ele-
ments of the effective susceptibility of the system. The difference
in magnitude originates from the different effective refractive in-
dices of the two polarization directions.

5.2 EuS material properties

In this section, the most relevant material properties of EuS are
summarized. This includes the material permittivity utilized in
the numerical simulations in section 5.1, and a discussion of the
temperature dependence of the optical properties.

5.2.1 EuS permittivity tensor

In the performed numerical simulations, it was assumed that the
EuS film possesses a permittivity of the form

ε =

 ε11 +ε12 0
−ε12 ε11 0

0 0 ε11

 (5.1)

where the diagonal elements have been modeled using the rela-
tion (2.53a):

ε11 = ε∞ +
ω2

q

Ω2 −ω2 − 2iΓω
. (5.2)

The free parameters were fitted to ellipsometry and transmission
measurements in the relevant wavelength range between 650 nm
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5.2 EuS material properties

and 850 nm. From this, Ω = 2.77 · 1015s−1, Γ = 2 · 1014s−1, ωq =

4 · 1014s−1, and ε∞ = 4.125 was obtained. This translates to a
refractive index ranging from 2.016 to 2.049. The off-diagonal
elements of EuS were modeled using the relation

ε12 =
iβωω2

q

(Ω2 −ω2 − 2iΓω)2 , (5.3)

which possesses the same algebraic form as the relation (2.53b).
In the standard derivation of this formula, β = beiθ is a parame-
ter proportional to the magnetic field and is assumed to be purely
real (θ = 0, 180◦). For a bulk magneto-optic material, this leads to
a Faraday rotation spectrum of diamagnetic type [54]. However,
as it was discussed in section 2.3.2, many magneto-optic materi-
als, such as EuS, rather exhibit a paramagnetic Faraday rotation
spectrum, which has a similar form as the ellipticity spectrum
corresponding to a diamagnetic Faraday rotation spectrum. It
should be noted, that here the terms paramagnetic and diamag-
netic are not related to the magnetic susceptibility, but rather to
the conventional classification of Faraday rotation mechanisms.
The formula above can also be used to model the magneto-optic
response of the paramagnetic type phenomenologically, while
maintaining consistency with the Kramers-Kronig relations. This
is achieved for θ = 90◦ and θ = 270◦. Furthermore, other values
of θ lead to an intermediate situation. The free model parameters
in ε12 were fitted such that the measured MO response of a bare
EuS film at 5 T matches the simulated MO response in the wave-
length range of interest between 650 nm and 850 nm. For the EuS
film in the structure corresponding to figure 5.3, the following
parameter set was obtained: Ω = 2.97 · 1015s−1, Γ = 6 · 1014s−1,
ωp = 9 · 1014s−1, θ = 90◦, and β = 8 · 1014s−1. The EuS film
for the structure corresponding to figures 5.4 and 5.5, showed a
slightly different Faraday rotation spectrum resulting in the pa-
rameter set Ω = 3.11 · 1015s−1, Γ = 6 · 1014s−1, ωp = 9 · 1014s−1,
θ = 130◦, and β = 9 · 1014s−1.
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5.2.2 On the influence of temperature

In general, the optical properties of the materials constituting the
presented nanostructures can change with temperature. In previ-
ous works, the temperature dependencies of the involved mate-
rials have been studied in great detail: Below Tc = 16.6 K EuS is
in the ferromagnetic phase whereas above Tc it is in the param-
agnetic phase [129]. In the measured wavelength range, between
Tc and room temperature, the refractive index of EuS changes by
less than 1% [68] and also the absorption coefficient of EuS re-
mains almost constant [93]. In this temperature regime also the
changes in the optical constants of both Au [130] and the fused
silica substrate [131] can be neglected. Furthermore, between 0 K
and Tc the gyration of EuS stays constant, whereas at T = Tc it
starts to drop inversely proportional with temperature [63]. For
example, at 100 K this results in 10% of the Faraday rotation ob-
served at T = 20 K.

In conclusion, the dispersion of the eigenmodes and, thus, the
transmission behavior would not significantly change for an in-
creasing temperature while the Faraday rotation of the nanostruc-
ture would decrease proportionally with the Faraday rotation of
pure EuS.

5.3 harmonic oscillator modeling

To obtain further insight into the connection between EIA-like
modal coupling and the enhancement of the magneto-optic re-
sponse, it is useful to view the presented magnetoplasmonic
system in the picture of coupled oscillators, as depicted in fig-
ure 5.8a. This oscillator scheme was originally introduced in ref-
erence [102] and is now modified in analogy to the non-magneto-
optic model by Taubert et al. to account for EIA [111]. In this very
simple model, the magnetoplasmonic system is described using
two charged oscillators that are driven by the external light field:
The oscillator on the right-hand side represents the plasmonic
excitation, and its movement is restricted to the x direction, as
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5.3 harmonic oscillator modeling

the plasmonic resonance can only be excited for x-polarized light.
The second oscillator is associated with the waveguide excitations
inside the MO slab. This oscillator can be displaced both in the
x and y direction, which corresponds to the excitation of TM
and TE polarized waveguide modes respectively. As discussed
by Taubert et al., it is crucial for realizing the coupling regime
of EIA that the coupling between the two contributing oscillators
includes a retardation phase [110]. Hence, the coupling between
plasmon and TM waveguide is modeled with a complex coupling
constant κ̃ = κ exp(iφ), with φ as the phase. The influence of the
applied static magnetic field is taken into account via the Lorentz
force acting on the 2D waveguide oscillator. The resulting elec-
tric susceptibility associated with this oscillator system is given
by [102]

χ(ω) =

(
χx +χxy
−χxy χy

)
= ηRT M−1R, (5.4)

where the matrices

M =

ΩTM −κeiφ −iβ
−κeiφ ΩP 0
+iβ 0 ΩTE

 (5.5)

and

R =

ρTM 0
ρP 0
0 ρTE

 (5.6)

are introduced. Here, the terms Ωi = ωi − ω − iγi/2, (i =

TM, P, TE) contain the eigenfrequencies and damping coefficients
of the individual oscillators. The magneto-optic coefficient β is
proportional to the gyration of the waveguide material and, thus,
to the applied magnetic field. The occurrence with two differ-
ent signs originates from the cross product in the Lorentz force.
The nonzero components ρi (i = TM, P, TE) in the matrix R are
proportional to the charge of the oscillators and relate to the in-
dividual oscillator strengths. η is a proportionality constant.
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Figure 5.8: (a) Oscillator model representing the magneto-plasmonic nanostruc-
ture. A precondition for EIA is that the coupling between the TM waveguide
mode and the plasmon mode is weak and includes retardation. This is taken into
account by the complex coupling constant κ exp(iφ) with phase φ. (b) Imaginary
part of the component χx , which is proportional to the absorbance of x-polarized
incident light. (c) Imaginary part of χxy, which induces polarization rotation of
both x- and y-polarized incident light.

In the following, this model is used to illustrate the relation be-
tween the EIA and EIT coupling regimes as well as their influence
on the magneto-optic response. For this, to keep the degrees of
freedom to a minimum, the following simple (and dimensionless)
parameter constellation is utilized: The individual resonances in
the system are spectrally close, while the waveguide modes hav-
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ing significantly smaller linewidths than the plasmon. Hence,
the eigenfrequencies of the three oscillators are assumed to be
equal, i.e., ωTM = ωTE = ωP = ω0 and for the damping coeffi-
cients it is assumed that γP = 1 and γTM = γTE = 0.1. Further-
more, the proportionality constant η is set to 1 and it is assumed
that the plasmon oscillator couples much stronger to the external
light field than to the TM waveguide mode. Hence, the oscillator
strengths are weighted by setting ρTM = 0 and ρP = 1. Further-
more, the oscillator strength of the TE waveguide oscillator was
set to ρTE = 0.32, which represents the case in which χx and χy
(not shown here) are approximately equal.

The plots in figure 5.8b show the resulting frequency depen-
dence of the imaginary part of χx, which is proportional to the
absorbance of x-polarized incident light. The different line col-
ors correspond to the different coupling phases. Furthermore,
from the left to the right column, the coupling amplitude κ is
decreased. All spectra of χx show a broad, mainly plasmon-
induced, background with a sharp modulation on top. For φ = 0
this modulation is a narrow dip at ω0 and corresponds to the case
of EIT. Increasing the coupling phase to φ = π/2 turns this mod-
ulation into a narrow EIA resonance, while the case of φ = π/4
represents an intermediate regime. Furthermore, an increase of κ

leads to a more pronounced modulation. However, at some point
when κ is increased further (not shown here), the coupling is not
weak anymore and a significant mode splitting occurs for φ = 0,
and for φ = π/2 nonphysical solutions with negative absorption
can emerge [111]. In summary, the classical analogs of EIT and
EIA are indeed very closely related: Both scenarios occur in the
regime of weak coupling where there is no significant spectral
repulsion between the narrow linewidth mode (in this case, the
TM waveguide mode) and the broad linewidth mode (in this case,
the plasmon). The only difference between the two scenarios lies
in the coupling phase φ. It should be pointed out that the ab-
sorption behavior is approximately independent of the magnetic
field, as |β| can be assumed to be small (her, it is set to 0.001), in
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which case it predominantly influences the off-diagonal elements
of χ but not the diagonal elements [102].

The corresponding magneto-optic response is encoded in the
off-diagonal elements of χ that are proportional to β and, thus, to
the magnetic field. In first approximation, the Faraday rotation of
the system is proportional to the imaginary part of χxy (see sec-
tion 2.2.3), which is plotted in figure 5.8c. It should be noted that
the real part of χxy would correspond to the ellipticity (not plot-
ted here). The graphs nicely illustrate the fundamental working
principle of the system: With increasing κ , not only the modula-
tion of χx increases (i.e., the EIA or EIT resonances become more
pronounced), but also the modulation of χxy becomes stronger.
In other words, due to the magnetic field, the EIA or EIT reso-
nances not only occur in absorption, but also in Faraday rotation.
The more pronounced the EIA or EIT resonances are, the larger
the Faraday rotation enhancement becomes. Furthermore, for a
constant κ this modulation of χxy is strongest for φ = π/2, i.e.,
for the EIA case. At this point it should be noted that in prac-
tice the difference in the MO response obtained by EIA-like and
EIT-like coupling can be less pronounced than in the modeled
spectra. The reason is that tuning the structure geometry from
the EIT to the EIA case usually also slightly influences the other
coupling parameters such as κ, which also have a strong influ-
ence on χxy. However, the model correctly reflects the trend that
the EIA case produces stronger MO response than the EIT case.
Another revealing aspect of this model is that although only the
oscillators moving in the x direction contribute to the EIA reso-
nance, this resonance also leads to increased polarization rotation
for y-polarized light: This follows from the fact that χ is antisym-
metric. Hence, the resonance in χxy translates to a conversion
from x to y polarization as well as to a conversion from y to x po-
larization. However, in general, the Faraday rotation spectra for
x- and y-polarized light are not completely equal since for finite
propagation distances also the diagonal components χx and χy
possess an influence [54, 102]. As shown by the measurements in
figure 5.4, the Faraday rotation can be even larger for y-polarized
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light than for x-polarized light. It should also be pointed out that
the line shape of χxy depends on the complex phase of the mag-
neto optical coupling constant β, which is related to the gyration
of the MO material [102]. For the present example, this phase
is set to −45◦. Changing this phase does not affect the average
magnitude of the magneto-optic response, but only determines
whether the Im(χxy) spectra show a down-up line shape (nega-
tive phase), an up-down line shape (positive phase), or a peak
(zero phase) when plotted over angular frequency 2.

As a final remark, it should be mentioned that the presented
oscillator model is the simplest possible approach to illustrate
the relation between EIA-like coupling and the enhanced MO
response in the system. Of course, this results in neglecting sec-
ondary influences observed in the actual measurements, such as
material dispersion, background Faraday rotation due to the film,
or diffraction effects such as Rayleigh anomalies [102]. Neverthe-
less, the benefit of this model is that it provides a very intuitive
description of the system.

5.4 conclusion

The design flexibility enabled by the use of EuS as magneto-optic
material was exploited to realize a hybrid magnetoplasmonic
thin film structure that represents the classical optical analog of
EIA. Unlike in previous approaches where the low quality factor
of localized surface plasmon resonances limited the Faraday rota-
tion enhancement, the coupling regime of EIA allows us to lever-
age both the high quality factor of the waveguide resonances and
the large oscillator strength of the plasmons. Both these aspects
result in dramatically increased light-matter interaction and MO
response. As a result, the EIA-like system induces giant Faraday
rotation of over 14◦ for a thickness of less than 200 nm and a mag-

2 Due to the ω based mathematical structure of the model, the response curves
were plotted over angular frequency. This should be kept in mind when the
modeled spectra are compared to the measured spectra, which are plotted over
wavelength.
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netic field of 5 T at T = 20 K. By varying the magnetic field from
−5 T to +5 T, an impressing rotation tuning range of over 25◦ is
realized. This is a MO performance that exceeds any previous
approach considerably.
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In this dissertation, the magneto-optic (MO) dispersion prop-
erties of different hybrid magnetoplasmonic systems were ana-
lyzed both in experiment and theory. The study of the unique
dispersion properties of such systems enabled the realization
of ultrathin tunable Faraday rotators with designated working
wavelength and a magneto-optic response that is unprecedented
for such thin structures.

The utilized magnetoplasmonic geometries can be divided into
two types: The first type consists of a MO thin film with an at-
tached gold grating on top. The strong coupling between a plas-
mon resonance in the gold grating and a waveguide mode in
the MO film results in the formation of a waveguide-plasmon-
polariton (WPP), which facilitates large Faraday rotation of up to
4◦ for a 220 nm thick EuSe-Au structure. However, even stronger
MO response was obtained for the second type: Here, a plas-
monic gold grating is embedded into a MO film. It was demon-
strated both in experiment and theory that this system can be
regarded as a classical optical analog of electromagnetically in-
duced absorption (EIA). The resulting unique dispersion proper-
ties of this system allow to compensate for the low Q factor of
the plasmonic resonance, which limits the MO response in the
WPP-based approach. The presented EIA-like EuS-Au structure
induces giant Faraday rotation of up to 14◦ for a thickness of less
than 200 nm and a magnetic field of 5 T at T = 20 K. Furthermore,
by varying the magnetic field from −5 to +5 T, the polarization
of the transmitted light can be continuously tuned over an im-
pressively wide range of over 25◦. As the realized magneto-optic
response is only a factor of three away from the Faraday isola-
tion requirement, the demonstrated concept could lead to highly
integrated, nonreciprocal photonic devices for optical isolation,
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light modulation, and optical magnetic field sensing. Further-
more, as was demonstrated recently, strong MO dispersion of
nanostructured systems can also be leveraged for refractive in-
dex sensing, allowing very precise detection of biochemical sub-
stances [107]. Here, the exceptionally sharp spectral features in
the MO response of EIA systems could also turn out to be a pow-
erful tool.

A fruitful strategy to even further increase the MO response of
the EuS-Au structures could be to use a thicker MO slab in com-
bination with grating periods that are comparable to the ones
used in chapter 5. This way, higher-order waveguide resonances
can be excited, which, in combination with EIA-like dispersion,
could lead to Faraday rotation values closer to or even above 45◦.
Furthermore, some sort of physical or chemical treatment to en-
hance the surface quality of the EuS film is expected to further
increase the resonator performance resulting in larger Faraday
rotation. In future designs, the necessity for low temperatures
could be significantly relaxed by doping europium compounds
with gadolinium. For example, it has been shown that doping
EuO with gadolinium can raise the Curie temperature (where
the Faraday rotation starts to drop) from 69 to 135 K [67, 101],
which is well above liquid nitrogen temperature. Of course, the
concept of WPP- and EIA-boosted MO response is not restricted
to Eu compounds and can in principle be applied to many ma-
terials. The only requirements are a sufficient transparency of
the MO material and a suitable procedure for the nanostructure
fabrication.

Moreover, it was proven that EuS enables simple fabrication of
complex layer-based magneto-optic geometries. This is a very
powerful and rare property among transparent magneto-optic
materials. Since EuS is much cheaper than EuSe and also pro-
vides stronger MO response already at low magnetic fields, EuS
could become a trigger for other interesting and potentially very
powerful magneto-optic and magnetoplasmonic designs. This
could include both 2D and 3D systems, for instance EuS photonic
crystals, as well as even magneto-optic metamaterials [24, 132].
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Last but not least, the theory presented in this dissertation, now
allows to describe the optical response of hybrid magnetoplas-
monic systems in the picture of a simple oscillator model based
on the Lorentz force. This model provides analytical expressions
for the optical response and confirms previous numerical and ex-
perimental findings. One important outcome of the model is that
the spectral line shape of the MO response is fully determined by
the optical properties of the system for zero magnetic field. Only
the overall magnitude of the MO response is determined by the
applied magnetic field. The presented theory could significantly
facilitate the optimization of both existing and also new magneto-
plasmonic systems, such as 2D and 3D systems. Furthermore, by
removing all plasmonic oscillators, the case of a purely dielectric
grating-waveguide combination can be modeled. In prospect of
non-linear magnetoplasmonics, the presented model could also
be of fundamental relevance. Although the model is fully lin-
ear, a non-linear extension would be straight-forward by adding
higher order coupling terms [108].
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[37] B. Caballero, A. Garciá-Martı́n, and J. C. Cuevas, “Hy-
brid Magnetoplasmonic Crystals Boost the Performance of
Nanohole Arrays as Plasmonic Sensors,” ACS Photonics 3,
203–208 (2016).

136



bibliography

[38] R. Rosenberg, C. B. Rubinstein, and D. R. Herriott, “Res-
onant Optical Faraday Rotator,” Appl. Opt. 3, 1079–1083

(1964).

[39] M. Inoue, K. Arai, T. Fujii, and M. Abe, “One-dimensional
magnetophotonic crystals,” J. Appl. Phys. 85, 5768 (1999).

[40] S. I. Khartsev and A. M. Grishin, “High performance
[Bi3Fe5O12/Sm3Ga5O12]m magneto-optical photonic crys-
tals,” J. Appl. Phys. 101, 053 906 (2007).
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sen das zu tun woran ich Freude habe. Außerdem danke ich von
ganzem Herzen meiner liebsten Ruth, die mir in den entschei-
denden Momenten immer Kraft gegeben hat.

148



danksagung

149


	Abstract
	Deutsche Zusammenfassung
	Publications
	Contents
	Introduction
	Fundamentals
	Polarization of light
	Light propagation in magneto-optic materials
	Wave equation
	Propagation in anisotropic media
	Faraday rotation
	Magneto-optic effects in reflection

	Microscopic description of the Faraday effect
	Classical description
	Quantum mechanical description

	Comparison of typical magneto-optic materials
	Plasmonics
	The dielectric function of metals
	Surface plasmon polaritons
	Localized surface plasmon resonances

	Resonances in grating-waveguide structures
	Measuring Faraday rotation of nanostructures

	Giant Faraday effect in EuSe-Au structures
	The waveguide-plasmon-polaritonic approach
	Experimental realization
	Faraday rotation enhancement
	Tunable working wavelength
	Magnetically tunable polarization rotation

	On the incident angle and film thickness
	Conclusion

	Lorentz force model for magnetoplasmonics
	Application to EuSe-Au hybrid structures
	Simplifications and approximations
	Extended model (5 degrees of freedom)
	Identifying the gyration of the waveguide
	Simplified model (3 degrees of freedom)

	On the phase of the gyration
	Conclusion

	Giant Faraday effect via induced absorption
	Realization with EuS-Au hybrid systems
	EuS material properties
	EuS permittivity tensor
	On the influence of temperature

	Harmonic oscillator modeling
	Conclusion

	Conclusion and Outlook
	Bibliography
	Danksagung

