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1. Introduction

Conductive nanoparticles behave as nanoantennas for light. Nanoparticles that
receive and transmit light waves are called optical antennas [1-3]. For radiation in
the optical range, the resonant interaction between the incident electric field and
free electrons of the nanoparticles leads to the excitation of surface plasmon
resonances (SPRs). Converting incoming radiation into localized plasmon modes
enables the focusing of electromagnetic fields into sub-wavelength volumes.
Localized and confined electromagnetic fields below the diffraction limit in
plasmonic nanostructures offer options for the miniaturization and integration of
optical components and systems, for instance, in ICT industry [4], biological and
chemical sensors [5,6], photovoltaics [7], and optoelectronics [8]. The sensing
volume of SPRs is restricted to areas near the surface, making them ideal for
molecular level detection [9]. Squeezing of optical fields in small mode volumes also
enables strong coupling to fluorescent dye molecules which, in turn, can be used to
realize lasing [10-21].

Scaling beyond the diffraction limit of light in plasmonics promises smaller optical
devices with reduced power consumption. To realize practical plasmonic devices,
two fundamental challenges need to be addressed: active tunability and loss. To
achieve active control of plasmon resonances and strong magneto-optical effects,
the integration of ferromagnetic materials in plasmonics has been pursued recently
[22,23]. The field studying the plasmonic properties of ferromagnetic materials or
hybrid noble metal-ferromagnetic structures is known as magnetoplasmonics. Just
like conventional plasmonic materials (e.g. Ag and Au), ferromagnetic metallic
nanoparticles  (e.g.  Ni  and  Co)  support  the  excitation  of  localized  SPRs  (LSPRs)
[22,24]. Ferromagnetic metal nanostructures combine magneto-optical activity
with the excitation of LSPRs and, therefore, facilitate a detailed assessment of the
interplay between these phenomena.  Control of plasmon excitations using external
stimuli enables their use in active nanophotonic components with advanced
functionalities. Among the different control mechanisms, magnetic fields provide a
contact-less technique for the manipulation of SPR dispersion relations [25-28].
Additionally, phase-sensitive detection of magneto-optical signals offer a low-noise
method for the detection of minor shifts in plasmon resonances upon small changes
in the refractive index [29,30]. Besides ultra-sensitive sensor applications,
magnetoplasmonics has been used in functional devices such as magnetoplasmonic
rulers [31], waveguides [32], and non-reciprocal structures [33].

Large ohmic losses in ferromagnetic metals lead to significant damping of plasmon
resonances. To circumvent losses in such systems, hybrid nanostructures of
ferromagnetic and noble metals have been explored as magnetoplasmonic systems
[34-36]. Examples include Au/Co/Au trilayers [23], nanosandwiches [37], nanorods
[38], core-shell Co/Ag or Co/Au nanoparticles [39,40] and nanowires [41], and
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Au/Ni nanoring resonators [42]. Various non-contacting realizations have also been
investigated. Dimers of two metal nanodisks that are separated by a dielectric layer
are particularly attractive as they allow for a strong redistribution of the optical near-
field [34]. In vertical dimers containing noble and ferromagnetic metals, this effect
has been exploited to enlarge magneto-optical response via an increase of the optical
field in the ferromagnetic layer [36] or induction of magneto-optical activity on the
low-loss noble metal [35,43]. Excitation of collective plasmon modes is another way
to circumvent large ohmic losses in ferromagnetic nanoparticles. Periodic
arrangement of metallic nanoparticles have shown to exhibit strong optical and
magneto-optical activities due to the excitation of Fano-shape surface lattice
resonances (SLRs) [44-49]. Low-loss SLRs in arrays of noble metal nanostructures
are used in several contexts, including sensing [50-52] and metamaterials [53,54].
In ferromagnetic nanoparticle arrays, SLRs enhance the magneto-optical activity
and provide versatility in the design of magneto-optical spectra via tailoring of the
lattice symmetry or particle shape [55,56]. Gain-assisted excitations such as lasing
can also be used to compensate losses in plasmonic systems [18,21,57,58].

In this thesis, the excitation of SLRs in ferromagnetic plasmonic nanostructures is
studied. The work mainly focuses on the plasmonic and magneto-optical properties
of two-dimensional nanoparticle arrays. In periodic lattices, radiative coupling
between LSPRs and diffracted waves in the array plane produces collective SLRs
[44-49]. It is demonstrated that the width and intensity of SLRs and, thereby, the
optical and magneto-optical spectra of ferromagnetic plasmonic arrays made of Ni
nanodisks are strongly tailored by the integration of Au nanodisks within the lattice
(far-field coupling, Publication I) or at single-particle level (near- and far-field
coupling, PublicationIII). The use of plasmon-enhanced magneto-optical signals in
ferromagnetic plasmonic arrays for refractive index sensing is also assessed
(Publication IV). Finally, lasing in Ni nanodisks arrays overlaid with an organic gain
medium is demonstrated (Publication V).

The thesis is organized as follows. Chapter 2 provides an overview of the optical
and magneto-optical properties of metals and metal nanostructures. The interaction
of metal nanoparticles with electromagnetic radiation is explained and magneto-
optical effects are introduced. The polarizability of a single nanoparticle as well as a
periodic lattice of nanoparticles is described. Finally, lasing in lattices of plasmonic
nanostructures overlaid with an organic gain medium is discussed.

Chapter 3 describes the different fabrication methods and measurement setups
that were used in this thesis. Details on sample specifications and experimental
conditions are also provided.

Chapter 4 summarizes the main results of this thesis.  In section 4.1, magnetic
circular dichroism (MCD) measurements of Ni nanodisk arrays are presented. It is
demonstrated that the excitation of SLRs in periodic arrays of Ni nanodisks
significantly enhances the MCD signal. Tuning of the MCD effect is attained by
variation of the Ni nanodisk size and the lattice periodicity.

In section 4.2, hybrid magnetoplasmonic arrays consisting of Ni and Au nanodisks
arranged in a checkerboard pattern are discussed. Diffractive far-field coupling
between the Ni and Au nanodisks of the array results in the excitation of two
orthogonal SLR modes. Local analyses of the radiation fields indicate that both the
Ni and Au nanodisks contribute to these collective resonances and, thereby, to the
magneto-optical activity of the hybrid arrays. The strong effect of Au nanodisks on
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the magneto-optical response of hybrid lattices opens up new prospects toward the
realization of tunable magnetoplasmonic nanostructures.

Section 4.3 presents a detailed study on the optical and magneto-optical properties
of vertical Ni/SiO2/Au dimers in periodic plasmonic arrays. Using a semi-analytical
model it is demonstrated that the magnetoplasmonic response of dimer arrays is
governed by the coupling of both near- and far-field radiations. Near-field coupling
between the Ni and Au nanodisks inside the dimers enhances the polarizability of
dimers compared to that of higher loss Ni nanodisks. If ordered into a periodic array,
the effective polarizability difference is further amplified by far-field diffractive
coupling between individual scatterers. As a result, the magneto-optical spectrum of
dimer arrays show more narrow resonances than Ni lattices and the magnitude of
magneto-optical activity is greatly enhanced compared to that of randomly
distributed dimers or Ni nanodisks.

In section 4.4, the strong magneto-optical response of Ni/SiO2/Au dimer arrays is
exploited for refractive index sensing. To assess the sensing performance of dimer
lattices, measurements are conducted in three different environments; air, water,
and index matching oil. As sensing figure-of-merit, the ratio of the spectral shift in
the zero-crossing condition in magneto-optical Faraday rotation or ellipticity curves
and the change of the refractive index is used. It is demonstrated that the sensing
figure of merit of the dimer arrays is more than one order of magnitude larger than
that of random distributions of dimers or Ni nanodisks or arrays of Ni nanodisks.
Tuning of the SLR condition via a variation of the lattice constant or the properties
of individual nanoparticles provides a versatile method of maximizing the sensing
figure of merit for specific applications.

Finally, section 4.5 introduces lasing as a method to compensate for intrinsic
losses in ferromagnetic plasmonic arrays. Lasing at visible wavelengths in arrays of
Ni nanodisks overlaid with an organic gain medium is demonstrated using
femtosecond laser pulses. It is shown that under an increasing pump fluence, the
plasmonic system exhibits a transition from lattice-modified spontaneous emission
to lasing, the latter being characterized by highly directional and sub-nanometer
linewidth emission. By breaking the symmetry of the array, tunable multimode
lasing is observed at two wavelengths corresponding to the particle periodicity along
the two principal directions of a rectangular lattice. Lasing in ferromagnetic
plasmonic arrays has not been demostrated before and opens new perspectives
towards loss-compensated magnetoplasmonic devices and topological photonics.
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2. Plasmonics and magneto-optics of
metal nanostructures

Collective oscillations of free electrons driven by the electric field of the
electromagnetic radiation are called plasmon resonances. Plasmonic resonances are
a result of light-matter interactions in materials with a negative real part of the
permittivity at the operating wavelength (e.g. metals). Surface plasmon resonances
(SPRs) are non-radiative electromagnetic waves that propagate along the interface
of a metal and a dielectric medium. Plasmon resonances allow for confinement of
electromagnetic fields at length scales below the diffraction limit of the incident
light. The amplification of local electric fields associated with plasmon resonances
has triggered the idea of combining plasmonics with ferromagnetic materials in
order to achieve active control over plasmon modes or to enhance magneto-optical
effects.

This chapter gives an overview of the optical and magneto-optical properties of
metals and metal nanostructures supporting SPRs. Section 2.1 describes plasmon
resonances in metal nanoparticles in terms of the Lorentz oscillator model. Section
2.2 describes the optical properties of metals. Section 2.3 introduces various types
of magneto-optical effects. Due to the intrinsic properties of magneto-optically
active materials in the presence of a magnetic field, the linear polarization of
incident light rotates and becomes elliptical upon reflection or transmission. In
ferromagnetic nanoparticles, the magnitudes of polarization rotation and ellipticity
are determined by the phase and the amplitude relations of two electric dipoles; one
that is directly excited along the incident electric field and another that is excited
perpendicular to the electric field and the magnetization of the nanoparticle via
spin-orbit coupling. Section 2.4 introduces magnetic circular dichroism in the
context of ferromagnetic plasmonic nanoparticles. In section 2.5 a quasi-static
expression for the polarizability of a metal nanoparticle in an electromagnetic field
is derived. Coupling between ferromagnetic Ni and noble-metal Au nanodisks in
vertical dimers is discussed in section 2.6. In section 2.7, the excitation of collective
SLRs in periodic nanoparticle arrays is explained. It is shown that SLRs, which
emerge from coupling between LSPRs and diffracted waves in the array plane, can
be utilized to compensate for large optical losses in individual ferromagnetic
plasmonic nanoparticles. The closing section 2.8 describes lasing in periodic
plasmonic arrays that are overlaid by an organic gain medium.
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2.1 Plasmon resonances in metal nanoparticles

LSPRs are non-propagating waves in patterned structures with dimensions of the
order or smaller than the wavelength of incident radiation [59,60]. In contrast to
propagating SPRs where momentum-matching is required, LSPRs can be excited by
direct illumination [61]. Characteristic for plasmon resonances, LSPRs give rise to a
strong enhancement of the local optical field.

The interaction of incident radiation and electronic excitations can be described
using a harmonic oscillator model. Light-matter interactions in metals are defined
by the interplay between electromagnetic radiation and free electrons of the metal.
Oscillations and energies of electronic states in metals and their coupling to
electromagnetic fields define their optical and magneto-optical properties. Electron
oscillations in the background of charged nuclei and core electrons are described by
driven electron motions. On the other hand, electrons of atoms interact, forming
bonding and anti-bonding orbitals and electronic band states. These intrinsic
properties define light-matter interactions. Section 2.1.1 introduces a harmonic
oscillator model, presenting an elementary description of the optical properties of
matter.

2.1.1 Lorentz oscillator model

Light-matter interactions are defined by the interplay between electromagnetic
waves and the electrons of a medium. An incident electric field macroscopically
displaces the electric charge distribution of materials. In a stationary system without
time variations, the electric displacement is described as

( ) = (!0"( ) + #( ))$ , (2.1)

where %& is the permittivity of vacuum and #( ) is the polarization density of dipole
moments inside the material. The incident electric field "( ) displaces the electron
charges (q) with respect to the positive charge distribution in the background,
inducing a dipole moment ’  , with   the displacement of the electrons. Eq. 2.1 then
becomes

(= !&" +#. (2.2)

Here, #  is the induced polarization of dipole moments inside the particle

# = !&)", (2.3)

where ) is the electric susceptibility of a material in the presence of an applied
electric field. Combining Eqs. 2.2 and 2.3 gives

(= !&(1 + ))" = !&!*". (2.4)

The permittivity of the material, !*, is obtained by solving the electronic motion
equation

!* = 1 +#/!&". (2.5)
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A simple harmonic oscillator model captures the electron response to an incident
electric field. The incident electric field (force + ) induces oscillations of conduction
electrons (mass ,). Displaced electrons feel a restoring force from a background of
positive charges opposing the displacements from equilibrium (spring constant -).
The spring-mass oscillator is schematically shown in Fig. 2.1 (b).

Figure 2.1. (a) In an incident electric field conduction electrons are displaced in a background of
positive charges. As a result, an oscillating electric dipole is formed. (b) The
displacement of electrons in a background of positive electric charges is modeled by a
harmonic oscillator where a mass m (the electrons) are driven by a force F (the incident
electric field) and the background of positive charges provide a restoring force via
spring constant K.

The total energy of an electron is expressed by the sum of its potential and kinetic
energies

"./. = 01
2,2

+3( ), (2.6)

where34 ) describes the local potential energy of the electron and the kinetic energy
is  given  by 01 5,26 . Here  is  the  electron  mass  and 0 is its momentum. By
assuming free electron motion in a background of positive charges (Fig.  2.1 (a)), the
motion of electrons is described by the differential equation of a driven harmonic
oscillator

,2
71 
781 +,297 78 +,2:&1 = ;’". (2.7)

Here, 9 is the damping factor, ;’" is the electric driving force and :& = <- ,=6   is
the eigenfrequency of the system. Equation 2.7 describes different forces in a
harmonic oscillator system, including the acceleration force, ,= >?@>.?, the frictional
damping force, ,=9 >@>., and the resonance force, ,=:&1 . The solution of Eq. 2.7 has

the form

 (:) = ; ’
,=

"(:)
:1 + A:9;:&1

. (2.8)

The electric dipole moment of a charge displaced by   is therefore given by

B(:) = ’1
,=

"(:)
:1 + A:9;:&1

. (2.9)
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The averaged dipole moment B in a system with electron density of C produces a
macroscopic polarization

# = CDB(:)E. (2.10)

Rewriting different contributions of electrons to !(:) in  the form of  the Drude-
Lorentz model gives

!(:) = !(F); :G1:1 + A:9;:&1
. (2.11)

where !(F) is the high frequency contribution (!(F)~1) and :H is the plasma

frequency of the material defined as

Ip=<Nq2 4%0,e)6 . (2.12)

Equation 2.12 defines bulk plasma oscillations as a characteristic material
parameter. Examination of Eq. 2.11 reveals that atIp, the real part of the permittivity
is zero and the sign of the permittivity changes from negative to positive. This means
that all electrons oscillate in phase. For frequencies below Ip, the real part of !(:) is
negative and electrons reconfigure to compensate for the external field. In this case,
the metallic character is retained and only evanescent waves can penetrate. Above
the  bulk  plasma  frequency,  the  real  part  of !(:)  attains positive values and
electromagnetic waves can propagate in the metal, i.e., the metal becomes
transparent.

2.2 Optical properties of noble and ferromagnetic metals

In this thesis, plasmonic nanostructures of ferromagnetic Ni and noble-metal Au are
studied. Compared to other ferromagnetic materials such as Co and Fe, Ni is more
resistant against oxidation in air and it is more durable in aggressive organic
environments such organic dyes. On the other hand, Au and Ag are the most
prominent plasmonic metals. While Au nanoparticles support broader plasmon
resonances than Ag, it is chemically more stable. The dispersive properties of metals
are described by their complex permittivity. Figure 2.2 compares the permittivity
data of Au and Ni. The real part of the permittivity (Re(!)) defines the polarizability
of a metal and it determines the phase velocity of propagating plasmons. The values
of Re(!) for Au and Ni are comparable for wavelengths below 600 nm. Above 600
nm, Re(!) becomes substantially large for Au. The imaginary part of the permittivity
(Im(!)) determines the amount of absorption and therefore it is a measure of
plasmonic losses. The data in Fig. 2.2 (b) indicate that plasmonic losses in Ni are
considerably larger than in Au.
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Figure 2.2.  (a)  Real  and  (b)  imaginary  part  of  the  permittivity  of  Au  and  Ni  as  measured  in
experiments (solid lines from Johnson and Christy (JC) [62,63].) and calculated using
the Drude-Lorentz (DL) model (dashed lines). DL parameters used in Eq. 2.11 are :G =1.6 × 10JKL;J , M = 3.6 × 10JNL;J, :& = 5.7 × 10JOL;J and !(F) = 6 for  Ni  and :G =1.3 × 10JKL;J, M = 1.1 × 10JOL;J, :& = 3.7 × 10JOL;J and !4F) = 10 for Au.

2.3 Magneto-optical effects

Magneto-optical effects arise when light interacts with a magnetic material or a non-
magnetic material in a large magnetic field. The presence of magnetization P breaks
the symmetry of the dielectric function in ferromagnetic materials. In this case, the
dielectric tensor of an isotropic material becomes non-diagonal [64]. Assuming a
homogenous medium with %QQ = !RR= !SS the permittivity tensor takes the form

! =
T
UV

!QQ ;WX,S ;WX,RWX,S !RR ;WX,QWX,R WX,Q !SS Y
Z[ , (2.13)

where X is the magneto-optical Voigt constant, a macroscopic quantity representing
a quantum mechanical effect originating from spin-orbit coupling [64]. X is defined
as \ !J6 , with \ the gyration vector describing gyrotropic effects (magnetic gyrotropic
birefringence and magnetic circular dichroism) and !J is the linear optical magnetic
anisotropy vector describing magnetic anisotropy effects (magnetic linear
birefringence and magnetic linear dichroism). In the permittivity tensor of
ferromagnetic materials, ] is defined as P M^_‘6 , where M^_‘ is the saturation
magnetization and ,Q, ,R and ,S indicate the magnetization components along the
x, y and z axis.

In ferromagnetic nanoparticles, two coupled electric dipoles are excited if the
wavelength of incident radiation matches the LSPR condition. One of the dipoles is
directly excited by the electric field of the incident radiation, while the other dipole is
excited orthogonal to the incident electric field and the direction of magnetization via
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spin-orbit coupling [24]. The amplitude and phase relations of these two electric
dipoles (LSPR modes) determine the magneto-optical response of ferromagnetic
nanostructures. Next, magneto-optical effects measured in reflection and
transmission are introduced.

2.3.1 Magneto-optical Kerr effect

In 1887, John Kerr discovered that when linear polarized light is reflected from a
magnetic surface the polarization rotates and becomes elliptical. Depending on the
direction of magnetization, three main magneto-optical Kerr configurations are
distinguished: Polar, longitudinal and transverse (Fig. 2.3).

Figure 2.3. (a) Polar, (b) longitudinal and (c) transverse magneto-optical Kerr configurations.

In the polar Kerr geometry, a magnetic field is applied perpendicular to the sample
plane. In this configuration, the permittivity tensor takes the form of

! =
TU
V !QQ ;WX,R 0
WX,R !RR 0
0 0 !SSY

Z[. (2.14)

The polar Kerr effect is maximized at normal incidence. Upon reflection, the
polarization of the incident light rotates and becomes elliptical (Fig. 2.3 (a)). To
model the polar Kerr effect in ferromagnetic nanoparticles, the induced rotation and
phase change of polarization are described by two orthogonally oscillating electric
dipoles. A schematic illustration of this configuration is depicted in Fig. 2.4. Here,
the electric dipole that is directly excited by the incident electric field aQ is labeled
as optical dipole bQ. The second dipole that is excited via spin-orbit coupling in the
ferromagnetic nanoparticle is labeled as magneto-optical dipole bR. The excitation
of the magneto-optical dipole bR is described by the off-diagonal components of the
polarizability tensor of the nanoparticle which depend on the off-diagonal terms of
the permittivity tensor (2.14).
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Figure 2.4. In ferromagnetic nanoparticles, the magneto-optical response is described by two
orthogonally oscillating electric dipoles (bQ and bR). If the magnetization is saturated
perpendicular to the plane and normal incident light with linear polarization along the
x-axis is used, the magneto-optical dipole is excited along the y-axis.

Close to the plasma resonance condition of a ferromagnetic nanoparticle, the
complex polar Kerr angle is determined by the phase and amplitude relations
between the optical (bQ) and magneto-optical (bR) electric dipoles. The magnitude of
the Kerr angle for incident polarized light along the x-axis is given by [55,24]

c = |d + We| = fgh8fi jbRbQj k lgH^gHHl, (2.15)

where d is the Kerr rotation and e is the Kerr ellipticity and gHH and gH^ are the

reflection coefficients (see Fig. 2.3 (a)). The Kerr angle is typically small and,
therefore, the small angle approximations in Eq. 2.15 is valid. In the transverse Kerr
geometry, a magnetic field aligns the magnetization parallel to the sample surface
and perpendicular to the plane of incidence. The permittivity tensor for this
configuration has the form

! =
TU
V !QQ 0 ;WX,R0 !RR 0
WX,R 0 !SS YZ

[. (2.16)

In the longitudinal Kerr effect, a magnetic field is applied parallel to the sample
surface and the plane of incidence (Fig. 2.3 (b)). The permittivity tensor for this
configuration is given by

! =
TU
V!QQ 0 0

0 !RR ;WX,Q0 WX,Q !SS YZ
[. (2.17)

The transverse Kerr effect changes the intensity of reflected light. In this thesis, Ni
nanodisks and Ni-Au hybrid nanostructures are studied. In  all  measurements,  a
saturating perpendicular magnetic field is used. In this polar geometry, two
orthogonal electric dipoles (LSPR modes) are excited in the plane of the
nanoparticles, facilitating a straightforward interpretation of the experimental data.

2.3.2 Magneto-optical Faraday effect

In 1845, Micheal Faraday discovered that polarized light passing through glass along
the direction of an applied magnetic field experiences a rotation of the plane of
polarization (Fig. 2.5) [65]. The magnitude of polarization rotation is proportional
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to the magnetic field strengthmn, the traveled distance through the medium o and
an intrinsic material parameter p , known as the Verdet function that links the
Faraday rotation with the applied magnetic field which depends on both wavelength
and temperature

d = pno. (2.18)

In ferromagnetic materials the Faraday rotation is given by

d = ;qiJXr o, (2.19)

where iJ = (i+ s i;) 26 , here  and  are the refractive indices for left- and
right-hand circular polarized light [64].

Figure 2.5. Magneto-optical effect in Faraday configuration.

2.4 Magnetic circular dichroism

Understanding the interaction between the helicity of light and magnetization
provides additional insight into the magneto-optical effects discussed in section 2.3.
Circular polarized light induces circular motion of free electrons in nanoparticles.
These excitations are sometimes referred to as circular plasmon modes. For
ferromagnetic nanodisks with perpendicular magnetization, a Lorentz force 4tu)
acts on the circularly moving electrons. Depending on the helicity of the incident
light and the direction of magnetization, the induced Lorentz force is pointing
inward or outward and, therefore, it either adds to or subtracts from the centripetal
force that is exerted by the incident electric field 4tv) (Fig. 2.6). This alters the
confinement of the plasmon mode. The circular plasmon mode that is excited by the
helicity favoring stronger confinement occurs at higher frequency than the less
confined mode. In extinction measurements4a = 1 ; w), these modes show up as
resonance peaks at different frequencies (colored curves in Fig. 2.6). The spectral
shape of the MCD curve corresponds to the subtraction of resonances obtained for
left- and right-hand circular polarized light (black line in Fig. 2.6) [66-68].
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Figure 2.6. Extinction spectra of circular plasmon modes (red and blue curves) and the MCD signal
(black curve). For non-magnetic nanodisks, the MCD signal is zero at the LSPR
resonance frequency 4x&). In ferromagnetic nanodisks with perpendicular
magnetization, a Lorentz force 4tu y z{ × |) acts on electrons in circular motion.
Depending on the helicity of incident light and the direction of magnetization, the
Lorentz force either enhances or decreases the confinement of the circular plasmon
mode.

In the experiments reported in Publication II, Ni nanodisk arrays are measured in
transmission geometry and extinction 4a = 1 ; w) and MCD signals of the samples
are analyzed. It is shown that the MCD signal is proportional to the difference in the
extinction cross section for left- and right-hand circular polarized light, given by

}~ = ¡(+¢);¡(;¢)¡(£) . (2.20)

Here, ~(+⁄) and ~4;⁄) are the extinction cross sections for the perpendicular
magnetization directions and ~4&) is the extinction cross section for a non-
magnetized nanodisk.

2.5 Polarizability of ellipsoidal nanoparticles

In this and the next sections, a theoretical framework for the calculation of optical
and magneto-optical spectra of individual ferromagnetic nanodisks,
magnetoplasmonic dimers and arrays of these nanoparticles is presented [69-71].
First, the polarizability of a single nanodisk is discussed. Light-matter interactions
at particles with sizes comparable to the wavelength of the incident light can be
described by a quasi-static model with appropriate corrections for retardation
effects. The corrections are responsible for several phenomena such as a red-shift of
the LSPR wavelength and resonance broadening [72,73]. The optical and magneto-
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optical response of an individual plasmonic nanoparticle can be calculated using the
modified long wavelength approximation (MLWA) [74]. The advantage of this
approach is that the rapid fluctuations of the incident field are averaged over
distances that exceed the size of the nanostructures. Figure 2.7 illustrates the
interaction between the incident electric field and an ellipsoidal metal nanoparticle.
The absorption and emission properties of a metal nanoparticle are described by its
volume polarizability, which relates the induced polarization # to the incident
electric field "¥. If the particle is small compare to the wavelength of incident light,
the electric field inside the particle "J is approximately uniform. Following classical
electrodynamics, the electric field inside the nanoparticle is given by "J y "¥ s "ƒ,
where "ƒ is the depolarization field.

Figure 2.7. Interaction of incident electric field 4"¥) with an ellipsoidal metal nanoparticle. The
permittivities of the ellipsoid and surrounding medium are indicated by !ƒ and !⁄,
respectively. The electric field inside the ellipsoidal particle "J is the vector sum of "¥
and the depolarization field "ƒ.

The depolarization tensor can be calculated by averaging the retarded
depolarization field "ƒ in the center of the nanoparticle [75]. "ƒ is  calculated by
assigning a dipole moment $0 y #$p  to each volume element $p  of the
nanoparticle and calculating the retarded depolarization field  generated by $0
in the nanoparticle center [32,45]. This gives

"ƒ = §$"ƒ = ;!¤;J d#.  (2.21)

Here,  is the depolarization factor describing interactions between polarizable
volume elements inside the particle [76,77]. The nanodisks in this thesis can be
approximated as ellipsoids [59,74]. For ellipsoidal particles, Eq. 2.21 can be solved
analytically [78,79].

'ƒ = '; “1p
4q « ; 2W“‹p

12q ›. (2.22)

The three terms in Eq. 2.22 include static 4') and dynamic 4«) depolarization
factors that account for the particle shape and a radiative reaction correction
4W“‹p fiq)6  [75].  Integrals  given  in  [74,75]  are  used  to  calculate ' and «. '
represents a shape-related parameter in the quasi-static approximation. The
dynamic depolarization « depends on the size of the nanoparticle and is responsible
for the red shift of the resonance wavelength in large particles. It accounts for energy
losses caused by interactions between oscillating electrons. The radiative
depolarization correction accounts for the damping of electron oscillations. For
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larger nanoparticle volumes, the resonance peak broadens due to radiative losses
from different dipolar elements inside the particle. The net dipole moment of an
ellipsoidal particle 4$0 y #$p ) can be written as

0 = p (!ƒ ; !⁄)"J = p !&(!ƒ ; !⁄)("¥ +"ƒ) = fl="¥,  (2.23)

where !ƒ and !⁄ are the permittivity of the particle and surrounding medium,
respectively,fl= is the particle polarizability, and p is the particle volume. Combining
Eqs. 2.21 and 2.23 gives

fl= = p (!ƒ ; !⁄)› + 'ƒ!⁄;J(!ƒ ; !⁄). (2.24)

Figure 2.8.  Real (solid line) and imaginary (dash line) parts of the polarizability for (a) Ni and (b)
Au elliptical nanoparticles with a short-axis of 40 nm, a long-axis of 40, 60, 80, 100
and 120 nm, and a thickness of 40 nm.

To illustrate the effect of the nanoparticle shape and size on the particle
polarizability, Fig. 2.8 shows calculation results for Ni and Au elliptical
nanoparticles. For the larger nanoparticles a clear red shift due to dynamic
depolarization is observed. Compared to Au nanoparticles, plasmon resonance in Ni
are significantly broader because of higher ohmic losses. Noble metals exhibit larger
polarizability, which results in more intense and narrower LSPRs [80,81]. In Fig.
2.8 (a) and (b), for incident polarization along with the long-axis of the ellipses (40
nm-120 nm), the far-field results reveal a shift of the resonance wavelength in the
range of 400 nm - 700 nm and 550 nm - 820 nm for Ni and Au nanoparticles,
respectively.
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2.6 Magneto-optics of ferromagnetic and noble metals

Following Eq. 2.14, non-zero off-diagonal components in the permittivity tensor
lead to off-diagonal terms in the polarizability tensor. Macroscopically, this
produces a rotation and ellipticity of the polarization in reflected (Kerr effect) or
transmitted (Faraday effect) light. For ferromagnetic nanodisks, the microscopic
origin of magneto-optical activity can be understood by considering the excitation
of two orthogonal LSPRs. To describe the optical and magneto-optical response of a
dimer, the electric field at each dipole position is defined as the sum of the incident
electric field and the scattered field from the dipole in the other disk. This results in
two coupled equations

0–¥ = fl–¥(!&"¥J + †0‡·),0‡· = fl‡·(!&"¥1 +†0–¥). (2.25)

Here, "¥J and "¥1 define the incident electric field at the Ni and Au nanodisks
(including a phase difference), and †  is a dyadic Green’s function describing how
the electric field that is produced by one dipole propagates to the other [82]. † is
given by

† = z¶•‚
4q!&„‹ ((((“„)1 + W“„; 1))” ; ((“„)1 + 3W“„; 3)»…»

„1 ), (2.26)

where » is a vector connecting the dipoles in the two disks and “ = 2iq r‰ , with i
the refractive index of the surrounding medium. Since electric dipoles are excited in
the dimer plane, they mostly couple along the z-axis. Consequently, »…» in Eq.
2.26 is approximately zero. Considering near-field coupling between the Ni and Au
nanodisks (Eq. 2.25), the effective dipole moment of the dimer can be written as

¿bQbR` = ´b–¥ˆQ + b‡·ˆQb–¥ˆR + b‡·ˆR˜ = ¿flQQ ;flQRflQR flRR `¿aQ0 `. (2.27)

Here, flQQ, flRR, and flQR are the diagonal and off-diagonal components of the
polarizability tensor (fl) of the dimer.  In Au a magneto-optical dipole (b‡·ˆR) is
induced because of near-field coupling to the magneto-optical dipole b–¥ˆR  in Ni (Eq.
2.25). The low-loss Au nanodisk thus contributes to the magneto-optical activity of
the vertical dimer structure [35,43].

Taking the phase difference between dipole excitations in Ni and Au nanodisks
along x and y (cQ,cR) into account, the optical and magneto-optical dipoles of dimers
are given by

|bQ|1 = ¯b–¥ˆQ + b‡·ˆQ¯1 = ¯b–¥ˆQ¯1 + ¯b‡·ˆQ¯1 + 2¯b–¥ˆQ¯¯b‡·ˆQ¯ cos(cQ) ,
¯bR¯1 = ¯b–¥ˆR + b‡·ˆR¯1 = ¯b–¥ˆR¯1 + ¯b‡·ˆR¯1 + 2¯b–¥ˆR¯¯b‡·ˆR¯ cos˘cR˙. (2.28)

The large polarizability of Au enhances b–¥ˆQ  in Ni and, in turn, this induces a strong
magneto-optical dipoles b–¥ˆR and b‡·ˆR in Ni and Au.
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2.7 Surface lattice resonances in ferromagnetic nanoparticle arrays

In this section plasmon excitations in periodic arrays of nanoparticles are discussed.
In periodic arrays with lattice constant f, the wave function can be written as

¨( ) = z¶˚¸@h˝( ), (2.29)

where h˝( ) = h˝( + f) are the Fourier components of wave vector ˛. For nearly
free electrons, the general solution of Eq. 2.29 must account for weak variations of
3( ). In the weak potential limit, the crystal potential can be treated as a weak
perturbation to the free electron wave to produce a new solution in the presence of
a periodic potential [83]. Imposing this constraint gives

ˇ 1“1
2, ; a—h˝ +Æ3˝ªh˝ª

˝ªŁ˝
= 0. (2.30)

The term inside parenthesis represents purely free electron behavior. As the wave
function approaches a lattice resonance, the electrons interact strongly with the
lattice potential. At the resonance frequency, the fields scattered by the
nanoparticles oscillate in phase. Diffractive coupling between nanoscale emitters in
periodic arrays is of a far-field nature.  SLRs which emerge from coupling between
broad LSPRs and diffracted waves in the plane of the array appear as asymmetrical
Fano line-shape resonances in optical spectra of plasmonic lattices [49,55,84-87].
In single ferromagnetic nanoparticles, spin-orbit coupling induces two orthogonal
LSPRs. As illustrated in Fig. 2.9, when particles are ordered into a periodic array,
diffractive coupling between these LSPR modes produces two orthogonal SLRs.
Since the electric dipoles couple efficiently perpendicular to their axis, the optical
SLR is excited along the y-axis if the array is irradiated by x-polarized light. Because
of this cross-relation, optical spectra vary with the lattice constant along y, whereas
magneto-optical spectra depend sensitively on the lattice constant along x. This
cross-dependence of optical and magneto-optical spectra on particle periodicity was
first demonstrated in rectangular arrays of Ni nanodisks [55]. Besides the
dependence on lattice constant, the response of a magnetoplasmonic lattice can also
be tailored by variation of the particle shape [56] Compared to the LSPRs of single
nanoparticles, collective SLRs are spectrally narrower.
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Figure 2.9. Illustration of far-field diffractive coupling in a periodic array of ferromagnetic
nanoparticles. The optical dipoles bQ (red) couple along the direction perpendicular to
the polarization of incident radiation. The magneto-optical dipoles bR (green) couple
along the direction parallel to the polarization of incident radiation. These far-field
coupling effects produce two orthogonal SLR modes.

2.7.1 Discrete dipole approximation

The optical response of a lattice of scattering nanoparticles can be modeled using
the discrete dipole approximation (DDA). DDA was originally introduced to describe
scattering and absorption of non-spherical nanoparticles [88]. The approximation
is based on replacing the nanoparticles by a set of interacting electric dipoles.
Dipoles located at position gØ, in a lattice 4A = 1,… ŒC) with polarizability flØ interact
with the incident field and the scattered field from other dipoles.  A system of linear
equations of dipolar resonances is solved to obtain scattering quantities. For
spherical, spheroidal and cylindrical particles, DDA provides an exact solution of the
Maxwell equations and can be solved without any approximation [88]. In lattice
systems each dipole acquires a dipole moment 0Ø y flØ"Ø, where "Ø is the electric
field at the position gØ. "Ø consists of  the incident electric field "¥ºæˆØ y a&z4¶•ıł;¶ø.)
and the scattered field from other dipoles in the array

"Ø = "¥ºæˆØ ;œ ßØ¹0¹¬Łμ .    (2.31)

The interaction tensor ßØ¹ includes the retardation effect from other dipoles and it
is defined by the periodic Green’s tensor †Ø¹ [89]

ßØ¹ = “1†Ø¹,     (2.32)

with “ the wave vector of the incident light. Filling in an expression for †Ø¹, ßØ¹is
written as

ßØ¹ = 2™Ð½ł±ıł± ¿“1˘gØ¹g¹Ø ; ”˙ + ¶•ıł±;J
ıł±? (3gØ¹g¹Ø ; ”)` , o Ł “.      (2.33)

Here, ”  is 3x3 identity matrix and gØ¹g¹Øis the dyadic product of unit position vectors.Equation 2.33 can be simplified by recognizing that "Ø y ßØØ0Ø, where ßØØ is a 3N ×
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3N block diagonal matrix that consists of the inverse of the 3 × 3 polarizability
matrices of the N dipoles. After solving a linear system of 3N equations this gives

"¥ºæˆØ = ßØØ0Ø +œ ßØ¹0¹¬Łμ = œ ßØ¹0¹Þ
¬yJ .

(2.34)

Figure 2.10. Numerical results obtained using the DDA method for a 400 nm × 500 nm array of Ni
nanodisks with a diameter of 100 nm and a thickness of 40 nm. The refractive index
of the embedding medium is n=1.51.

Figure 2.10 shows the magnitude of excited dipoles for single Ni nanodisks and a
Ni nanodisk array with lattice constant ax= 400 nm and ay=500 nm (400 nm × 500
nm). The effective optical and magneto-optical dipoles of the lattice are calculated
by  numerically  solving  Eq.  2.34.  The  optical  dipole  of  a  single  Ni  nanodisk  is
proportional to the polarizability of the nanodisk. The response represents the
excitation of a LSPR mode. The optical spectrum of the Ni nanodisk array shows a
sharp feature at 730 nm followed by a resonance peak at 775 nm (Fig. 2.10 (a)). The
sharp feature corresponds to the <0,1> diffracted order of the lattice along the y-
axis. At the diffracted order wavelength,  the energy of scattered light matches the
lattice constant [47-49]. For normal incident light, the diffracted order wavelengths
are given by

r<b1 + ’1 = i¼fQ1 + fR1 , (2.35)

where i  is the embedding medium refractive index, fQ and fR are the lattice
parameters along the x- and y-axis of the array and b and ’ are integers indicating
the diffracted orders corresponding to these axes. The magneto-optical dipole
depends on both lattice parameters and therefore <1,0> and <0,1> diffracted orders
are visible in the spectrum (Fig. 2.10 (b)). This effect is explained in the next section.
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2.7.2 Lattice factor

For the case of an infinite two-dimensional array of identical nanoparticles, an
analytical solution for Eq. 2.31 can be obtained. If nanoparticles are ordered into a
periodic array, the electric field at each nanoparticle position is a superposition of
the incident radiation and dipolar fields from other nanoparticles. The optical and
magneto-optical responses of a periodic array thus depend on the polarizability of
single nanoparticle and their two-dimensional arrangement. To take far-field
coupling between nanoparticles into account, an effective lattice polarizability fl=÷÷
can be defined as [1,3]

fl=÷÷ = JJ ¦6 ;° , (2.36)

where þ is the lattice factor that takes fields scattered by particles in the array into
account. For an infinite array, the lattice factor is given by [90,91]

þ =Æexp(W“g¬)4q!& ¾(1 ; W“g¬)(3h²L1dØ ; 1)
g¬‹ + “1LWi1dØgØ ®

¬
.             (2.37)

Here, gØ is the distance between nanoparticles and dØ is  the  angle  between  the
effective dipole moment and the vector connecting the nanoparticles. For a two-
dimensional lattice under normal incident radiation, fl=÷÷  can be written as

fl=÷÷ = ´−flQQ ;flQRflQR flRR ð;J ; ×þQ 0
0 þR³˜

;J
, (2.38)

where þQ and þR are the lattice factors along the x- and y-axis. The diagonal
components of the effective lattice polarizability depend on the diagonal terms of the
polarizability of single nanoparticle fl and the lattice factor þ. fl=÷÷  is given by

fl=÷÷ =
T
UU
V

flRRflQQflRR ; flQR1
; þQ ; flQRflQQflRR ; flQR1flQRflQQflRR ; flQR1

flQQflQQflRR ; flQR1
; þRY

ZZ
[
;J

 . (2.39)

For typical ferromagnetic materials, flQQˆRR © flQR  and, therefore, Eq. 2.39
simplifies to

fl=÷÷ =
T
UU
V 1
flQQ

; þQ ; flQRflQQflRRflQRflQQflRR
1
flRR

; þRY
ZZ
[
;J

. (2.40)

By carrying out matrix operations, it can be shown that

fl=÷÷ˆQQ = 1
(1 flQQ ; þQ6 ),

(2.41)

fl=÷÷ˆRR = 1
(1 flRR ; þR6 ).
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and

fl=÷÷ˆQR = ;fl=÷÷ˆRQ = flQRflQQflRR(1 flRR ; þQ6 )(1 flQQ ; þR6 ) . (2.42)

Equations 2.41 and 2.42 reveal a complex relationship between the polarizability of
the particles and their arrangement within the lattice. The effective dipole moments
of a periodic nanoparticle array are given by

¿b=÷÷ˆQb=÷÷ˆR` = ¿fl=÷÷ˆQQ ;fl=÷÷ˆQRfl=÷÷ˆQR fl=÷÷ˆRR ` ¿aQ0 `. (2.43)

The magneto-optical Kerr angle Á of a ferromagnetic plasmonic array is given by
the amplitude ratio of the magneto-optical (b=÷÷ˆR) and optical (b=÷÷ˆQ) dipoles

Á = lb=÷÷ˆRb=÷÷ˆQl = lfl=÷÷ˆQRfl=÷÷ˆQQ
l. (2.44)

Figure 2.11. Numerical results obtained using Eq. 2.43 for a 400 nm × 500 nm array of Ni nanodisks
with  a  diameter  of  100  nm  and  a  thickness  of  40  nm.  The  refractive  index  of  the
embedding medium is n = 1.51. (a) Real and imaginary parts of the S-factor and 1 fl6  in
Eq. 2.36. (b) Magnitude of effective optical dipole along the x-axis of the array. The
single particle response is shown as comparison. (c) Magnitude of the magneto-optical
dipole of a single Ni nanodisk as well as the effective magneto-optical dipole of the Ni
nanodisk array.
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Figure 2.11 (a) shows the calculated real and imaginary parts of 1 flQQ6  and þQ for
Ni nanodisks in a 400 nm × 500 nm periodic array. The vertical lines in Fig. 2.11 (a)
indicate the wavelengths where the curves of Re(þQ) and Re(1 flQQ6 ) cross. At these
wavelengths, the effective polarizability of the lattice is resonantly enhanced (Eq.
2.41)  and  an  SLR  mode  is  excited.  The  intensity  and  linewidth  of  the  SLR  mode
depend on the slope with which Re(1 flQQ6 ) and Re(þQ) cross and the imaginary
values of these parameters. For large Im(1 flQQ6 ) ; Im(þQ), the SLR is damped
strongly. Since þQ solely depends on the lattice geometry, single particles only affect
SLRs through their inverse polarizability. Because Im(1 flQQ6 ) can be written as
;Im(flQQÂ 6 |flQQ|1, it is approximated by ;Ä 6 Im(flQQ) close to the resonance
condition (Re(flQQÂ k 0). For a nanoparticle without gain, flQQ is positive and
Im(1 flQQ6 ) is negative. Consequently, the lattice factor þQ contributes to the damping
of the SLR mode if Im(þQ)is positive. In contrast, negative Im(þQ) counteracts the
ohmic losses of individual nanoparticles, enabling the excitation of more narrow and
intense SLRs. Because Im(þQ) changes sign from positive to negative at the
diffracted orders of a lattice, stronger SLR excitations are generated when the
Re(1 flQQ6 ) and Re(þQ) curves cross at r > rÀÅ. In Fig. 2.11 (a) where the crossing
between Re(1 flQQ6 ) and Re(þQ) for nanodisk array of 400 nm × 500 nm periodicity
coincides with a situation where Im(1 flQQ6 ) ; Im(þQ) is small, an intense SLR mode
is expected.

The  magnitude  of  the  optical  dipole  is  proportional  to fl=÷÷ˆQQ (Eq. 2.43). Since
fl=÷÷ˆQQ  depends on 1 flQQ6  and þQ (Eq. 2.41) and þQ varies with the lattice parameter
along the y-axis, a single diffraction order appears in the spectrum of Fig. 2.11 (b).
The magneto-optical dipole, on the other hand, scales withfl=÷÷ˆQR (Eq. 2.43). Because
fl=÷÷ˆQR  depends on þQ and þÃ, diffracted orders corresponding to the lattice
parameter along the x- and y-axis are visible in the spectrum of Fig. 2.11 (c).

2.8 Lasing in lattices of plasmonic nanoparticles

A laser is an optical transducer, which converts incident pump power into coherent
light. Lasers are designed both to maximize energy conversion and to control the
properties of emitted light. Physical principles governing the dynamics of a laser
depend on three main factors: The supplied pump energy, the gain medium, and the
optical resonator cavity. In a dye laser, the pump power is supplied either by a flash
lamp light source or by a laser. The gain medium consists of fluorescent organic dye
molecules  that  are  dissolved  in  a  solvent.  Mirrors  or  dipole  resonators  act  as  the
optical cavity.

The density of dye molecules in the excited state is an important parameter
defining the optical gain of the system. Dye molecules relax their energy through two
major  processes  during  the  transition  from  an  excited  state  to  the  ground  state:
Spontaneous emission and stimulated emission. Dye molecules emit incoherent
light with random phase and direction during spontaneous emission. Stimulated
emission yields coherent optical gain with well-defined direction, polarization and
wavelength.

Above the lasing threshold, plasmonic losses are compensated by the optical gain
and narrow linewidth emission emerges. Inside the band gap, the group velocity ÇÉ
is purely imaginary and corresponds to the evanescent wave in the lattice, which is
required for total reflection. For lasing applications, the region near the band edge
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where ÇÉ is still real but tends toward zero is interesting. In the slow light regime,
the interaction of light and the gain material is strongly enhanced [83,92]. Under
this condition, emitted photons from the fluorescent dye molecules undergo many
reflections in the lattice near the band edge and slowly penetrate through the
structure with group velocity ÇÉ.  In  the  presence  of  a  gain  medium,  a  large
enhancement of the optical path length increases the effective gain of the medium.
Theoretical  and  experimental  investigations  on  lasing  in  plasmonic  systems
have  demonstrated loss compensation for metal  nanostructures [12-21,72,92-96]
and  ultrafast  operation speeds [15,97]. Plasmonic resonators supporting small
mode volumes in addition to ultrafast light matter interactions on the nanoscale
provide a pathway to studying the interaction between emitters and plasmon
resonance modes  [98,99,13]. Coupling of emitters and plasmon resonance modes
have  been  studied  in  both  the  weak  and  strong  coupling  regimes  [10].  Both
theoretical and experimental demonstrations of surface plasmon amplification of
stimulated emission have significantly raised the prospect of plasmonic lasers [14-
16, 35, 100]. It has also been shown that hybrid modes such as SLRs can stimulate
lasing in systems with periodic plasmonic nanostructures [95-97, 101-104]. Lasers
based on plasmonic resonators such as nanowires and nanoparticles exhibit strong
optical fields that overlap with the emission range of the gain medium.

Recently,  it  was demonstrated that  collective SLR modes can be excited also in
arrays of higher-loss ferromagnetic nanoparticles [55]. Section 4.6 discusses lasing
at visible wavelengths in lattices of lossy ferromagnetic Ni nanodisks overlaid with
an organic gain medium. In order to overcome the radiative and ohmic losses of
plasmonic resonances in Ni nanodisk arrays, the gain medium is placed within the
array’s mode volume.
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3. Experimental methods

3.1 Sample fabrication

The magnetoplasmonic samples discussed in this thesis are fabricated on glass
substrates using electron beam lithography (EBL) and electron beam evaporation.
The magnetoplasmonic nanoparticles are categorized into two main types;
nanodisks and dimers. In the following sections, the fabrication process of various
samples is discussed.

3.1.1 Nanodisks

Figure 3.1 (a) illustrates the process flow for the fabrication of nanodisk samples.
Ordered arrays of Ni and Au nanodisks were fabricated on glass substrates using an
EBL  system  from  Vistec  (EPBG5000pES).  In  order  to  enhance  the  adhesion  and
uniformity of the resist coating, the glass substrates were sonicated in acetone,
isopropanol  and  de-ionized  (DI)  water.  The  glass  substrates  were  spin-coated  by
Polymethylmethacrylate (PMMA) photoresist diluted in anisoile with 4%
concentration (PMMA 4%). Spin-coating was conducted at 4000 rpm for 1 minute
to form a layer of about 200 nm thickness. This was followed by baking on a hotplate
at 180° for 1 minute. The EBL system uses electromagnets to focus an electron beam
and write patterns into the resists layer. In general, two types of resist can be used
in EBL: positive and negative. Positive tone resists undergo a conversion from low
to high solubility upon exposure to the electron beam. In negative tone resists,
electron irradiation lowers the solubility of the material by cross-linking of the
polymers. In this study, positive PMMA was selected to define circular holes in the
resist after development.
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Figure 3.1. (a) Illustration of EBL fabrication process for random distribution and periodic arrays
of Ni and Au nanodisks. (b) SEM image of a random distributions and (c) a 400 nm ×
400 nm periodic array of Ni nanodisks. In these samples, the diameter of Ni nanodisks
is 120 nm and their thickness is 30 nm.

Since neither glass nor PMMA are conductive, a 7 nm thick Al film was evaporated
on the resist layer to prevent electric charge accumulation during exposure to the
electron beam. EBL is a direct write and high resolution lithography technique.
However, serial pattern exposure limits its throughput. The nanodisk samples were
fabricated with an optimized dose of 1500 C/cm2 and an electron beam current of
8 nA.

After electron beam exposure, the conductive Al layer was etched away by inserting
the sample in (AZ 351B)1:(DI water)5 developer for 1 minute. Post-exposure
development of the PMMA layer was conducted in a methyl isobutyl ketone
(MIBK)1:(IPA)3  solution  and  IPA  for  30  seconds  each.  Ni  and  Au  films  were
evaporated on top of the patterned PMMA layer using electron beam evaporation.
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After  evaporation,  lift-off  was  performed  by  etching  away  the  PMMA  resist  in
acetone for 30 minutes and sonication for 1 minute.

The EBL process resulted in well-defined nanodisks with the desired circular
shape. Figure 3.1 (b) and (c) show examples of fabricated samples with randomly
distributed Ni nanodisks and a Ni nanodisk array. Because of the low filling fraction,
the randomly distributed nanodisks can be considered as non-interacting and,
consequently, their optical spectra represent the properties of individual
nanoparticles. In order to create a homogenous surrounding medium, the samples
were embedded in index matching oil with a refractive index of ~1.52, i.e., similar to
the refractive index of the borosilicate glass substrate and the cover slide on top.

In lasing experiments, Ni nanodisk samples were embedded in an organic dye gain
medium using a cover glass window. Rhodamine 6-G (R6G) with a dye content of
99% was used for lasing at wavelengths in the visible range. The dye was dissolved
in Dimethyl Sulfoxide (DMSO):Benzyl Alcohol (BA) (1:2). The concentration of the
solution was 35 mM. Absorption of optical energy by a dye molecule is released by
spontaneous and stimulated light emission and thermal heating of the gain medium.
The solvent defines the wavelength and efficiency of optical gains and contributes to
thermal cooling of the medium.

To protect the Ni nanodisks from chemical degradation when placed into contact
with organic dye molecules in the lasing experiments, a 2 nm thick layer of Al2O3

was grown on top by atomic layer deposition (ALD). The Al2O3 layer was deposited
at  200°C  and  4  Torr  reactor  pressure  in  a  Beneq  TFS-500  reactor  using
trimethylaluminum  (TMA)  as  a  metal  precursor  and  water  as  precursor  for
oxidation. Nitrogen was used as a carrier gas to purge reaction gases from the reactor
after each half cycle. Precursor pulses of 250 msec and purge pulses of 1 msec were
used, resulting in a growth rate of 1Å/cycle and an effective deposition rate of 2.5
nm/min.

3.1.2 Dimers

The EBL lithography process depicted in Fig. 3.1 (a) was used also for the fabrication
of dimer samples. The dimers in this study consists of an Au nanodisk at the bottom,
a SiO2 spacer layer, and a Ni nanodisk on top. After development of the PMMA resist
layer, 2 nm Ti and 30 nm Au were evaporated first. A SiO2 layer with a thickness
varying from 1 nm to 40 nm was subsequently grown using radio frequency (RF)
sputtering from a SiO2 target. The spacer layer is designed to study optical near-field
coupling between plasmonic Au and ferromagnetic Ni nanodisks in single dimers
and in dimer arrays. Changing the spacer layer thickness affects the coupling
between nanodisks, which in turn affects the wavelength and intensity of both
magneto-optical and optical response of the system. Ni was grown on top using
electron beam evaporation. Lift-off was conducted in 40°C acetone for 1 hour. Due
to the difficulties in the fabrication, especially liftoff process of the thick dimer
structures, thinner dimer samples with thinner Ni and Au nanodisk and spacer layer
thickness of 15 nm was fabricated to conduct more in depth analysis of the dimer
arrays (publication III). The quality, shape and size of fabricated nanodisks and
dimers were checked by scanning electron microscopy (SEM Zeiss Supra 40). Figure
3.2 depicts a SEM image of a typical dimer array. The top metal nanodisk of the
dimer  is  always  a  bit  smaller  than  the  bottom  metal  nanodisk  because  of  a
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fundamental limitation in the fabrication process. Evaporation of the bottom metal
nanodisk and sputtering of the SiO2 spacer layer leads to side-wall coverage of the
patterned resist layer, which reduces the size of the top metal nanodisk.

Figure 3.2. SEM image of a dimer array. The dimers consist of a 15 nm thick Au nanodisk at the
bottom (diameter of 120 nm) and a 15 nm thick Ni nanodisk at the top (diameter of 110
nm).

3.2 Characterization methods

Optical and magneto-optical properties of the magnetoplasmonic samples were
characterized using various techniques. In this section, measurements of optical
reflectance and transmittance and spatially resolved k-space lasing will be discussed
first. Hereafter, setups for magneto-optical Kerr and Faraday spectroscopy and
magnetic circular dichroism will be presented.

3.2.1 Optical spectroscopy

Reflectance and transmittance measurement were performed in an optical
spectrometer with a broadband supercontinuum laser (SuperK EXW 12 from NKT
Photonics). In most experiments, the wavelength of light is scanned from 500 nm to
1000 nm. The linear polarized laser light impinges onto the sample at normal
incidence. The intensity of light reflected from or transmitted through the sample is
measured using a fast responsive photodetector (DET-100, Hinds Instruments) and
a lock-in amplifier. The reflectance „ is calculated using

„ = ›^_⁄H¹= ; ›*=÷=*=ºæ=›⁄¥**Ê* ; ›ËÈ
, (3.1)

where ›^_⁄H¹= is the measured light intensity from the sample with plasmonic
nanostructures, ›*=÷=*=ºæ= is the light intensity from an area of the sample without
nanostructures. ›⁄¥**Ê* is the light intensity from a mirror next to the sample, and
is the dark current of the photodetector.
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Although the reflectance mostly depends on scattered light from the sample, the
transmittance is defined by the extinction (w = 1 ; a) which includes both
absorption and scattering. The transmittance of nanoparticle samples is calculated
using

w = ›^_⁄H¹= ; ›ËÈ›*=÷=*=ºæ= ; ›ËÈ
. (3.2)

3.2.2 Spatially-resolved k-space measurements

A Fourier-space measurement technique is used to record the dispersion of samples
in lasing experiment. A schematic illustration of the setup is shown in Fig. 3.3.
During experiments, the back-focal plane of the objective lens is focused onto the
vertical entrance slit of a spectrometer. The projected back focal plane contains
angular information of the diffracted light from the sample. Real-time images of the
sample  were  simultaneously  collected  by  a  CCD  camera  (400×1340  pixels).  The
dispersion of the diffracted light is obtained by calculating “Ã = 2qLWid r6  at each
pixel of the image, where d is the angle between the diffracted light and the sample
normal.

In lasing experiments,  the gain medium is  pumped by linear polarized 100 fsec
laser pulses. After passing through the polarizer, the laser pulses from the optical
parametric amplifier (OPA) pass through a pinhole and a beam collimator and are
then directed to the sample using a mirror. A small chamber was formed on top of
Ni arrays using a cover glass window and a double-sided silicone adhesive film. The
chamber is filled with 1 mL of dye solution, creating a homogenous refractive index
medium for efficient SLR mode excitation.  The sample is illuminated by an optical
pump at an angle of 45° and directional lasing emission is detected perpendicular to
the sample surface (i.e. at 0°). For lasing at visible wavelengths, the molecules are
excited by the optical pump at a repetition rate of 1 kHz and a center wavelength of
500 nm. Scattered light is collected by an objective lens (10×0.3 NA).

Figure 3.3. Schematic illustration of the setup that is used for angle and wavelength-resolved lasing
experiments on Ni nanodisk arrays overlaid with a gain medium. The output of an
optical parametric amplifier (OPA) is directed through a pinhole and beam collimator
to the sample via a mirror. Emission  spectra  are  measured  by  focusing  the  back
focal  plane of  the  objective  on a vertical slit of the spectrometer. The gain medium is
pumped by ÍÎlinear polarized 100 fs laser pulses with a wavelength of 500 nm and a
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repetition rate of 1 kHz. The gain medium is inserted between the substrate with Ni
nanodisk arrays and a cover glass.

3.2.3 Magneto-optical spectroscopy

Magneto-optical spectroscopy was used for the detection of magnetic-field-induced
changes in the polarization state of reflected and transmitted light from the
magnetoplasmonic samples. Magneto-optical properties of ferromagnetic
nanoparticles arise from the excitation of a magneto-optical dipole orthogonal to the
incident electric field and the direction of spontaneous magnetization (see section
2.3). The rotation and ellipticity of reflected or transmitted light correspond to the
real and imaginary parts of the ratio between the orthogonally excited electric
dipoles (see Eq. 2.15).

Figure 3.4. (a) Schematic of the experimental setup used in magneto-optical Kerr spectroscopy.
Measured hysteresis loops of (b) Kerr ellipticity and (c) Kerr rotation for a 500 nm×500
nm Ni nanodisk array. (d) Measured Kerr ellipticity and Kerr rotation of the same
sample for wavelengths ranging from 500 nm to 1000 nm.

The magneto-optical Kerr rotation and ellipticity are measured using a magneto-
optical  Kerr  spectrometer,  as  depicted  in  Fig.  3.4  (a).  The  setup  consists  of  a
broadband supercontinuum laser (SuperK EXW-12 from NKT photonics), polarizers
(Glann-Thompson prism, CVI Melles Griot), focusing lenses, a photoelastic
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modulator (Hinds Instruments I/FS50), a photodetector (DET-100, Hinds
Instruments), and a lock-in amplifier. In most experiments, laser light with a
wavelength ranging from 500 nm to 1000 nm is linearly polarized by the first
polarizer along one of the principle axes of the nanodisk arrays and the angle of
incidence  is  set  to  0.4°  (±0.01°)  with  respect  to  the  sample  normal.  An
electromagnet (GMW 3470) is used to switch the magnetization of the Ni nanodisks
between two opposite perpendicular directions. The maximum field strength is 400
mT. After reflection, the photoelastic modulator (PEM) periodically modulates the
light at a frequency of 50 kHz. This modulation method decomposes the ellipticity
and rotation signals into harmonics of the modulation frequency at 50 kHz (1f) and
100 kHz (2f), respectively. Lock-in detection is used to measure both harmonics as
well as the DC signal. In order to retrieve both magneto-optical parameters
simultaneously, the setup measures the modulated signal at 50 kHz (ellipticity Ï)
and 100 kHz (rotation Ì ) while sweeping the perpendicular magnetic field. The lock-
in signals are normalized to the transmitted DC signal to yield magneto-optical
hysteresis curves of the parameters in mrad (Figs. 3.4 (b) and (c)). Magneto-optical
Kerr ellipticity and rotation signals are subsequently extracted by subtracting the
data for positive and negative saturation magnetization and dividing this number by
two. The Kerr ellipticity and rotation fully characterize the magneto-optical response
of the sample. The magnitude of the magneto-optical Kerr response or so-called
magneto-optical Kerr angle is given by

Ñ = <Ì 2 + Ï 2. (3.3)

 In terms of the optical and magneto-optical dipoles that were introduced in
Section 2.3, the Kerr ellipticity represents the relative phase between the two
orthogonal dipoles while the Kerr rotation corresponds to the real part of the dipole
ratio.

The same magneto-optical spectrometer is also used to measure the Faraday effect
in transmission. To realize this, the components of the setup depicted in Fig. 3.4 are
rearranged to a transmission configuration. All measurements in transmission are
conducted at normal incidence.

3.2.4 Magnetic circular dichroism measurements

MCD was measured using a photoelastic modulator (Hinds Instruments PEM
I/FS50) in the incident beam. A schematic illustration of the measurement setup is
depicted in Fig. 3.5. The photoelastic modulator modulates the polarization of the
incoming light between left- and right-hand circularly polarized states at a frequency
of 50 kHz. The difference in the extinction of light with opposite helicities is directly
measured at the modulation frequency using lock-in amplification. MCD spectra are
recorded in positive and negative saturating fields and both measurements are
subsequently subtracted to isolate dichroism arising from pure magnetic effects.
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Figure 3.5. Schematic illustration of the MCD measurement setup. A photoelastic modulator
modulates the polarization of the incident light between left- and right-hand circularly
polarized states and the difference in extinction for the two helicities is directly
measured using lock-in detection.

The MCD signal in the experiments corresponds to MCD = (a+ ;a;Â a6 , with a;
and a+ the optical extinction of left- and right-hand circularly polarized light.
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4. Results

The optical and magneto-optical properties of ferromagnetic nanoparticles are
modified by the excitation of plasmon resonances. Because plasmon excitations can
enhance the magneto-optical activity [40,64-69], ferromagnetic and hybrid
ferromagnetic/noble metal nanoparticles are promising candidates for
magnetoplasmonic device applications. In this thesis, the optical and magneto-
optical properties of different distributions of ferromagnetic Ni and noble metal Au
nanodisks are studied. This chapter will discuss the results as follows. In section 4.1,
results on magnetic circular dichroism of SLRs in Ni nanodisk arrays are
summarized. A hybrid magnetoplasmonic array comprising Ni and Au nanodisks
arranged in a checkerboard pattern is introduced in section 4.2. It is shown that far-
field diffractive coupling between Ni and Au nanodisks in the array induces a
magneto-optical dipole on the Au nanodisks. As a result, a strong and spectrally-
narrow magneto-optical response is measured. Next, tunable plasmonics in lattices
of Ni/SiO2/Au dimers is  discussed in section 4.3.  In dimer arrays,  the Ni  and Au
nanodisks couple via near-field and far-field radiation. The complexity of these
interactions are described by a model that was discussed in section 2.7 of this thesis
(Publication III). Since the model was already introduced in chapter 2, the results
section on this topic focuses mainly on experimental data and comparisons to the
model calculations. As main result, it is shown that the polarizability of individual
dimers is larger than for Ni nanodisks and this difference is further enhanced by far-
field diffractive coupling in periodic arrays. In section 4.4, the Ni/SiO2/Au dimer
arrays are exploited for high-resolution refractive index sensing. It is shown that
compared to random distributions of pure Ni nanodisks or Ni/SiO2/Au dimers or
periodic  arrays  of  Ni  nanodisks,  the  sensing  figure  of  merit  of  the  dimer  array  is
enhanced by more than an order of magnitude. Finally, lasing in ferromagnetic
nanodisk arrays is demonstrated in section 4.5. The first realization of lasing in a
ferromagnetic plasmonic system is achieved by overlaying Ni nanodisk arrays by an
optically pumped organic Rhodamine 6G (R6G) dye solution.

 4.1 Magnetic circular dichroism of ferromagnetic nanoparticle arrays

Interactions of light with magnetic materials give rise to a variety of magneto-optical
phenomena such as the Faraday and Kerr effects. Magneto-optical signals are
altered by changes in the magnetization direction using external magnetic fields.
Approaches involving ferromagnetic nanoparticles are relatively straightforward
and allow for a direct assessment of the interplay between magnetization, magneto-
optical activity, and local and non-local plasmon modes. Unlike Faraday and Kerr
effects which probe the magneto-optical response using linear polarized light, MCD
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spectroscopy utilizes circularly polarized light. In the presence of a magnetic field
parallel to the plane of incidence light, the absorption by nanoparticles is different
for light with opposite helicity [64]. This effect arises from the fact that electrons
oscillating in circular motions experience a Lorentz force in the presence of a
magnetic field. Depending on the helicity of incident light, the Lorentz force either
adds to or subtracts from the centripetal force exerted by the electric field of the
incident light [105,106]. This reduces or enhances the confinement of oscillating
electrons and, consequently, shifts the plasmon resonance frequency.

To study the MCD of Ni nanodisks, random distributions and periodic arrays of Ni
nanodisks were studied using the setup shown in Fig. 3.5. In all samples, the Ni
nanodisks have a diameter of 120 nm and a thickness of 30 nm. Experimental
extinction (a = 1– w) and MCD spectra of the samples are depicted in Fig. 4.1 (a)
and  (b).  The  LSPR  peak  of  the  Ni  nanodisks  is  located  at  about  700  nm  in  the
extinction spectrum (Fig 4.1 (a)). Because of relatively high ohmic losses in Ni, the
LSPR is broad compared to that of noble metal nanoparticles. As expected, the MCD
signal reverses sign at the plasmon resonance condition, i.e., when the extinction of
light by the Ni nanodisks is maximum. In the extinction spectra of the periodic
arrays (Fig. 4.1 (a)), the minima at  = 609 nm, 685 nm, and 762 nm correspond to
the <+1,0> and <-1,0> diffracted orders of 400 nm×400 nm, 450 nm×450 nm and
500 nm×500 nm arrays, respectively. The minimum at 538 nm associates with the
diagonal <1,1> diffracted order of the 500 nm×500 nm array. The maximum
extinction of the Ni nanodisk arrays is larger than that of the randomly distributed
Ni nanodisks because of the excitation of SLRs. The differences in the shape and
magnitude of the extinction signal are also reflected in the MCD spectra shown in
Fig. 4.1 (b). The MCD nulling conditions are obtained at wavelengths that
correspond to maxima in the optical extinction curves in Fig. 4.1 (a), i.e., just above
the diffracted order of the array. The MCD data of Fig. 4.1 (b) clearly reveal that the
perpendicular magnetization of the Ni nanodisks lifts the degeneracy of collective
SLR modes that are excited by LCP and RCP light.
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Figure 4.1. (a) Experimental extinction and (b) magnetic circular dichroism spectra of randomly
distributed Ni nanodisks and 400 nm×400 nm, 450 nm×450 nm and 500 nm×500 nm
Ni nanodisk arrays.

To reproduce the optical extinction and MCD spectra, a model based on the
modified long wavelength approximation (MLWA) was used (see section 2.5).
Because the nanodisks are rotationally symmetric and circularly polarized light can
be decomposed into two linear orthogonal components with a 90° phase difference,
it  is  possible  to  describe  the  response  of  Ni  nanodisks  using  a  beam  of  linearly
polarized light. Also, reversal of the perpendicular magnetization in a Ni nanodisk
has the same effect as a change of helicity in the incident light. MCD spectra can
therefore be obtained by calculating the difference in optical extinction for
nanoparticles with magnetization pointing up (s,)  and  down  (;,). Using this
notion, the extinction cross section (~2Ó.) of a nickel nanoparticle is calculated using

~2Ó. = ~ÔÖÒ + ~ÒÕÔ = “<!Š›,(fl) + “O
6q<!Š|fl|1. (4.1)

Here, the first and second term describe the contributions of optical absorption and
scattering to ~2Ó., respectively. For randomly distributed Ni nanodisks, the single
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particle polarizability (fl) is used in this equation (Eq. 2.23). For Ni nanodisk arrays,
it is replaced by the effective lattice polarizability fl2ÚÚ  (Eq. 2.35). The relative
difference in the extinction cross section for LCP and RCP light is given by

}~ = ~2Ó.(+,); ~2Ó.(;,)
~2Ó.(0) , (4.2)

where ~2Ó.(0) indicates the extinction cross section for a non-magnetized
nanoparticle (i.e. Q = 0). The parameter }~ is proportional to the MCD effect. The
calculation results shown in Publication II are in good agreement with the
experimental extinction and MCD spectra. Since small shifts in the SLR wavelength
of  Ni  nanodisk  arrays  already  produce  sharp  and  intense  features  in  MCD
measurements, MCD spectroscopy could be used as a sensitive tool for refractive
index sensing [106].

4.2 Hybrid plasmonic lattices with tunable magneto-optical activity

Combining strong local enhancements of electromagnetic fields in surface plasmon
excitations with magneto-optically active ferromagnetic materials enables
plasmonic structures that can be controlled by external magnetic fields. This section
explores the magneto-optical response of hybrid checkerboard arrays of
ferromagnetic Ni and noble metal Au nanodisks with a lattice constant of 450 nm
(Publication I). Figure 4.2 shows a schematic of the checkerboard array. If the
magnetization of the Ni nanodisks is saturated perpendicular to the sample plane,
the electric field of normal incident light excites two orthogonal dipoles in the Ni
nanodisks; an optical dipole along the axis of incident polarization (bR) and via spin-
orbit coupling, a magneto-optical dipole bQ perpendicular to bR and the
magnetization direction. Because of far-field coupling between the Ni and Au
nanodisks of the array, a magneto-optical dipole bQ is  excited  also  in  the  Au
nanodisks.

Figure 4.2. Checkerboard array of Ni and Au nanodisks. The arrows illustrate the electric dipoles in
the nanodisks. The bR´s are directly induced by the incident electric field (optical
dipoles) and the bQ´s are excited by spin-orbit coupling in the Ni nanodisks and via far-
field coupling to Ni in the Au nanodisks (magneto-optical dipoles).
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Figures 4.3 (a) and (b) show optical reflectivity spectra of Ni, Au and Ni-Au
samples with random and periodic nanodisk distributions. The reflectivity maxima
of the randomly distributed Au nanodisks are caused by the excitation of LSPRs, as
illustrated by the characteristic redshift with increasing particle diameter. Replacing
half of the Au nanodisks with Ni reduces the reflectivity of the samples by about half
and keeps the spectral shift of the resonance condition unchanged. The Au LSPRs
thus fully dominate the optical spectrum of randomly distributed Ni-Au nanodisks
and contributions from the relatively weak and broad LSPRs in the Ni nanodisks are
negligible (Fig. 4.3 (a)). In contrast, the optical properties of periodic arrays depend
strongly on both the Au and Ni constituents, as illustrated in Fig. 4.3 (b). The
asymmetric reflectivity spectra of the arrays are characterized by a minimum at the
<0,1> diffracted order (Rayleigh anomaly at 688 nm), which is followed by a strong
and steep increase of the reflectivity due to the excitation of SLR mode. The
reflectivities of the Ni-Au checkerboard arrays fall between the reflectivities of the
Au arrays and the Ni arrays. The reflectivity maxima of the mixed arrays are blue-
shifted compared to those of the pure Au samples, as illustrated by the vertical lines
in Fig. 4.3 (b). This observation indicates that the Ni nanodisks contribute to the
emergence of the SLR mode in the hybrid array. The magneto-optical Kerr spectra
of the samples are shown in Fig. 4.3 (c) and (d). The minima in the Kerr spectra of
random nanodisk distributions in Fig. 4.3 (c) closely coincide with maxima of the
optical reflectivity curves in Fig. 4.3 (a). The variation of the magneto-optical Kerr
angle is therefore attributed to the excitation of the more intense optical dipole bR in
the Au nanodisks. This observation is further illustrated by plots of the magneto-
optical dipoles in Fig. 4.3 (e), which are obtained by multiplying the Kerr angle of
Fig. 4.3 (c) with the square root of the optical reflectivity in Figs. 4.3 (a) and (b) (Eq.
2.15). Due to the substitution of half of the Ni nanodisks with non-magnetic Au, the
intensity of bQ for random Ni-Au distributions is reduced by half compared to that
of the Ni sample (Fig. 4.3 (e)). Figure 4.3 (d) reveals that diffractive far-field coupling
between magneto-optical dipoles is effective for Ni-Au checkerboard arrays despite
the fact that neither isolated nor arrays of Au nanodisks display any magneto-optical
activity on their own. It is clear from Figs. 4.3 (d) and (f) that with half the number
of Ni nanodisks in checkerboard arrays, their magneto-optical response is still
comparable to that of pure Ni nanodisk arrays. In contrast to the randomly
distributed Ni and Au nanodisks, both the intensity and the resonance wavelength
of the magneto-optical dipole of Ni-Au checkerboard arrays is tunable by changing
the size of the Au nanodisks. The results of Fig. 4.3 thus prove that the Au nanodisks
actively contribute to the magneto-optical response of the Ni-Au checkerboard
arrays.
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Figure 4.3. Experimental results. (a) Optical reflectivity of randomly distributed nanoparticles
(labeling the same as in (b)). (b) Optical reflectivity of periodic arrays (450 nm×450
nm array). Solid gray line: Ni (particle diameter dNi = 120 nm). Dashed lines: Au
(particle diameter dAu = 80 nm, 100 nm, 110 nm, 120 nm). Other solid lines: Ni-Au
nanodisk arrays (dAu = 80 nm, 100 nm, 110 nm, 120 nm, dNi = 120 nm). The particle
density is the same for all samples. (c), (d) Magneto-optical Kerr angle of randomly
distributed nanoparticles (c) and periodic nanoparticle arrays (d) (same labeling as in
(b)). (e), (f) Magneto-optical dipole signal for randomly distributed nanodisks (e) and
periodic nanodisk arrays (f). The curves in (e) and (f) are obtained by multiplying the
magneto-optical Kerr angle ((c) and (d)) and the square root of the optical reflectivity
((a) and (b)).

To further illuminate the active role of Au nanodisks in the magneto-optical
response of Ni-Au arrays, numerical calculations based on the discrete dipole
approximation (DDA) were performed. The polarizability of single Ni and Au
nanodisks were calculated using the approach outlined in section 2.5 with measured
permittivities of Ni and Au from [75] as input parameters. Magneto-optical effects
were introduced in the DDA model via off-diagonal elements in the Ni polarizability
tensor only, i.e., the Au nanodisks were assumed to have zero intrinsic magneto-
optical activity. Results of DDA calculations on the optical reflectivity and the
magneto-optical dipole strength in Ni and Au nanodisks of the checkerboard arrays
are  shown  in  Fig.  3  of  Publication  I.  Besides  a  good  correspondence  with
experimental data, the model calculations confirm the active role of Au nanodisks in
the magneto-optical response of the Ni-Au checkerboard arrays. Local analysis of
the magneto-optical dipoles in the hybrid checkerboard arrays shows that the dipole
strength in the Au nanodisks is almost half compared to dipole strength in the Ni
nanodisks.
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4.3 Magnetoplasmonics of Ni/SiO2/Au dimer arrays

This section presents results on the magneto-optical properties of plasmonic
Ni/SiO2/Au dimer arrays. In these hybrid magnetoplasmonic structures, the Ni and
Au nanodisks couple via near- and far-field radiation. Near-field coupling between
the nanodisks, enhances the polarizability of the dimer compared to that of single
Ni and Au nanodisks. Dimers with 15 nm nanodisks and spacer layer show strong
magneto-optical responses and are easier to fabricate compared to the dimers with
thicker layers. Far-field coupling in periodic arrays further enhances the difference
in effective polarizability of the arrays. The combination of near- and far-field
coupling effects in Ni/SiO2/Au dimer arrays is new and offers a rich playground for
the design of optical and magneto-optical properties.

Figures 4.4 (a) and (b) show a sketch of a dimer array and a SEM image of a 450
nm×450 nm dimer lattice, respectively. The lower Au and upper Ni nanodisks of the
dimers have a diameter of 120 nm and 110 nm, and both nanodisks are 15 nm thick.
The two metals are separated by 15 nm SiO2. For comparison, arrays of pure Au and
Ni nanodisks were fabricated also. In these lattices the Au nanodisks have the same
size as in the dimer samples. Because the optical reflectance from pure Ni nanodisks
is small, larger nanodisks with a diameter and thickness of 130 nm and 18 nm were
used to conduct the measurements. Samples with random distribution of the three
particle types were patterned too.

Figure. 4.4. (a) Schematic of a Ni/SiO2/Au dimer array. Optical and magneto-optical dipoles that
are excited by normal incidence light with polarization along the x-axis are indicated
in red and green arrows, respectively. (b) SEM image of a 450 nm×450 nm dimer
array. The inset shows a single dimer nanostructure.

Figure 4.5 (a) compares reflectance spectra of randomly distributed Ni/SiO2/Au
dimers, Au nanodisks and Ni nanodisks. The LSPR induced reflectance maximum
red-shifts by near-field coupling between the Au and Ni nanodisks of the dimers.
The LSPR wavelength of a dimer is measured at 860 nm, while those of the Au and
Ni nanosdisks are recorded at 790 nm and 720 nm, respectively. The LSPR linewidth
of the dimer structure is also broader than that of the Au nanodisk because of dipolar
coupling to the lossy Ni nanodisk.

Figures 4.5 (b) shows optical reflectance spectra for 450 nm×450 nm arrays of
dimers, Au nanodisks and Ni nanodisks. For all, a Rayleigh anomaly is observed at
rËÛ = 680 nm, in agreement with rËÛ = 1.52 × f. Because  only depends on the
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lattice constant, this feature does not depend on the material of the nanoparticle.
The  signal  minimum  at  the  diffracted  order  is  followed  by  a  sharp  increase  of
reflectance caused by the excitation of a collective SLR mode. Because the LSPRs of
individual dimers and nanodisks are different, hybridization of these modes with the
narrow diffracted order produces SLRs with different line-shapes, resonance
wavelengths, and intensities. For all nanoparticle types, the excitation of a SLR mode
significantly enhances the reflectance in comparison to randomly distributed
nanoparticles (Fig. 4.5 (a)).

Figure 4.5. (a), (b) Experimental optical reflectance and (c), (d) magneto-optical Kerr angle of
randomly distributed (left) and 450 nm×450 nm arrays (right) of dimers and Ni and
Au nanodisks. (e)-(f) Qualitative comparison of the magneto-optical dipole strengths
of  (e)  randomly  distributed  and  (f)  450  nm×450  nm  arrays  of  dimers  and  Ni
nanodisks.

  Figure 4.5 (c) shows the magneto-optical Kerr angle of randomly distributed
Ni/SiO2/Au dimers and Ni nanodisks. Obviously the Kerr angle is only slightly
smaller for the dimer structures. Figure 4.5 (d) displays the magneto-optical Kerr
angle for 450 nm×450 nm arrays of dimers and Ni nanodisks. Similar to the
reflectance spectra of Fig. 4.5 (b), the magneto-optical Kerr spectra are shaped by
the DOs of the lattice (sharp minima) and the SLR excitations (strong signal
enhancements at r Ü rËÛ).  The  Kerr  angle  is  comparable  for  periodic  arrays  of
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dimers and Ni nanodisks. From the data in Fig. 4.5 (a-d), ÁÙ„ is extracted (Fig. 4.5
(e) and (f)). This parameter is proportional to the magneto-optical dipole amplitude
ÝbÃ|. The magneto-optical dipoles of randomly distributed Ni/SiO2/Au dimers and Ni
nanodisks are similar (Fig. 4.5 (e))), despite the latter containing ~70% more Ni.
These results confirms that the Au nanodisk of the dimer contributes to the magneto-
optical activity. This effect is explained by the generation of a magneto-optical dipole
b‡·ˆR on the Au nanodisk via  near-field coupling to b–¥ˆR on the Ni nanodisk. The
magneto-optical dipole is further amplified when the dimers are ordered into a
periodic array (Fig. 4.5 (f)). Because the magneto-optical Kerr angle is proportional
to the ratio of the magneto-optical and optical dipoles (Eq. 2.15) and the optical
dipole in arrays of  dimers is  larger than in Ni  nanodisk lattice (Fig.  4.5 (b)),   the
overall Kerr angles of both array types are similar.

For a more in depth analysis on how the Au and Ni nanodisks contribute to the
optical and magneto-optical response of dimer arrays, one needs to consider the
diagonal and off-diagonal lattice polarizabilities fl=÷÷ˆQQ and fl=÷÷ˆQR as defined by Eqs.
2.40 and 2.41. Both parameters depend on the polarizability components of
individual nanoparticle (flQQ and flQR) as well as the lattice factors (þQ and þR). For
square arrays and symmetric nanoparticles þQ y þR  and flQQ y flRR. In Fig. 4.6 (a)
and (b), the real and imaginary parts of Ä flQQ6  andþQ are plotted for a lattice constant
of 450 nm. Data for the inverse polarizability of  Ni and Au nanodisks are shown
also. The effective polarizability of a nanoparticle lattice is resonantly enhanced
when the real part of the denominator in Eqs. 2.40 and 2.41 become zero. For the
optical response, this condition corresponds to a crossing of the „z(1 flÓÓ6 ) and
„z4þÓ) curves in Fig. 4.6 (a).

Figure 4.6. (a) Real and (b) imaginary parts of Ä flQQ6  for Ni/SiO2/Au  dimers  and  Ni  and  Au
nanodisks and þQfor an array with a lattice constant of 450 nm. þQ solely depends on
the array periodicity. Vertical lines indicate the wavelengths of SLR modes defined byRe(1 flQQ6 Â ; Re(þQ) = 0 and small Im(1 flQQ6 Â ; Im(þQ).

The intensity and linewidth of the resulting SLR modes depend on the slope with
which Re(1 ŸQQ6 ) and Re(þQ) cross and the imaginary values of these parameters.
One dominant SLR mode is visible in the optical reflectance spectra of Fig. 4.5 (b).
Just like flQQ, flQR is also resonantly enhanced in periodic arrays of Ni/SiO2/Au
dimers. Because of this, the magneto-optical dipole of dimer arrays is significantly
larger  than  that  of  lattices  with  larger  Ni  nanodisks  (Fig.  4.5  (f)).  For  large
Im(1 flQQ6 Â ; Im(þQ) the SLRs are damped strongly. Since þQ solely depends on the
lattice geometry, single particles only affect the excitation of SLRs through their
inverse polarizability. Negative Im(þQ), counteracts the ohmic losses of individual
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nanoparticles, enabling the excitation of more narrow and intense SLRs. Since
Im(þQ), changes sign from positive to negative at the diffracted orders of an array,
stronger SLR excitations are generated when the Re(1 ŸQQ6 ) and Re(þQ) curves cross
at > . Consequently, one dominant SLR mode is visible in the optical
reflectance spectra of Fig. 4.5 (b). Just like ŸQQ, ŸQR is also resonantly enhanced in
periodic arrays of Ni/SiO2/Au dimers. Because of this, the magneto-optical dipole
of dimer arrays is significantly larger than that of lattices with larger Ni nanodisks
(Fig. 4.5 (f)).

The results of this section and Publication III demonstrate that dimer arrays
support  more  intense  SLR  modes  than  arrays  of  Ni  nanodisks.  This  effect  is
explained by the larger polarizability of individual dimers producing a stronger
resonant enhancement of the effective lattice polarizability. The model presented in
sections  2.5  -  2.7  fully  accounts  for  the  experimental  results.  Publication  III  also
contains data for square dimer arrays with a lattice constant of 400 nm and 500 nm
and rectangular dimer arrays.

4.4 High-resolution refractive index sensing with Ni/SiO2/Au dimer
arrays

In this section, a high resolution magnetoplasmonic sensor for sensitive detection of
refractive index changes is introduced. The sensor consists of a periodic array of
Ni/SiO2/Au dimers. Combined effects of near-field interactions between the Ni and
Au nanodisks within the individual dimers and far-field diffractive coupling between
the dimers of the lattice results in the excitation of narrow linewidth SLRs in the
magneto-optical Faraday spectrum. Because of sharp resonances, refractive index
changes are accurately detected by tracking the zero-crossing wavelength of the
Faraday rotation or ellipticity. The sensing performance of Ni/SiO2/Au dimer arrays
is compared to that of Ni nanodisk arrays and random distributions of these
nanoparticle types. The thickness of the spacer layer affects the near-field coupling
between the nanodisks, which in turn affects the wavelength and intensity of the
system’s magnetooptical and optical response. For a 40 nm thick spacer layer, optical
near-field coupling is still considerable. Moreover, for this spacer layer thickness the
shift in zero-crossing wavelength in response to refractive index changes is large,
which is crucial for sensing applications (publication IV).

Strong confinement of electromagnetic fields near the surface of metal
nanoparticles provides high sensitivity to local changes of the refractive index,
enabling label-free molecular-level detection in LSPR-based sensors [108-111].
Nanostructured plasmonic sensors exhibit high spatial resolution, size-based
selectivity, small footprint and the ability to tailor the sensing performance by
altering the size or shape of the metal nanostructures [112]. The detection limit of
plasmonic biosensors depends on the resonance linewidth. For plasmonic sensors
the figure-of-merit (FoM) is often defined as the sensitivity divided by the full width
at half maximum (FWHM) of the resonance peak. Nanostructure design [111] and
phase-sensitive detection schemes [111] can be used to enhance the sensing FoM
[28,51,52].

In the realm of magnetoplasmonic sensors, the integration of noble metals in
hybrid magnetoplasmonic nanostructures has been shown to reduce the linewidth
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of plasmon resonances in magneto-optical spectra [107,113,114]. Moreover, the
ability to compensate for intrinsic damping via the excitation of collective SLR
modes offers new perspectives for refractive index sensing based on periodic
magnetoplasmonic arrays.

Here, the refractive index sensing capabilities of LSPRs in Ni nanodisks and
Ni/SiO2/Au dimers and SLRs in periodic arrays of these two nanoparticle types are
assessed. Changes in the dielectric environment are recorded by phase-sensitive
detection of the magneto-optical Faraday signal. The sensing performance is tested
over a large refractive index range by conducting measurements in air, water, and
index-matching oil (n=1, 1.33, and 1.52)). The nanoparticles are either distributed
randomly (to probe the single-particle LSPR response) or in periodic square arrays
with a lattice constant of 400 nm or 500 nm. The pure Ni nanodisks have a thickness
of 30 nm and a diameter of 150 nm. The dimers consist of a 150-nm-diameter Au
nanodisk at the bottom and a slightly smaller Ni nanodisk at the top. Both metals
are 30 nm thick, and they are separated by 40 nm of SiO2.

In transmission geometry, the excitation of two orthogonal electric dipoles in the
nanoparticles (see Figs. 2.4 and 4.4) causes the polarization of linear polarized
incident light to rotate and become elliptical near the plasmon resonance condition.
The Faraday angle is defined as Á = d + We, where d is the rotation and e is the
ellipticity of transmitted light. In the experiments presented here, the optical and
magneto-optical spectra of the samples were measured in transmission geometry
using a Faraday spectrometer as a sensitive probe for refractive index changes.

Figure 4.7. (a)-(b) Transmittance and (c)-(d) Faraday rotation of random distributions of Ni
nanodisks (left column) and dimers (right column) measured in air, water, and index
matching oil. The dashed vertical lines in (c) and (d) indicate the Faraday rotation zero-
crossing condition for the different dielectric environments.

Figures 4.7 (a) and (b) show the optical transmittance for random distributions of
Ni nanodisks and Ni/SiO2/Au dimers, respectively. A broad minimum in the
transmittance spectrum of the Ni nanodisks is measured in air, water, and index



47

matching oil. The minimum, which is caused by the excitation of a LSPR mode, red-
shifts when the refractive index of the surrounding medium is increased.
Transmittance spectra for random dimers also shows a red shift (Fig. 4.7 (b)). In this
geometry,  hybridization  between  a  damped  LSPR  mode  in  Ni  and  a  lower-loss
resonance in Au narrows the plasmon peak. Faraday rotation data for both samples
are shown in Figs. 4.7 (c) and (d). The Faraday rotation d changes  sign  at  a
characteristic wavelength rŽ for each dielectric environment. This condition is
labeled as zero-crossing. Phase-sensitive detection of the nulling condition is used
as a measure of refractive index changes.

Comparing the data sets of Figs. 4.7 (c) and (d), larger spectral shifts of rŽ and,
thus, a higher sensitivity is found for the Ni nanodisks rather than the dimers (S=304
nm/RIU vs. S=171 nm/RIU). However, the measurement accuracy depends also on
the sharpness of the spectral feature that is used to track the refractive index change.
In noble metal plasmonic sensors, this is the FWHM of the resonance peak. In the
magnetoplasmonic nanostructures discussed here, the changes in refractive index
are detected by monitoring the wavelength of zero Faraday rotation. Therefore, the
measurement accuracy depends on the slope ($d $r6 ) at the zero-crossing
wavelength (rá). According to literature, the FoM of the magnetoplasmonic
nanoparticles is therefore defined as FoM = S × |$d $r6 | [37]. Fitting the slope of the
Faraday rotation and multiplying by the sensitivity gives an average FoM of 1.4
mrad/RIU for both the randomly distributed dimers and Ni nanodisks. Thus, for
individual (i.e. non-interacting) nanoparticles, hybridization between the LSPRs of
Ni and Au nanodisks enhances the measurement accuracy ($d $r6 ), but this
improvement is entirely compensated by a reduction in sensor sensitivity.

 Sharper spectral features are achieved by increasing $d $r6  through the excitation
of an SLR mode in the periodic nanoparticle arrays. Figure 4.8 shows the
transmittance and Faraday rotation of square arrays containing Ni nanodisks (left)
and Ni/SiO2/Au dimers (right). For Ni nanodisk arrays (Fig. 4.8 (a)), a sharp
diffracted  order  and  narrow  SLR  mode  are  observed  only  in  transmittance  if  the
particles are immersed in index matching oil. This observation is attributed to
reflections from the interfaces between different refractive index layers in the air-
and water-exposed systems, causing interferences that reduce the far-field coupling
between the nanoparticles of the array. For arrays with Ni/SiO2/Au dimers, the
situation is much better (Fig. 4.8 (b)). In this case, diffracted orders and SLR modes
are also visible in the transmittance spectra of the samples with inhomogeneous
glass/air or glass/water dielectric environments. The incorporation of Au nanodisks
in the dimer nanoparticles thus stabilizes the excitation of SLRs via an enhancement
of the scattered fields from individual particles in the lattice (see section 4.3). This
ability to maintain SLRs over a wide refractive index range is essential for label-free
biosensing.
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Figure 4.8. (a)-(b) Transmittance and (c)-(d) Faraday rotation of 500 nm×500 nm arrays of Ni
nanodisks (left column) and periodic arrays of dimers (right column) measured in air,
water, and index matching oil.  The dashed vertical lines in (c) and (d) indicate the
Faraday rotation zero-crossing condition for the different dielectric environments.

Compared to the Ni nanodisk arrays (Fig. 4.8 (c)), the Faraday rotation of the
dimer  arrays  (Fig.  4.8  (d))  is  larger  and  the  zero-crossing  is  much  more  abrupt.
Figure 4.9 summarizes the zero-crossing wavelength and FoM for random
distributions (single particle response) and periodic arrays of Ni nanodisks and
Ni/SiO2/Au dimers. From the measurements, a sensitivity of 211 nm/RIU is derived
for the 500 nm×500 nm dimer array, which is only slightly larger than the sensitivity
of randomly distributed dimers. However, the average FoM increases to 15.1
mrad/RIU for the 500 nm×500 nm dimer array because of a more than ten-fold
increase of $d $r6 at rŽ.  This  value  is  one  order  of  magnitude  larger  than  that  of
random dimers. The magneto-optical sensing performance can be improved further
by adjusting the lattice parameters to values where the condition rËÛ = râäàå is
achieved. This ability to tailor the FoM via lattice design is particularly interesting
for applications that require high resolution detection of refractive index changes
around a specific refractive index value. Table 4.1 lists the sensing parameters for the
samples discussed in this section. Data for 400 nm×400 nm arrays and
measurements of the Faraday ellipticity in different dielectric environments can be
found in Publication IV.
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Figure 4.9. (a) Zero-crossing wavelength of the Faraday rotation (rá) and (b) FoM as a function of
the refractive index of the embedding medium.

Sensitivity
(nm/RIU)

Average |$ $r6 |
(mrad/nm)

Average FoM
(mrad/RI)

single dimer 171 0.0083 1.4
dimer lattice (500 nm) 211 0.073 15.0

single Ni nanodisk 304 0.0047 1.4
Ni lattice (500 nm) 130 0.009 1.3

Table 4.1. Sensitivity, average absolute value of $d $r6 , and average FoM extracted from Faraday
rotation measurements in air, water, and index matching oil.

4.5 Lasing in Ni nanodisk arrays

Plasmonic resonators and cavities provide small mode volumes and ultrafast light-
matter interactions at the nanoscale. Reduced linewidths of SLR modes together
with a carefully optimized lattice geometry and gain medium can produce lasing at
visible wavelengths. In this section, the feasibility of lasing in arrays of ferromagnetic
Ni nanodisks is investigated. Since SLRs in Ni lattices are 1-2 orders of magnitude
broader than in their noble metal counterparts, the realization of lasing in such a
lossy system is non-trivial. In the experiments, the Ni nanodisks have a diameter and
height of 60 nm. The nanodisks are arranged into periodic arrays with lattice
constants fQ = 380 nm and fR = 370 nm, 375 nm, 380 nm, 385 nm, and 390 nm. The
gain medium consisting of 35 mM R6G in dimethyl sulfoxide (DMSO):benzyl alcohol
(BA)  (1:2)  is  inserted  between  the  substrate  with  Ni  nanodisk  arrays  and  a  cover
glass. Measurements are performed using the setup depicted in Fig. 3.3. The sample
is excited by 100 fs laser pulses with a wavelength of 500 nm at a 1 kHz repetition
rate and from a 45° angle. Emitted light from the sample is collected with a 10×, 0.3
NA objective lens. The back focal plane of the objective is focused to the entrance slit
of a spectrometer with the long axis of the slit being aligned along the y-axis of the
sample. From 2D intensity data collected by the CCD camera of the spectrometer,
the wavelength and in-plane “R-vector are calculated using “R = “&sind. Here “& =2q r6  and d is the angle with respect to the sample normal.  Note that no magnetic
field was applied during the lasing experiments.  Preliminary tests involving out-of-
plane magnetization reversal of the Ni nanodisks did not measurably affect the
emission data.
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Figure 4.10. Angle and wavelength resolved emission of a 380 nm×380 nm Ni nanodisk array below
(a) and above (b) the lasing threshold Pth. (c) Emission intensity at “R = 0 as a function
of pump fluence. (d) Linewidth and intensity of the emission peak showing an abrupt
nonlinear change of these parameters at a threshold pump fluence P‘ã k 3.3 mJ cm;1.

Figures 4.10 (a) and (b) show the “Ã and wavelength-resolved emission from a 380
nm×380 nm Ni nanodisk array for a pump  fluence  below (a)  and above (b) the lasing
threshold (P‘ã k 3.3 mJ cm;1). Below threshold, the emission consists of two
contributions. The first contribution originates from the R6G molecules which are not
coupled to SLR modes. Their emission spectrum has a linewidth of  60 nm, which is
the same as for the R6G dye solution in the absence of the Ni nanodisk array.  The
second  emission  follows  the  <+1,0>  and  <-1,0>  diffracted  orders  of  the  array  and,
thus,  depicts emission of the molecules to the SLR modes. As expected from r =mi ×
f¥ the diffracted orders related to the periodicitymfR = 380 nm cross at r  580 nm. At
a higher pump fluence of 1.3 Pth, we observe an intense single emission peak at r =
580 nm with a narrow linewidth < 1nm. The lasing peak is slightly red-shifted from
the diffracted orders to a wavelength where the R6G dye solution can emit to the SLR
modes of the Ni nanodisk array. The transition from spontaneous emission to lasing
is manifested as an abrupt change in the emission spectrum (Fig. 4.10 (c)). Figure 4.10
(d) summarizes the variation of the emission intensity and linewidth with increasing
pump fluence. Most notably, a strongly nonlinear increase of the emission intensity
from 2×102 to 105 is measured if the pump fluence is enhanced from 3.2 mJ cm;1
to 3.45  mJ cm;1. Simultaneously, the linewidth of the emission peak drops from 60
nm to < 1 nm.
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Figure 4.11 shows emission spectra of Ni nanodisk arrays with a constant fÓ of 380
nm and fR increasing from 370 nm to 390 nm in 5 nm steps. The pump fluence is
4.6 mJ cm;1. The spectrum of the 380 nm × 370 nm array (Fig. 4.11 (a)) shows two
emission maxima, one at the same wavelength r = 580 nm as for the square array (see
Fig. 4.11 (c)), and another at r = 565 nm. Threshold behavior and linewidth imply
lasing action for both peaks. A reduction of the lattice constant along the y direction
of the array blue shifts the lasing wavelength from 580 nm to 565 nm, as expected
from i × bR . The emission maximum at 580 nm associates with the larger lattice
constant of the rectangular Ni nanodisk array along the x direction. In agreement with
the dependence of the two lasing peaks on lattice constant, the lower-wavelength
emission maximum red shifts when fR increases to 375 nm, while the other peak
remains fixed at 580 nm (Fig. 4.11 (b)). A further increase of fR to 380 nm results in
a square nanodisk lattice with a single lasing peak at 580 nm (Fig. 4.11 (c)). For bR
> 380 nm, a second lasing peak would be expected to appear at  > 580 nm. As can be
seen from the emission data in Figs. 4.11 (d) and (e), this is not the case.
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Figure 4.11. (a-e) Angle and wavelength-resolved emission data for samples with fQ = 380 nm, and
fR ranging  from  370  nm  to  390  nm  in  5  nm  steps.   The  dashed  lines  indicate  the
<+1,0> and <-1,0> diffracted orders related to lattice constant fR. The vertical lines
depict the wavelengths where the diffracted orders cross.

The difference between Figs. 4.11 (a),  (b)  and  (d),  (e) relates to the  overlap  of the
SLR modes with the wavelength dependent gain profile of the  R6G dye solution. At
wavelengths corresponding to fR >380 nm, the R6G gain is insufficient to compensate
for the radiative losses in the Ni nanodisk array, resulting in much weaker
spontaneous emission instead of lasing. For fR <380 nm, the spectrum of  the R6G
gain medium sufficiently overlaps with the SLR mode that relates to fR and,
consequently, multimode lasing is observed.
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The polarization properties of the lasing modes are shown in Fig. 4 of Publication V.
Experimentally, the data were collected by placing a polarizer between the sample and
spectrometer. Calculations based on the T-matrix approach confirm the
experimentally observed competition between dipolar and quadrupolar modes. More
details on the numerical approach are given in the Supporting Information of
Publication V. Calculations based on the T-matrix method confirm the experimentally
observed competition between dipolar and quadrupolar modes. More details on the
numerical approach are given in the Supporting Information of Publication V.

In summary, lasing in a lossy ferromagnetic plasmonic system has been
demonstrated. The coexistence of dipolar and quadrupolar modes leads to multi-
mode lasing in rectangular Ni nanodisk arrays. These results can be used to
incorporate gain into magnetoplasmonic devices and realizing concepts for
topological photonics [115-118].
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5. Summary

The integration of plasmonics and magneto-optics has led to the emergence of a
new research field known as magnetoplasmonics [22,119,120]. The main goal of
magnetoplasmonic is twofold. First, the use of magnetic materials in plasmonic
structures enables active light manipulation at the nanoscale via field-controlled
breaking of time-reversal symmetry. Examples include demonstrations of magnetic
modulations of the surface plasmon polariton (SPP) wave vector in Au-Co-Au
trilayers [23], magneto-optical transparency in magnetoplasmonic crystals [121],
and magnetic-field-controlled routing of light emission from diluted-magnetic-
semiconductor quantum wells [122]. Second, the excitation of surface plasmons in
magnetic materials can be used to resonantly enhance and spectrally tailor their
magneto-optical response [24,33,55,114]. This configurability is attractive for label-
free biosensing [29] metrology [31] and ultrafast all-optical magnetic switching
[123]. Despite its promise, plasmonics faces a challenge of overcoming optical losses.
[124,125]. This is particularly true for nanostructures containing ferromagnetic
metals,  whose losses are significantly  larger compared to noble metals.  Besides a
study on the MCD effect of Ni nanodisk arrays (Publication II), this thesis mainly
investigates methods to circumvent optical losses in magnetoplasmonic systems.
Two approaches are studied: Loss reduction by the integration of Au nanodisks in
periodic Ni nanodisk arrays either in a checkerboards pattern (Publication I) or at
the single particle level (Publications III and IV) and lasing in Ni nanodisk arrays
overlaid with an organic gain medium (Publication V). The key findings are
summarized below.

Results on hybrid Ni-Au checkerboard arrays in Publication I demonstrate that
far-field diffractive coupling between the Ni and Au nanodisks of the arrays induces
a magneto-optical activity on the Au nanostructures. Because of this, the magneto-
optical signal is nearly preserved while the optical response is much more intense
compared to pure Ni nanodisk arrays. Both the optical and magneto-optical spectra
of Ni-Au checkerboard arrays can be tuned by variation of the Au nanodisk size.

Magnetic circular dichroism of Ni nanodisk arrays depends on the excitation of
slightly different circular plasmon modes with right-handed and left-handed
circularly polarized light (Publication II). As a result, a magnetic circular dichroism
signal is detected near the plasmon resonance wavelength. Large signals are attained
in periodic arrays of Ni nanodisk that support the excitation of surface lattice
resonance modes.

The results on Ni/SiO2/Au dimer arrays in Publication III show how magneto-
optical dipoles in Ni nanodisks induce magneto-optical activity on Au nanodisks via
near-and far-field radiative coupling. Ni/SiO2/Au dimer arrays support more
intense surface lattice resonances than Ni nanodisk lattices because the larger
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polarizability of individual dimers produces a stronger resonant enhancement of the
effective lattice polarizability. The presented model provides more insight into the
optical and magneto-optical response of dimer arrays and offers clear directions to
tailor the effective polarizability of the array by material selection, variation of the
particle size, or tuning of the lattice period or symmetry.

In Publication IV, the findings on Ni/SiO2/Au dimers are used for high-resolution
refractive index sensing. Whereas the sensing performances of random distributions
of pure Ni nanodisks and dimers are similar, the integration of Au at the single-
particle level of ordered dimer arrays is instrumental in establishing robust and
spectrally narrow SLRs in non-uniform dielectric environments. As a result, the
sensing figure-of-merit in dimer arrays is improved compare to that of Ni nanodisk
arrays. The improved performance is mainly caused by the sharp spectral features
of the SLR modes, enabling more accurate measurements of the Faraday rotation
zero-crossing condition. Tuning of the SLR condition via a variation of the lattice
constant provides a versatile way of maximizing the sensing resolution for specific
applications.

Publication V introduces gain assisted lasing as a novel technique to circumvent
optical losses ferromagnetic nanodisk arrays, paving the way for incorporating gain
into magnetoplasmonic devices and realizing new concepts for topological
photonics. Within the limits set by the emission range of the gain medium, the lasing
wavelength can be tuned by varying the lattice periodicity. In rectangular arrays,
lasing at two wavelengths corresponding to the directional periodicities along the
two principle axes of the array is observed. The magnetic moment of nanodisks in a
ferromagnetic array can be exploited as a new tool for time-reversal symmetry
breaking effects in such lattices.

Combining constituting elements with magnetic and plasmonic functionalities
offers the possibility to design a large variety of systems where plasmonic and
magnetic properties are intertwined. This thesis is motivated by the prospects of
active and low loss magnetoplasmonics, allowing for novel biosensing devices with
expected higher FoM. Nonreciprocity is another interesting property of
magnetoplasmonic nanostructures which offers an interesting way to design
integrated photonics systems. In telecommunication systems, magneto-optically
active and nonreciprocal plasmonic devices have potential of replacing bulky
Faraday isolators. Developing active plasmonic devices exploiting the magnetic field
have potential applications as integrated optical modulators in the visible and IR
range.
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