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Abstract 
Light can couple to subwavelength nanostructures via the excitation of surface plasmon 
polaritions. The rapid development of nanofabrication techniques has enabled significant 
advances in nanophotonics with plasmonics playing a key role. Combining extreme 
confinement of light in plasmonic nanostructures with active elements has opened up 
attractive prospects for controllable nanophotonic devices. Magneto-optically active materials 
are a potential candidate for such active elements as they enable non-reciprocal manipulation 
of the polarization characteristics of optical excitations and are easily and reversibly controlled 
by external magnetic fields. 
This thesis presents results on the magneto-optics and plasmonics of ferromagnetic 
nanostructures. The use of ferromagnetic nickel in subwavelength nanostructures offers a 
relatively simple geometry for an in-depth study on the relationship between plasmon 
excitations and magneto-optical activity. Experiments on circular nickel nanodots show that 
plasmon resonances correspond with a resonant enhancement of magneto-optically induced 
polarization rotation. Breaking the rotational symmetry in elliptical nanostructures 
demonstrates that the magneto-optical response can be described by excitation of two 
orthogonal electric dipole oscillations. Arranging the nanoparticles into a periodic lattice gives 
rise to more narrow and intense surface lattice resonances that, in turn, further enhance the 
magneto-optical activity at the resonance frequency. These properties arise from radiative 
coupling between the dipole oscillations of the individual nanoparticles. However, the optical 
and magneto-optical dipole resonances couple along orthogonal directions in the lattice, which 
enables active tuning of the magneto-optical response. Finally, it is shown that hybrid arrays 
of noble metal and ferromagnetic nanoparticles combine high optical reflectivity and strong 
magneto-optical activity. Radiative coupling between the sub-lattices of the hybrid array 
induces a collective magneto-optical response that involves both the magnetic and non-
magnetic nanoparticles. The experimental results on single nickel nanoparticles are 
reproduced by an analytical model based on modified long wavelength approximation (MLWA) 
while the optical and magneto-optical response of periodic particle arrays are reproduced by a 
numerical model based on the discrete dipole approximation (DDA) that was expanded to 
include magneto-optical effects. The results on plasmonic nanostructures with integrated 
magneto-optical activity open up new avenues towards integrating magneto-optical elements 
into nanophotonic devices such as photonic crystals and metasurfaces. 
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Tiivistelmä 
Plasmonirakenteet mahdollistavat näkyvän valon kytkeytymisen huomattavasti sen omaa 
aallonpituutta pienempiin rakenteisiin. Plasmonit ovatkin tärkeässä roolissa uudenlaisen 
nanomittakaavan optiikan kehittämisessä. Erityisen mielenkiintoiseksi plasmoniresonanssit 
tekee mahdollisuus yhdistää niiden tuottamat voimakkaat sähkökentät aktiivisiin 
elementteihin uudenlaisten nanolaitteiden valmistamiseksi. Eräs vaihtoehto on käyttää ns. 
magneto-optisia ilmiötä plasmoniresonanssien polarisaatio-ominaisuuksien manipulointiin 
ulkoisten magneettikenttien avulla. 
Tässä väitöskirjassa esitellään uusia tutkimustuloksia magneto-optisista ilmiöistä 
ferromagneettisissa nikkeliplasmonirakenteissa. Magnetoituman ja plasmoniresonanssien 
yhdistäminen samassa rakenteessa helpottaa magneto-optisten ilmiöiden ja plasmonien 
vuorovaikutuksen ymmärtämistä. Kokeellisin mittauksin osoitetaan että ympyränmuotoisissa 
nanopisteissä plasmoniresonanssit vahvistavat magneto-optisia ilmöitä. Symmetrian 
rikkominen käyttämällä elliptisiä nanopisteitä johtaa tulokseen jonka mukaan magneto-optisia 
ilmöitä plasmonirakenteissa voi kuvata käyttämällä mallia, joka perustuu kahteen kytkettyyn, 
vastakkaissuuntaiseen plasmoniresonanssiin. Nanorakenteiden järjestäminen perioidisiin 
fotonikiderakenteisiin johtaa vielä voimakkaampiin hilaplasmoniresonansseihin, jotka 
entisestään vahvistavat magneto-optisia ilmiötä. Havaitut ilmiöt voidaan selittää yksittäisten 
plasmoniresonanssien kytkeytymisellä hilassa. Optiset ja magneto-optiset moodit kytkeytyvät 
hilassa vastakkaisissa suunnissa mikä lisää vapausasteita magneto-optisten ilmöiden 
suunnittelussa. Yhdistämällä ferromagneettisia ja jalometallinanopartikkeleja samaan ns. 
hybridihilaan, voidaan ferromagneettisille metalleille ominaisia ohmisia häviöitä kompensoida 
ja saada aikaan hiloja joissa magneto-optiset ilmiöt yhdistyvät vahvempiin 
plasmoniresonansseihin. Hybridihilan magneto-optiset ominaisuudet riippuvat sekä 
ferromagneettisten että jalometallisten partikkelien ominaisuuksista. Ilmiö selittyy myös 
yksittäisten partikkelien kytkeytymisellä. Yksittäisten nikkelinanopartikkelien ominaisuudet 
selitetään analyyttisellä mallilla, joka perustuu laajenetulle suurien aallonpituuksien 
approksimaatiolle (modified long wavelength approximation, MLWA). Hilarakenteiden optiset 
ja magneto-optisia ilmiöitä mallinnetaan yksittäisten dipolien approksimaatiolla, (discrete 
dipole approximation, DDA) johon on sisällytetty magneto-optiset ilmiöt. Väitöskirjan 
koetuloksia ferromagneettisista nanorakenteista ja hybridihiloista ja niitä kuvaavia malleja 
voidaan hyödyntää magneto-optisten elementtien integroimiseen uusiin nanomittakaavan 
optisiin laitteisiin kuten fotonikiteisiin ja metapintoihin. 
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1. Introduction

The wavelength of electromagnetic radiation that is visible to the human

eye ranges from 390 to 700 nanometers, which corresponds to frequencies

from 430 to 770 THz. Visible light can couple to structures much smaller

than its wavelength via surface plasmon polaritons (SPPs) [1]. SPPs are

excitations of free charges of a conductive medium bound to an interface

with a dielectric medium. Examples of such interfaces are metallic films

on dielectric subtrates along with nanowires and nanoparticles embedded

in a dielectric medium. The sizes of the nanostructures can be of the order

of several nanometers, that is, two orders of magnitude smaller than the

wavelength of visible light in free space. In addition to the subwavelength

confinement of electromagnetic radiation, the excitation of a SPPs results

in a significant local enhancement of the electric field strength near the

interface. [2].

The rapid development of nanofabrication techniques has enabled re-

searchers to realize plasmonic nanostructures with resonances in the vis-

ible wavelength region, contributing to a rising interest in plasmonics [3].

Diverse applications have been proposed ranging from optical communi-

cation [4] to photovoltaics [5] and biosensing [6]. Active plasmonic de-

vices are particularly attractive as they enable control over the subwave-

length confinement of light. However, the unique optical properties of

plasmonic materials arise from their structure, which is difficult to mod-

ify after nanofabrication. Some proposed control schemes include micro-

mechanical devices that allow for a fine tuning of the device structure [7]

or non-linear optical effects that enable modulation of plasmon signals

using optical pump beams [8–10].

Magnetic methods can be used to manipulate light in the nanoscale.

By applying external magnetic fields, dia- and paramagnetic materials

can be magnetized and the direction of magnetization of ferromagnetic

9



Introduction

materials can be changed. Magnetization breaks the symmetry of light-

matter interactions for left- and right-hand circularly polarized radiation.

As a result, the polarization state of the light is modified. This effect

can be reversibly controlled by the choice of magnetic field strength and

direction [11–13].

Light propagation is usually reciprocal, i.e., the optical effects such as

reflections, refractions and absorptions encountered by forward and back-

ward propagating beams are identical. Magnetization gives rise to a non-

reciprocity that can be used to control the direction of propagation of light.

One example of this are the transparent magneto-optical garnet isolators

used to protect laser sources from harmful back reflections. These are

based on bulk materials with sizes in the order of centimeters. The on-

going miniaturization of optical components creates a demand for even

smaller isolator devices which further motivates the research into mag-

neto-optically active nanomaterials [14–18].

While any material can be magnetized by applying external magnetic

fields, ferromagnetic materials feature much stronger magnetization than

dia- or paramagnetic materials. In addition, they retain their magnetiza-

tion when the external magnetic field is removed. These characteristics

make them interesting candidates for exploring the interaction between

magneto-optics and plasmonics. What they lack is the crucial advantage

that has made other metals such as copper, aluminium, gold and, in par-

ticular, silver, popular materials for plasmonics. These metals all have

relatively low losses at visible frequencies compared to ferromagnetic met-

als.

To overcome this limitation, near-field coupled dimers of noble metal

and ferromagnetic nanoparticles have been used to create plasmonic na-

nostructures with magneto-optical properties [14, 19–22]. Another ap-

proach relies on patterning noble metal plasmonic nanostructures on mag-

neto-optically active dielectric garnet materials [16, 18, 23–30]. In ad-

dition, plain nanoparticles made from ferromagnetic nickel have been

shown to support plasmon resonances just by themselves [31–35]. The

plasmon resonances are less intense and broader than in noble metal

nanoparticles due to the intrinsic ohmic losses of the material but the

geometry of the system is simpler and allows for an easy assessment of

interaction between plasmonics and magneto-optical activity.

In this thesis nickel nanoparticles are used to study the influence of

subwavelength confinement of light on magneto-optics. A resonant en-

10
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hancement of magneto-optical activity is observed in an isolated nickel

nanoparticle at the plasmon resonance frequency. Breaking the rotational

symmetry by using elliptical nanostructures reveals that the magneto-op-

tical resonances are decoupled from the optical plasmon resonances. The

frequency of the magneto-optical resonance is determined by the particle

geometry in direction orthogonal to the polarization of the incident radia-

tion.

When arranged into a periodic lattice, the plasmon excitations of indi-

vidual particles can interfere constructively, leading into non-local surface

lattice resonances. By taking advantage of this phenomenon, a further en-

hancement of magneto-optical activity is attained. Experiments with rect-

angular lattices demonstrate the existence of two distinct lattice modes:

a directly excited optical mode and an orthogonal magneto-optical mode.

A hybrid array of noble metal and ferromagnetic nanoparticles combines

magneto-optical activity with more intense optical resonances. Analysis

of the collective lattice modes shows that noble metal nanoparticles play

a significant role in determining the transverse, magneto-optical mode

of the lattice. The results open up new avenues towards non-reciprocal

plasmonic devices where magneto-optical nanoparticles are used as ac-

tive elements.

While research on magneto-optically active plasmonics is motivated by

the prospect of active and non-reciprocal plasmonic devices, it has also

lead into novel and unexpected applications such as the recent proposal to

use ferromagnetic nanostructures as ultra-sensitive label-free biosensors

[36, 37] or as rulers to measure distances in the nanoscale [38].

This thesis is organized as follows. Chapter two contains an introduc-

tion to plasmon resonances in sub-wavelength metallic particles and par-

ticle arrays. The approximation of plasmon resonance in nanoparticles

by an oscillating dipole leads into a model that consists of two orthogo-

nal coupled dipoles. This model is used to interpret the magneto-optical

response of an array of interacting particles. In a hybrid array of magneto-

optically active and noble metal nanoparticles, it can be used to show how

the radiative coupling between the nanoparticles contributes to a mag-

neto-optical response that involves both magneto-optical and noble metal

nanoparticles.

The third and fourth chapters of the thesis describe the experimental

techniques and numerical models that were used to explore the optical

and magneto-optical response of the nickel nanoparticles and nanopar-

11
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ticle arrays. Chapter 5 summarizes the experimental results and links

them with the theoretical models of chapter 2. Finally, chapter six sum-

marizes the contents of this thesis and presents a few concluding remarks

on the results discussed in the preceding chapter.

12



2. Magneto-optics of plasmonic
nanoparticles

Plasmon resonances allow for confinement of electromagnetic radiation to

structures whose dimensions are much smaller than the wavelength of

the radiation. At the resonance frequency, local electric fields are strongly

enhanced. This has contributed to an interest in combining plasmonics

with magneto-optically active materials in order to actively control the

plasmon resonances and enhance the magneto-optical effects. The sim-

plest possible geometry for such magneto-plasmonic structures is a metal-

lic nanoparticle fabricated from a ferromagnetic metal. This approach

combines plasmon resonances and magnetization in one structure which

makes their relationship easy to understand.

This chapter describes localized surface plasmon resonances in general

(non-magnetic) metallic nanoparticles and collective surface lattice reso-

nances in periodic nanoparticle arrays. Jones vectors and matrices are

introduced to describe polarized light and polarization changes caused

by magneto-optical effects. For individual, non-interacting nanoparticles

magneto-optical effects are described by the introduction of an additional,

magneto-optical dipole excitation orthogonal to the polarization of the in-

cident radiation. The magneto-optical polarization rotation and ellipticity

changes are then derived in terms of phases and amplitudes of the two

dipoles. It is then shown that in periodic particle arrays that support col-

lective surface lattice resonances, the induced magneto-optical excitations

may couple to each other and give rise to sharp and narrow magneto-op-

tical resonances.

13



Magneto-optics of plasmonic nanoparticles

Figure 2.1. The electric field of incident electromagnetic radiation displaces the conduc-
tion electrons of the nanoparticle, creating an oscillating electric dipole. The
electrons feel a restoring force from the positive nuclei of the nanoparticle
which creates a system analogous to a driven harmonic oscillator.

2.1 Plasmon resonances in metallic nanoparticles

2.1.1 Quasi-static model

Localized surface plasmon resonances (LSPRs) are excitations of conduc-

tion electrons in metallic nanostructures that are coupled to the electric

field of incoming electromagnetic radiation. In contrast to the propagat-

ing surface plasmon polaritons in a metal-dieletric interface, the LSPRs

are non-propagating and can be excited by direct light illumination [1].

The electric field of the incident radiation drives the electrons into mo-

tion. At the same time, the positive nuclei exert a restoring electrostatic

force on them. The system is analogous to a driven harmonic oscillator.

Section 4.1 contains detailed analysis on this useful analogy. At the res-

onance frequency the local electric fields in vicinity of the nanostructure

are strongly amplified.

The simplest possible nanostructure that supports the excitation of lo-

calized surface plasmon resonances is a spherical metal nanoparticle. Its

response to electromagnetic radiation can be analyzed by using the so-

called quasi-static approximation, as long as the sphere diameter d is suf-

ficiently small compared to the wavelength of the incident radiation [1].

For excitations with visible light, this condition (d � λ) is generally con-
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Figure 2.2. Spherical nanoparticle with radius a in a constant electric field. This geome-
try represents the quasi-static approximation used for the calculation of the
optical response of a small spherical nanoparticle.

sidered to be d � 100 nm. In this case the oscillating electric field of the

incident radiation can be approximated by a constant electric field over

the particle volume.

The dieletric response of the metal that makes up the nanoparticle is

described by its permittivity εp(ω) which in the most general case is a

complex number that varies with frequency. As oscillations of the incident

electric field are introduced to the model later, εp is treated here as just

a complex number. The spherical particle with a radius a is surrounded

by an isotropic and non-absorbing dielectric medium with a dielectric con-

stant εd. A uniform static electric field E = E0êz exists over the particle.

The geometry of this quasi-static approximation is depicted in figure 2.2.

The electric field inside and around the particle can be obtained by solv-

ing the Laplace equation ∇2Φ = 0 for the electric potential Φ which then

can be used to solve the electric field via relation E = −∇Φ. Several

authors have treated this problem exhaustively in past literature [1, 39,

40] and thus the details of the solution are omitted here. The electric

field inside and outside the sphere can be obtained by writing the gen-

eral solution of the Laplace equation in an azimuthally symmetric system

and invoking the boundary conditions for the tangetial component of the

electric field and the normal component of the displacement field at the

nanoparticle boundary. This yields the following expressions for the elec-

tric potential inside and outside of the particle [40, p. 138]

Φin = − 3εd
εp + 2εd

E0r cos θ (2.1)

Φout = −E0r cos θ +
εp − εd
εp + 2εd

E0a
3 cos θ

r2
, (2.2)

where r is the distance from the particle center and θ is the angle be-

tween the position vector r and the z-axis. When this is compared with
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the potential of an ideal electric dipole with dipole moment p along the

z-axis

Φdipole =
p · r

4πεdr3
=

p cos θ

4πεdr2
(2.3)

it is easy to see that the electric field outside of the particle can be un-

derstood as a superposition of the incident electric field and an electric

field of a point dipole at the center of the nanoparticle (r = 0). The dipole

moment of the point dipole is given by

p = εdαE, (2.4)

α = 4πa3
εp − εd
εp + 2εd

. (2.5)

Here, α is the polarizability of the nanoparticle that describes its dipole

response to the external electric field. The complex permittivity of the

sphere material εp is a function of the frequency of the incident radiation

which in turn makes the polarizability vary with frequency. The denom-

inator of equation 2.5 is of particular interest. Resonant enhancement

of the polarizability can be obtained when |εp + 2εd| is minimized. This

resonance corresponds to the excitation of a LSPR.

The quasi-static approximation itself is valid for particles made out of

any material, be it a dielectric or a conductor (i.e. metallic). However,

LSPRs can only be excited in nanostructures where the permittivities of

the nanoparticle and its surrounding material have opposite signs. This

condition is fulfilled for a metallic nanoparticle embedded in a dielectric

material. Additionally, dipolar resonances have also been observed in in-

verse geometries, e.g. metallic films perforated with nanosized holes [41–

43]. The quasi-static model cannot be directly used to model a hole in a

continuous metal film. Instead, other models have been used to show how

an electric dipole resonance is excited in the inverse geometry [44, 45].

2.1.2 Ellipsoidal particles

For spherical particles in the quasi-static approximation, the frequency

of the plasmon resonances depend only on the permittivity of the sphere

and its surrounding material. The quasi-static assumption that the whole

particle is small enough compared to the wavelength of the incident radi-

ation does not put any restrictions on the shape of the particle. However,

particles that are irregular in shape and include edges and corners could

present a problem when the boundary conditions for the scalar potential

or the electric field and the displacement field come into play. Fortunately,
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an ellipsoid with semiaxes a1 < a2 < a3 � λ is regular enough so that a

similar quasi-static approximation can be used.

This problem has been treated in [40, p. 141] by solving the Laplace’s

equation in ellipsoidal coordinates to obtain the scalar potential inside

and outside the ellipsoid. The polarizability of an ellipsoid is given by

αi = 4πa1a2a3
εp − εd

3εd + 3Li(εp − εd)
, (2.6)

where Li is a geometrical factor given by

Li =
a1a2a3

2

∞∫
0

dq

(ai + q)f(q)
, (2.7)

with f(q) =
√

(q + a21)(q + a22)(q + a23). The geometrical factors are not

independent of each other, but they satisfy

L1 + L2 + L3 = 1. (2.8)

It can be easily shown that for a spherical particle (a1 = a2 = a3)

L1 = L2 = L3 =
1

3

which results in equation 2.5. In more general cases, the polarizability of

an ellipsoid depends on the direction of polarization of the incident radia-

tion and it can be expressed as a diagonal 3× 3 matrix.

The integral expression in equation 2.7 yields a larger geometrical factor

Li for the long axis of an ellipsoid. For many meatals, the permittivity

behaves like the ideal Drude respose with monotonically decreasing real

part [46] (see figure 2.3a)). From equation 2.8 it is then easy to deduce

that the plasmon resonance, i.e. a zero denominator in equation 2.6, is

red shifted when the incident radiation is polarized along the long axis of

an ellipsoid and blue shifted when the polarization is along the short axis.

This implies that the plasmon resonances can be tailored by the choice of

the nanoparticle shape and the polarization of the incident radiation.

2.1.3 Ferromagnetic metals as plasmonic material

Equations 2.5 and 2.6 indicate that the plasmon resonance frequency as

well as the linewidth of the resonance strongly depend on the properties

of the materials used. The real part of the permittivity determines the

wavelength at which the plasmon resonance is encountered, while the

imaginary part of the permittivity describes the ohmic damping which

results in a broadening of the plasmon resonances.
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a) b)

c) d)

Figure 2.3. a) Real and b) imaginary parts of the permittivities of noble metals commonly
used in plasmonics (Ag and Au) and ferromagnetic metals (Co, Fe, Ni). Data
for Ag and Au are from [47] and data for Co, Fe and Ni are from [48]. Po-
larizability of a nanoparticle with a diameter of 10 nm made of c) Co, Fe or
Ni and d) Au or Ag. The polarizabilities are calculated using the quasi-static
approximation, i.e. equation 2.5
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Figures 2.3a) and b) highlight some of the differences between the com-

monly used noble metals in plasmonics (silver and gold) and ferromag-

netic metals (nickel, iron and cobalt) in the visible wavelength range.

While the real parts of the permittivities for noble and ferromagnetic met-

als are comparable, the higher ohmic losses in ferromagnets are evidenced

by the imaginary parts of the permittivity.

This influence of losses on LSPRs is illustrated in figures 2.3c) and d)

showing polarizabilities of noble metal and ferromagnetic nanoparticles

as calculated using equation 2.5. Polarizability of ferromagnetic nanopar-

ticles is enhanced at the wavelength where the denominator of equation

2.5 is close to zero but for noble metal nanoparticles the effect is stronger

by several orders of magnitude.

The material mostly used in the experimental work carried out during

this thesis work was nickel. The choice of nickel as the working material

over iron or cobalt was largely based on the desirable chemical properties

of nickel. Unlike the other ferromagnetic metals it oxidizes slowly. An-

other factor that favored nickel can be extracted from figure 2.3c). The

single particle plasmon resonance of nickel is in the visible range while

for the other ferromagnets the resonance is already in the UV-range.

It should be noted that the permeability of the ferromagnetic metals

at optical frequencies is the same as non-magnetic materials: one. The

magnetization of particles is unaffected by the B-field of the incident ra-

diation. Instead, the observed magneto-optical effects arise from magne-

tization influencing the behavior of electronic excitations via the Lorenz

force. These effects will be introduced in sections 2.3 and 2.4.

2.1.4 Modified long wavelength approximation

Already the first experiments on plasmonic nanoparticles revealed the

shortcomings of the quasi-static approximation when the particle dimen-

sions exceed 50 nm. A conspicuous red shift and broadening of the plas-

mon resonance was observed for larger particles. To explain these obser-

vations, a more general description of the nanoparticle polarizability was

developed based on the modified long wavelength approximation (MLWA)

[49]. The MWLA diverges from the quasistatic approximation by the ac-

knowledgement that a polarized nanoparticle generates a depolarization

field Edep that opposes the external electric field. The polarization of the

particle is thus given by
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P =
εp − εd
4π

(Einc +Edep), (2.9)

The depolarization field can be calculated by assigning a dipole moment

dp(r) = P dV (r) to each volume element of the nanoparticle and integrat-

ing over the total particle volume to obtain the field at the center of the

nanoparticle. This was first performed for a sphere in [49]. For a sphere

of radius a the integration yields

Edep =
(
− 4π

3
+ k2

4π

3
a2 + i

2

3
k3

4π

3
a3
)
P , (2.10)

where k is the wave number of the incident radiation. It is related to its

wavelength by k = 2π/λ.

Insertion of this expression in equation 2.9 gives

P =
3

4π

εp − εd
(εp − 2εd)− (εp − εd)x2 − i(2/3)(εp − εd)x3

E0, (2.11)

where x = ka stands for the size parameter. The x2-dependent term in the

denominator is known as the dynamic depolarization and it arises from

the fact that the electric field produced by charges on one part of the parti-

cle is retarded with respect to that produced on another part. This term is

responsible for the observed red shift of the plasmon resonance at larger

volumes. The x3-dependent term is the radiative reaction or radiative

damping correction that accounts for damping of the dipole by emission

of radiation. This term grows rapidly with particle size and explains the

observed increase in plasmon resonance linewidth.

In the case of an ellipsoidal particle whose polarizability is given by

equation 2.6, the polarizability depends on the geometrical factor L. Com-

bining equations 2.9 and 2.6 yields [50, 51]

αMLWA,i =
V

4π

εp − εd
εd + Leff,i(εp − εd)

, (2.12)

where

Leff = Li − 1

3
x2 − i

2

9
x3. (2.13)

In the case of ellipsoids, the radius a that appears in size factor can be re-

placed by (3V/4π)1/3, a quantity proportional to ellipsoid volume. A more

rigorous treatment of the dynamic depolarization for ellipsoidal particles

has been carried out in [50] where it is shown that the dynamic depolar-

ization is a function of the particle shape. However, it is often sufficient
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to only consider the particle volume as in equation 2.13 to obtain a good

match with experimental results [52].

As was concluded in the previous section, the presence of the geometri-

cal factors Li in equation 2.13 means that the polarizability of a general

ellipsoidal particle depends on the direction of incident electric field. It

can be expressed as a diagonal 3× 3 matrix.

Equation 2.12 can be used to calculate the polarizability of nickel nan-

odisks similar to those used in the experiments discussed in section 5.1.

The magnitudes of the polarizabilities for nanodisks of varying diameter

and thickness of 30 nm are shown in figure 2.4a). A clear red shift due

to dynamic depolarization is recognizable for larger particles. However,

the broadening of the plasmon resonances due to radiative damping in

larger particles, as reported for noble metal nanoparticles [52–55] seems

less prominent in nickel nanoparticles. This difference can be explained

by the high ohmic losses in nickel compared to gold and silver. In nickel

nanoparticles, unlike in silver or gold nanoparticles, the increase in damp-

ing introduced by the radiative reaction term in equation 2.11 is small

compared to the ohmic losses already present. This is illustrated in figure

2.4b) where the contributions to the imaginary part of the denominator in

equation 2.12 are shown for the largest (d = 220 nm) particle along with

the intrinsic damping contribution for an identical silver nanoparticle.

From equation 2.12 and figure 2.4b), an additional observation can be

made about the dynamic depolarization contribution. Its sign is oppo-

site to the intrinsic and radiative damping contributions and therefore

counteracts these effects which results in enhancement of plasmon reso-

nances over a range of particle sizes. More intense LSPRs with narrower

linewidths have indeed been reported for noble metal nanoparticles with

sizes slightly larger than the quasi-static limit [56, 57]. For nickel this

enhancement can be more dramatic due to its larger intrinsic damping.

2.1.5 Absorption, scattering and extinction

Absorption, scattering and extinction are macroscopic quantities that char-

acterize the optical properties of materials. To understand the origin of

these effects, it is helpful to recall that all matter consists of (bound and

free) electric charges. An incoming electromagnetic wave sets them into

oscillatory motion which causes them to radiate electromagnetic energy.

This re-radiation process is called scattering.

On the other hand, the kinetic energy of the moving charges can be
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b)

a)

Figure 2.4. a) Magnitude of polarizability α calculated using equation 2.12 for nickel
nanodisks of different diameter. Thickness of all disks is 30 nm. The polar-
izabilities have been normalized to their maximum value for easier compar-
ison of resonance linewidths. b) Contributions to the imaginary part of the
denominator of equation 2.12 for the largest (d = 220 nm) nickel nanoparti-
cle compared with intrinsic damping in silver nanoparticles. Data for Ni are
from [48] and data for Ag are from [47]

.
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transformed into other forms of energy (in the case of plasmonic nanopar-

ticles, mostly into thermal energy, i.e. heat). These losses give rise to

absorption of radiation.

Measurement of the transmittance yields the total attenuation of an

electromagnetic wave by absorption and scattering effects as it traverses

through a medium. It is often difficult to distinguish between the contri-

butions from scattering and absorption to attenuation and therefore ex-

tinction, the sum of both, is often used to quantify the total attenuation.

In previous sections the individual plasmonic nanoparticles were char-

acterized by their polarizability. The relationship between particle polar-

izability and the scattering and absorption cross section is given by [40, p.

140]

σsca =
k4

6π
|α|2 (2.14)

σabs = k Im(α) (2.15)

and extinction is given by the sum of these effects

σext = σsca + σabs (2.16)

The polarizability in equations 2.5, 2.6 and 2.12 is a linear function of

the particle volume. On the other hand, the scattering cross section de-

pends on the square of the amplitude of the polarizability α while the

absorption cross section scales linearly with the imaginary part of α. As a

consequence, scattering is strongly enhanced for larger particles while for

small particles it is the absorption that dominates their interaction with

light. It should be noted that enhanced scattering in larger particles is

somewhat offset by the presence of radiative damping that broadens and

supresses the plasmon resonances.

2.2 Jones matrices

A polarized electromagnetic wave that propagates through free space or a

similar homogeneous isotropic medium can be conveniently described by

using Jones calculus. Such a wave is depicted in figure 2.5. The electric

and magnetic fields E and B are orthogonal to the wavevector k at each

point. The polarization state of light is described by the direction of the

electric field E. For light propagating in the z-direction (k = (0, 0, k)), it

23



Magneto-optics of plasmonic nanoparticles

Figure 2.5. Linearly polarized electromagnetic wave propagating in free space into z-
direction. The electric field E oscillates in the x-direction, magnetic field B

in the y-direction and the wave vector k points into the z-direction.

can be written as a superposition of two orthogonal plane waves polarized

along x- and y-directions

E(t) =

⎛
⎜⎜⎝
Ex(t)

Ey(t)

0

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝
E0xe

i(kz−ωt+φx)

E0ye
i(kz−ωt+φy)

0

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝
E0xe

iφx

E0ye
iφy

0

⎞
⎟⎟⎠ ei(kz−ωt) (2.17)

When the shared time-dependent factor ei(kz−ωt) is omitted, the ampli-

tudes and phases of the polarization components that make up the light

beam can thus be described by four parameters: the amplitudes E0x and

E0y and phases φx and φy. Alternatively, they can be described by a vector

of two complex elements Ex and Ey that describe the electric fields and

their phases in x- and y-direction. This two-component vector is know as

the Jones vector. Table 2.1 gives some examples of Jones vectors of typical

polarization states. The intensity of light is given by the square of the

amplitude of the electric field. This corresponds to squares of the absolute

values of the two polarization components in Jones calculus.

I = |Ex|2 + |Ey|2 = ExE
∗
x + EyE

∗
y , (2.18)

where E∗
x and E∗

y are complex conjugates of the electric field strengths

Ex and Ey.

When light interacts with a magnetized material it undergoes polariza-

tion and phase changes. Linearly polarized incident radiation becomes

elliptically polarized and the major axis of the ellipse rotates away from

the initial polarization axis. These effects are described by Kerr rotation θ
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and Kerr ellipticity ε. The Jones vector for elliptically polarized light with

ellipticity ε is

E =

⎛
⎝Ex

Ey

⎞
⎠ = E0

⎛
⎝ cos ε

i sin ε

⎞
⎠ . (2.19)

The axes of the ellipse lie on x- and y-axes and thus the rotation θ is

equal to 0. In order to account for the polarization rotation as well, the

axes of the ellipse are rotated by θ

⎛
⎝Ex

Ey

⎞
⎠ = E0

⎛
⎝cos θ − sin θ

sin θ cos θ

⎞
⎠

⎛
⎝ cos ε

i sin ε

⎞
⎠ . (2.20)

Typical experiments in magneto-optics start with linearly polarized light

which is then reflected from or transmitted trough a magnetized sample.

The resulting polarization state is then analyzed for its rotation and ellip-

ticity. The ratio of electric fields of the magneto-optically induced polar-

ization component to the original polarization in the x-direction is given

by

χ ≡ Ey

Ex
=

tan θ + i tan ε

1− i tan θ tan ε
(2.21)

from which the rotation and ellipticity can be solved

tan 2θ =
2Reχ

1− |χ|2 (2.22)

(2.23)

tan 2ε =
2 Imχ

1− |χ|2 (2.24)

In typical magneto-optical materials the observed effects are small which

means |χ| � 1. Rotation and ellipticity can therefore be approximated as

θ ≈ Reχ ε ≈ Imχ (2.25)

Optical elements such as polarizers and waveplates are described by

2 × 2 matrices in Jones calculus. Some common elements as well as the

elements used in the magneto-optical measurement setup are given in

table 2.2. The general reflection matrix that desribes any material, also a

magneto-optically active sample, is given by

r =

⎛
⎝rxx ryx

rxy ryy

⎞
⎠ . (2.26)
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Linear polarization in x-direction E0

⎛
⎝1

0

⎞
⎠

Linear polarization at 45◦ from the x-axis E0
1√
2

⎛
⎝1

1

⎞
⎠

Left (Right) hand circular polarization E0
1√
2

⎛
⎝ 1

±i

⎞
⎠

Elliptically polarized light with rotation θ

and phase ε = βx − βy
E0

⎛
⎝cos θeiβx

sin θeiβy

⎞
⎠

Table 2.1. Jones vectors of various polarization states of light

Linear polarizer with axis of transmission

along x-axis (horizontal)

⎛
⎝1 0

0 0

⎞
⎠

Linear polarizer with axis of transmission at

45◦ from the x-axis

1
2

⎛
⎝ 1 ±1

±1 1

⎞
⎠

Linear polarizer with axis of transmission ro-

tated by θ from the x-axis

⎛
⎝ cos2 θ sin θ cos θ

sin θ cos θ sin2 θ

⎞
⎠

Quarter wave plate with fast axis along y-

axis (vertical)

eiπ/4

⎛
⎝1 0

0 −i

⎞
⎠

Photoelastic modulator with modulation axis

along x- and y-axis

⎛
⎝1 0

0 eiϕ0 sinωt

⎞
⎠

Table 2.2. Jones matrices of common optical elements. The photoelastic modulator ap-
plies a periodic retardation with amplitude of ϕ0 and frequency of ω.

Following equation 2.25 rotation and ellipticity in terms of reflectivity

are given by

θ = Re
rxy
rxx

ε = Im
rxy
rxx

, (2.27)

assuming the incident radiation is initially polarized along the x-axis.

The above treatment is equally valid for transmission geometry where

the reflection matrix is replaced by a functionally identical transmission

matrix. These relatively simple mathematical tools will be put in use in

the next section where magneto-optical effects are introduced.
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Figure 2.6. Magneto-optical effects in bulk materials are classified by the orientation
between the magnetization vector M and the plane of incidence of the radi-
ation. Magneto-optical Kerr effect is encountered in reflection geometry (a-c)
while in transmission geometry Faraday and Voigt effects are observed (e and
f)

2.3 Magneto-optics and the two-dipole model

There exists a rich phenomenology of magneto-optical effects arising from

different orientations of the magnetization vector M relative to wave vec-

tor k of the light beam [11]. The magneto-optical Kerr effect (MOKE)

is encountered in reflection configuration while transmission through a

magnetized material gives rise to Faraday and Voigt effects. These con-

figurations are depicted in figure 2.6.

In bulk matter, magneto-optical phenomena can be described by off-

diagonal terms in the permittivity tensor ε. The permittivity tensor for

the polar magneto-optical effect has the form

ε = ε

⎛
⎜⎜⎜⎝

1 −iQm 0

+iQm 1 0

0 0 1

⎞
⎟⎟⎟⎠ . (2.28)

where the complex number Q is the so-called Voigt magneto-optical pa-

rameter. The off-diagonal elements that give rise to the magneto-optical

changes are proportional to magnitude and sign of magnetization in the

out-of-plane direction. Behavior of light in the nanoscale is often pre-
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Figure 2.7. a) In plasmonic nanoparticles polarization changes induced by magneto-op-
tical effects can be described by the excitation of two orthogonal dipoles, an
optical dipole dO and a magneto-optical dipole dMO. The magnetization of
the nanoparticle is out of plane of the schematic.

sented in terms of absorption and scattering rather than transmission

and reflection and it is therefore desirable to attempt to describe mag-

neto-optical phenomena in this framework.

Fortunately, the approximation of LSPRs as a dipolar excitation turns

out to be very convenient for modeling of magneto-optics in ferromagnetic

nanoparticles. In the polar magneto-optical geometry, the magneto-opti-

cally induced polarization rotation and phase changes can be simply de-

scribed by the excitation of an additional orthogonal dipole. A schematic

illustration of this configuration is depicted in figure 2.7. The two dipoles

are labeled the optical dipole dO and the magneto-optical dipole dMO. The

first is directly excited by the electric field of the incident radiation while

the latter is excited indirectly via the spin-orbit interaction in the mag-

netized nanoparticle. The excitation of an orthogonal magneto-optical

dipole is described by off-diagonal terms in the polarizability tensor of

the nanoparticle

α =

⎛
⎜⎜⎜⎝
αxx αyx 0

αxy αyy 0

0 0 αzz

⎞
⎟⎟⎟⎠ . (2.29)

This model, so far, is nothing but a general recast of the polarization

changes encountered in polar MOKE in terms of polarizability. In section

2.1, the polarizability of nanoparticles was derived from their shape and

material properties. It turns out that the off-diagonal terms of the polar-
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izability tensor can be obtained via a similar approach if the dimensions

and material properties of the nanoparticle are known. This problem is

treated in Publication I where the polarizability tensor of general magne-

tized ellipsoids is derived by using a modified long wavelength approxi-

mation.

The relationship between the diagonal and off-diagonal terms of the po-

larizability tensor can also be established from simple geometrical argu-

ments: the magneto-optical dipole is excited orthogonal to the polarization

of the incident radiation, i.e., along the y-axis if the incident radiation is

polarized along the x-axis. αyy describes how easily a dipole is excited

along the y-axis of the nanoparticle. On the other hand, the off-diagonal

terms of permittivity tensor εxy describe the strength of magneto-optical

coupling. It was shown in Publication II that the off-diagonal polarizabil-

ity terms are proportional to the product of these two factors

αxy ∝ εyxαyy. (2.30)

To verify that this picture is indeed correct, experiments have been per-

formed on elliptical nanoantennas where αxx �= αyy and correspondingly

αxy �= αyx. They exhibit an anisotropic magneto-optical response that

validates these arguments.

The relationship between the polarizability and absorption and scatter-

ing cross sections is given by equations 2.14 and 2.15. The excitation of

an orthogonal magneto-optical dipole results in changes in polarization

of the incident radiation. These changes are described by Kerr rotation

θ and ellipticity ε (equation 2.27). If the nanoparticle is illuminated with

linearly polarized light with the electric field along the x-direction, Kerr

rotation and ellipticity are given by

θ = Re
(αxy

αxx

)
ε = Im

(αxy

αxx

)
. (2.31)

The Kerr ellipticity can be interpreted as a phase difference between

the optical and magneto-optical dipoles. The microscopic process, spin-

orbit coupling, that gives rise to the magneto-optical dipole, results in an

inherent phase difference between the optical and magneto-optical dipole.

This is described by the complex phase of the magneto-optical parameter

Q. Additionally, in anisotropic elliptical particles where αxx �= αyy a phase

mismatch between polarizabilities in x- and y-directions can result in an

additional phase difference. The total Kerr ellipticity is the sum of these
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two effects.

An analytical model based on two coupled oscillators provides an anal-

ogy for the spin-orbit coupling in ferromagnetic nanoparticles and the re-

sulting magneto-optical response. One oscillator is driven by a harmonic

external force, in analogy to the optical dipole dO while the other one is

set into motion via their mutual coupling. The spring-mass model is dis-

cussed in more detail in section 4.1.

In bulk materials, magneto-optical effects in transmission and reflection

geometries are usually considered distinct. For a monolayer of magneto-

optically active nanoparticles, however, this strict dichotomy is broken.

The conceptual difference between reflection and transmission geometries

is that in reflection geometry only radiation scattered from the nanoparti-

cles is collected by the detector while in transmission both scattering and

absorption contribute to the measured signal. As plasmon resonances

result in very conspicuous enhancement of both absorption and scatter-

ing, the optical and magneto-optical spectra of plasmonic nanoparticles in

both configurations are quantitatively similar. This similarity can be ob-

served in past reports on nanosized ferromagnetic particles in both Fara-

day (transmission) [21, 58–60] and Kerr (reflection) [61–64] geometries.

2.4 Magnetic circular dichroism

Microscopically, magneto-optical effects arise as a result of the magneti-

zation breaking the symmetry of the material for left- and right-hand cir-

cularly polarized radiation [11, p. 75]. The symmetry breaking gives rise

to birefringence, i.e., refractive indices for left- and right-hand circularly

polarization are different. Circularly polarized light carries an angular

momentum that is related to the spin angular momentum of the photons.

Photons follow Bose-Einstein statistics and therefore have an integer spin

angular momentum of ±h̄ [65, p. 126]. A circularly polarized beam con-

sists of photons with uniform spin angular momentum. Linearly polarized

light doesn’t carry any angular momentum because it consists of a super-

position of left- and right hand circularly polarized beams. Analysing the

interaction between circularly polarized light and magnetization thus pro-

vides additional insight into the magneto-optical phenomena discussed in

the previous section.

In magnetized nanoparticles the coupling between the helicity of light

and magnetization can be understood quite easily. Circularly polarized
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a) b)

Frequency

Figure 2.8. a) Sketch of forces acting on electrons in circular motion, i.e. when a LSPR
is excited in a magnetic nanoparticle by circular polarized light. The electric
field of the incident light gives rise to a force FE . The perpendicular com-
ponent of the magnetization acts on the circularly oscillating electrons via
the Lorentz force FB = ev × B. Depending on the helicity of the incident
light the Lorenz force either adds to or opposes FE . (b) Extinction profiles
of the non-degenerate circular plasmon modes. The difference between the
extinction spectra determines the MCD signal. The MCD signal is zero at
the LSPR resonance condition for non-magnetic nanoparticles (ω0).

light excites circular plasmon modes in nanoparticles. The electrons are

set into circular motion following the circularly oscillating electric field

of the incident radiation. The direction of electron motion is perpendicu-

lar to the momentary electric field of the incoming light. In magnetized

nanoparticles, a Lorenz force acts on the electrons. The resulting forces

are illustrated in figure 2.8a). The Lorenz force is given by FB = ev ×B,

thus the direction of force can be reversed either by changing the mag-

netization or the helicity of the incoming radiation. Their relationship is

discussed in detail in Publication VI.

Magnetic circular dichroism (MCD) is defined as the relative difference

of extinction between the left- and right-hand circularly polarized light.

It is given by

Δσ =
σext(+m)− σext(−m)

σext(m = 0)
, (2.32)

where σext(m = +m,−m, 0) is the extinction cross section of the nanopar-

ticle for two opposing out of plane magnetization directions and zero mag-

netization. The extinction cross section is a function of magnetization as

the Lorenz force either adds or subtracts to the force that is exerted by

the electric field. The Lorenz force thus alters the confinement felt by

the electrons [66–68]. This lifts the degeneracy of the circular plasmon

modes and shifts the more strongly confined mode to higher frequency
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and the less confined mode to lower frequency. This is illustrated in figure

2.8b). The difference between the extinction spectra gives rise to MCD.

In single plasmonic nanoparticles this spectrum has a distinctive deriva-

tive lineshape with zero crossing at the LSPR resonance frequency of a

non-magnetized nanoparticle (ω0 in 2.8b)).

The magnetic circular dichroism spectrum can be derived from the pre-

viously presented modified long wavelength approximation. The starting

point for this derivation is recognizing that while the electrons are set

in circular motion by circularly polarized light, the momentary electric

field of the incoming light is nevertheless the same as depicted in figure

2.2. Therefore equation 2.5 and its extensions 2.6 and 2.12 can be used to

obtain the polarizability of the nanoparticle.

The effect of magnetization can then be included as a perturbation by

introducing a magnetization-dependent dielectric constant εp = εp±mQεp

[68, eq. 24],[67, eq. 2], where Q is magneto-optical Voigt constant. This

leads into expression

α(m) =
V

4π

εp ±mQεp − εd
εd + Leff (εp ±mQεp − εd)

. (2.33)

Because of the symmetry a change in magnetization direction is equiv-

alent to a change in the helicity of the incident light. Thus, the sign of

m has to be interpreted more broadly: Instead of carrying information on

the direction of magnetization, it represents the sign of the Lorenz force

F that is exerted on the electrons.

2.5 Surface lattice resonances

In the previous sections optical and magneto-optical properties of iso-

lated nanoparticles were introduced using the quasistatic model and the

MLWA. When such nanoparticles are arranged in periodic lattices, reso-

nances with extremely narrow extinction line shapes can be obtained [69–

76]. In periodic nanoparticle arrays, the fields scattered by nanoparticle

are in phase at specific wavelengths causing narrow diffraction orders

(DOs) to appear. This condition is illustrated in figure 2.9. Coupled res-

onances occur when LSPRs couple to the diffractive orders of a periodic

structure [77].

The picture of the plasmonic nanoparticle as a point dipole is a useful

starting point. In periodic particle arrays the radiation from nearby par-

ticles influences the local electric field felt by the particle. Each particle
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Figure 2.9. Diffractive orders of the periodic lattice occur when the lattice spacing px

and the wavelength of the normally incident radiation fulfill the condition√
i2 + j2λ = n

√
p2x + p2y, where i and j are an integers. Coupling between

the localized single particle plasmon resonances via the diffraction order can
then give rise to surface lattice resonances.

radiates and receives radiation from all of the other dipoles of the array.

In an array that consists of N nanoparticles, the electric field at each par-

ticle location i is then sum of the incident field plus the scattered field of

all the other N-1 dipoles

Eloc,i = Einc,i +Edipole,i = E0e
ik·ri −

∑
j �=i

Aij · Pj (2.34)

where the sum is taken over all the other dipoles of the array. 3N × 3N

matrix Aij is the interaction matrix that describes the dipole-dipole inter-

action between a receiving dipole at ri and a radiating dipole at rj . Solv-

ing Eloc,i therefore requires solving a linear system of 3N equations. This

is a problem encountered in the so-called discrete dipole approximation

(DDA) and numerical methods that exist to tackle this task are discussed

in section 4.2.

A simple analytical solution to equation 2.34 can be obtained for a spe-

cial case of an infinite 2-dimensional array of identical particles illumi-

nated with linearly polarized light at normal angle of incidence. In this

geometry, the incident electric field drives all the dipoles in phase which

allows the assumption that the induced polarization of all the array ele-

ments is the same. The effective polarizability α∗ can then be written as

[78, 79]

α∗ =
1

1/α− S
, (2.35)

where S is an array factor that depends on the particle arrangement. It
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is given for any arbitary particle in the array by a sum over the radiation

fields emitted by other particles of the array [39]

S =
∑
j

eikrj
((1− ikrj)(3 cos

2 θj − 1)

r3j
+

k2 sin2 θj
rj

)
, (2.36)

where rj is the distance from the central particle and θj is the angle

between rj and the polarization axis of the incident radiation.

This procedure yields the particle polarizability for one incident polar-

ization direction only. For anisotropic arrays or particles it can be re-

peated for the orthogonal polarization directions to obtain a complete pic-

ture of the optical response of the nanoparticle array.

Similarly to equation 2.5, resonance occurs when the real part of the

denominator in equation 2.35 vanishes [79]. This is illustrated in figure

2.10a) where the relevant terms S and 1/α are calculated for a square

array of nickel nanoparticles. The array factor S diverges for diffraction

orders of the lattice given by
√
i2 + j2λ = n

√
p2x + p2y, where n is the re-

fractive index of the medium surrounding the lattice, px and py are peri-

odicities along x- and y-directions and i and j are integers. This condition

is fulfilled for λ = 605 nm when i = 1, j = 0 and for λ = 429 nm when

i = 1, j = 1. The latter diffraction order occurs along the diagonal direc-

tion in the array.

Figure 2.10a) suggests a resonance would appear at each wavelength

where the curves for Re(S) and Re(1/α) cross. Each divergence of S

should give rise to two closely spaced resonances separated by a spec-

tral gap. This ignores the role of the radiative losses that are described by

the imaginary part of the denominator. The absolute value of the imagi-

nary part of the denominator of equation 2.35 is plotted in figure 2.10b).

The sharp increase in magnitude of the imaginary part of S indicates that

the resonance before the diffractive orders is radiative [80, p. 173]. The

sign of the imaginary part of the array factor S abruptly reverses at the

diffracted order which indicates that the lattice resonance now has an

evanescent nature. This counteracts the single particle losses and leads

into a dramatic increase in polarizability that can be seen in figure 2.10c).

A distinctive Fano-type peak is observed at λ = 685 nm. On the other

hand, at the suppressed resonances the polarizability of a particle in a

periodic array is comparable to that of an isolated nanoparticle.

The asymmetric lineshape of the resonance merits further comment. A

similar spectral response was first discovered for inelastic scattering of

electrons from helium and explained in terms of interference between a
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a)

b)

c)

Figure 2.10. Numerical results obtained using equation 2.35 for a periodic array of nickel
nanodisks with diameter of 120 nm and thickness of 30 nm. Periodicity
of the array is 400 nm and it is surrounded by dielectric material with
n = 1.51. The parameters have been chosen such that they match with
experimental results discussed later in this thesis. a) Real parts of the
terms in denominator of equation 2.35 b) Imaginary part of the denomi-
nator in equation 2.35 and the terms in it c) Magnitude of the polarizability
calculated using equation 2.35 compared with the polarizability of a single
particle calculated with equation 2.11.
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broad background and narrow resonant scattering processes by Ugo Fano

[81]. In the case of periodic arrays of plasmonic nanoparticles, the broad

single particle plasmon resonance and the narrow diffracted order of the

lattice play the roles of the interfering scattering processes.

2.6 Magneto-optical surface lattice resonances

The question that naturally arises from the previous chapters is how sur-

face lattice resonances influence the magneto-optical properties of nano-

particle arrays. The two-dipole model presented in section 2.3 describes

magneto-optical effects in a single ferromagnetic nanoparticle. The mag-

nitude of the magneto-optical dipole is much smaller than that of the op-

tical dipole, typically |dMO|/|dO| < 1%. However, it should be noted that

whether or not a surface lattice resonance occurs depends on the interplay

between the array factor S in equation 2.35 and the inverse of the polariz-

ability of the single nanoparticle 1/α. For the magneto-optical resonances,

the inverse of the polarizability has to be substituted with the inverse of

the off-diagonal element of the polarizability tensor 1/αxy and the array

factor depends on the periodicity and symmetry of the array, identically

to the optical lattice resonances.

The magneto-optical dipoles are expected to exhibit resonant coupling

along an orthogonal direction. The geometry is illustrated in figure 2.11a).

This assumption is tested in experimentally in section 5.2 where a rect-

angular array is used to create a situation where the diffraction order

of the lattice is different for optical and magneto-optical directions. This

causes the optical and magneto-optical resonances to occur at different

wavelengths that correspond to the periodicity of the lattice along the or-

thogonal directions.

To summarize, it is the single particle response that gives rise to mag-

neto-optical effects via the excitation of a transverse magneto-optical dipole.

However, in a rectangular array the magneto-optical dipoles may then

couple to each other via far-field radiative coupling and display resonances

in the magneto-optical spectrum even at frequencies where optical reso-

nances are not present. This cross-coupling effect can be verified by ex-

periments discussed in section 5.2 and in Publication IV. An analytical

spring-mass model provides additional insight into the magneto-optical

properties of the periodic arrays. It is discussed in section 4.1.
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Figure 2.11. A periodic array of magneto-optically active nanoparticles illuminated with
linearly polarized light with zero angle of incidence. The magneto-optical
dipoles (blue) are resonantly coupled along the direction parallel to the po-
larization of the incident radiation while the optical dipoles (red) are cou-
pled along the direction orthogonal to the polarization of the incident radi-
ation.
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3. Experimental Methods

Plasmon resonances in nickel nanoparticles can be identified in optical

extinction or reflectivity spectra from their distinctive peaks. The quality

factor (Q) that relates to damping can be assessed from the linewidth of

the resonance peak.

The interaction between plasmon resonances and magnetization changes

the polarization of reflected or transmitted light. In case of linearly polar-

ized incident radiation, the off-diagonal terms of the polarizability tensor

of the magnetized nanoparticles change the polarization angle and phase

of the scattered radiation. These effects are sensitive to the wavelength

and incident angle of the radiation.

In far-field, the magneto-optically induced polarization changes can be

observed by comparing the polarization state of the reflected light beam

against that of the incident beam which corresponds to measuring the ra-

tio of the off-diagonal and diagonal elements of the permittivity or polar-

izability tensor. This yields a quantity which describes the magnitude of

magneto-optical activity and is comparable across different samples and

configurations. The experimental methods used to characterize optical

and magneto-optical properties are described in this section.

3.1 Optical characterization

The optical properties of the nickel nanoparticles and nanoparticle ar-

rays were characterized by their transmittance and reflectivity. The in-

tensity of light reflected from or transmitted through them was analyzed

and compared to the intensity incident on the sample. While the observed

reflectivity and transmittance spectra are in many cases similar in shape,

the underlying mechanisms are not the same. Reflectivity spectra depend

only on the light scattered by the nanoparticles while transmission spec-
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tra reveal the total extinction profile which also includes absorption. The

similarity of both of these optical spectra for plasmonic nanoparticles can

be explained by the fact that absorption and scattering are simultane-

ously maximized at the plasmon resonance frequency.

In transmission geometry optical extinction is given by E = 1−T where

T is the measured transmittance given by

T =
Isample − Ibg
Ireference − Ibg

. (3.1)

Here, Isample is the intensity measured at the detector with the light

passing through the sample, Ibg is the dark counts of the detector and

Ireference is the intensity transmitted through a region of the substrate

without nanoparticles.

The reflectivity is given by

R =
Isample − Iglass
Imirror − Ibg

, (3.2)

where Iglass is the intensity reflected by a blank portion of the glass sub-

strate and Imirror is the intensity reflected by a mirror placed next to the

sample. In the reflectivity measurement, substraction of Ibg doesn’t ap-

pear explicitly in the numerator. However, this term is included in Iglass.

3.2 Magneto-optical spectroscopy

Magneto-optical effects result in small changes in the polarization state

of light. They are described by the off-diagonal components of the Jones

reflection matrix (see equation 2.26). In magnetized plasmonic nanopar-

ticles they can be attributed to the excitation of a transverse magneto-

optical dipole in addition to the optical dipole. A magneto-optical Kerr

spectrometer was used to characterize the magneto-optical effects over

the visible and near-infrared range. The quantities measured in the ex-

periments are the magneto-optical Kerr rotation and ellipticity that cor-

respond to the real and imaginary parts of the ratio of off-diagonal and

diagonal components of the reflectivity matrix (see equation 2.25) respec-

tively. By comparing the optical extinction and reflectivity spectra with

the measured magneto-optical rotation and ellipticity spectra, the effect

of plasmon resonances on magneto-optical activity can be determined.

The magneto-optical Kerr effect spectrometer is depicted in figure 3.1. It

consists of a broadband supercontinuum laser (NKT SuperK EXW-12), po-
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Lock-in amplifier

DC signal rss

50 kHz signal Im(rsp)

100 kHz signal Re(rsp)

o

o

Figure 3.1. Schematic of the magneto-optical Kerr effect spectrometer. The same equip-
ment can be used to measure reflectivity by removing the photoelastic mod-
ulator and polarizer before the photodetector. Transmission measurements
can be carried out by moving these two components and the photodetector
behind the sample.

larizing (Glann-Thompson prism, CVI Melles Griot) and focusing optics, a

photoelastic modulator (Hinds Instruments I/FS50), and a photodetector.

The supercontinuum laser source utilizes a non-linear fiber that broad-

ens the wavelength spectrum of a pulsed seed laser. The wavelength of

the laser covers the range from 450 nm to 1500 nm. Using an acousto-

optical filter (AOTF), the desired output wavelength can be chosen in this

range. The width of the output spectrum is limited by the properties of

the AOTF. In the visible wavelength regime the full width at half maxi-

mum of the spectrum is 5 nm or less [82] which is sufficient for exploring

the optical and magneto-optical features of the nickel nanoparticles and

particle arrays. The length of the seed pulse is 5 ps with a repetition rate

of 78 MHz. While the peak intensity of the pulse is high, the intensity

incident on the sample is significantly lower due to the fact that only a

single wavelength passes through the AOTF at any given time. There-

fore any non-linear effects arising from ultrafast intense pulses were not

considered.

The angle of the incident light was 0.5◦ with respect to the surface nor-

mal in all the experiments discussed in this thesis. An electromagnet

(GMW 3470) with maximum field of B= 400mT is used to reorient the

magnetization of the Ni nanoparticles between the two out-of-plane direc-

tions. A similar method has been used previously in [83, 84].
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The photoelastic modulator periodically modulates the light transmit-

ted through it. In the following section, a thorough Jones matrix analysis

shows how this modulation results decomposition of rotation and elliptic-

ity into harmonics of the modulation frequency thus enabling simultane-

ous measurement of both quantities.

3.2.1 Jones Matrix representation of the experimental setup

Jones matrices introduced in Section 2.2 can be used to analyze light prop-

agation in the experimental setup. Table 2.2 contains Jones matrices of

the optical elements necessary for such analysis. The electric field at the

photodetector is described by a matrix multiplication

E(t) =

⎛
⎝ cos2 β sinβ cosβ

sinβ cosβ sin2 β

⎞
⎠ ·

⎛
⎝eiϕ0 cosωt 0

0 1

⎞
⎠ ·

⎛
⎝rxx ryx

rxy ryy

⎞
⎠ ·

⎛
⎝E0

0

⎞
⎠ ,

(3.3)

where the matrices from left to right represent the second polarizer ori-

ented by angle β from the x-axis, the photoelastic modulator, the magneto-

optically active sample and incident x-polarized light, as set by the first

polarizer. The photoelastic modulator applies a harmonically oscillating

modulation at f = 50 kHz and thus the electric field at the detector is a

function of time. The amplitude of the modulation is given by ϕ0 and can

be set in range [0, 2π] that corresponds to modulation from zero to a full

turn.

After carrying out the matrix multiplication, the intensity is given by

equation 2.18

I(t) = ExE
∗
x + EyE

∗
y =

E2
0

(
(rxx cos

2 βeiϕ0 cosωt + rxy cosβ sinβ)(r∗xx cos
2 βe−iϕ0 cosωt + r∗xy cosβ sinβ)

+ (rxx cosβ sinβeiϕ0 cosωt + rxy sin
2 β)(r∗xx cosβ sinβe−iϕ0 cosωt + r∗xy sin

2 β)
)
.

(3.4)

Carrying out the above multiplications and simplifying it using identity

cos2 β + sin2 β = 1 yields

I(t) = E2
0

(
cos2 β|rxx|2 + sin2 β|rxy|2

+ cosβ sinβrxxr
∗
xye

iϕ0 cosωt + cosβ sinβr∗xxrxye
−iϕ0 cosωt

) (3.5)

Since the phase difference between the x- and y-polarized beams, i.e.,

Kerr ellipticity is the quantity of interest here, the diagonal elements of
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the reflectivity matrix can be treated as real numbers to obtain rxx = r∗xx.

Further analysis of the measured signal requires decomposition of the ex-

ponential terms into harmonics of the retardation frequency by a Jacobi-

Anger series. The intensity of the beam is measured with a fast respon-

sive photodetector (DET-100, Hinds Instruments) and a lock-in amplifier

is used to measure the signal at the PEM modulation frequency, 50 kHz.

The intensity can then be grouped into DC, 50 kHz (1st harmonic), 100

kHz (2nd harmonic) and higher frequency terms

I(t) =E2
0(|rxx|2 sin2 β + |rxy|2 cos2 β + 2J0(ϕ0)rxxRe(rxy) cosβ sinβ︸ ︷︷ ︸

IDC

+4J1(ϕ0)rxx Im(rxy) cosβ sinβ cosωt︸ ︷︷ ︸
I50 kHz

+4J2(ϕ0)rxxRe(rxy) cosβ sinβ cos 2ωt︸ ︷︷ ︸
I100 kHz

+higher order terms.

(3.6)

The above expression can be further simplified by setting the modula-

tion amplitude ϕ0 such that J0(ϕ0) = 0. ϕ0 = 0.383 · 2π satisfies this

condition. Furthermore, the term proportional to r2xy is very small and

can be neglected.

The lock-in measurement technique enables simultaneous acquisition

of the DC signal and the first and second harmonics. The Kerr rotation

θ and ellipticity ε as defined in equation 2.27 can be extracted from these

signals

θ = Re
(rxy
rxx

)
=

I100 kHz

IDC

1

4J2(ϕ0) tanβ
(3.7)

ε = Im
(rxy
rxx

)
=

I50 kHz

IDC

1

4J1(ϕ0) tanβ
. (3.8)

These two quantities fully characterize the magneto-optical response of

the sample. However, often it is convenient to characterize the magnitude

of the magneto-optical activity by one number

Φ =
√
θ2 + ε2. (3.9)

This quantity is also know as the magneto-optical Kerr angle. While

the Kerr rotation and ellipticity are proportional to both sign and mag-

nitude of the magnetization along the out-of-plane direction, Kerr angle

is only proportional to magnitude and thus any knowledge of polarity of

magnetization is lost.
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In terms of the optical and magneto-optical dipoles that were introduced

in section 2.3, thee Kerr ellipticity can be interpreted as the phase dif-

ference between these two while the Kerr rotation corresponds to the in-

phase component of the dipoles. The magneto-optical Kerr angle describes

directly the ratio of magnitudes of the magneto-optical and optical dipoles,

ignoring any phase differences between the two.

The angle β of the second polarizer was not specified in this analysis.

While any angle apart from 0◦ and 90◦ will yield a magneto-optical signal,

an angle of 80◦ between the polarization of the incident radiation and the

second polarizer was used in the experiments. An analysis of equation 3.6

reveals that the ratio of the time-varying signals (I50 kHz and I100 kHz) to

IDC is given by cosβ sinβ/ cos2 β which is maximized when β is close to 90◦.

On the other hand almost crossed polarizers allow very little light to pass

which would require a more sensitive detector such as a photomultiplier

tube. Thus, 80◦ was selected as a good compromise between the detector

sensitivity and optimal signal.

3.2.2 Measurement procedure

The magneto-optical spectra are measured using the following procedure.

For each wavelength, a hysteresis loop is recorded by sweeping an out-of-

plane magnetic field from positive to negative (in z-direction). It is built

by measuring the rotation and ellipticity (2nd and 1st harmonics of the

intensity) at each magnetic field point. Figure 3.2 illustrates the mea-

surement procedure. The magneto-optical rotation and ellipticity are cal-

culated from hysteresis loops by subtracting the signal strengths at posi-

tive and negative saturation magnetization and dividing this number by

two. The division results from a convention where magneto-optical effects

are defined with respect to zero magneto-optical activity. The advantage

of this approach is that any polarization changes that result from non-

magnetic effects are excluded.

The measurement procedure introduced here is also suited to carry out

magneto-optical measurements in transmission (Faraday) configuration.

The setup depicted in figure 3.1 can be rearranged so that the photoe-

lastic modulator, second polarizer and the photodetector are placed be-

hind the sample to analyze the polarization characteristics of transmitted

light. In the Jones matrix analysis of section 3.2.1, the reflectivity tensor

of the magneto-optically active sample is then replaced with a function-

ally identical transmittance tensor which enables the same treatment of
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light propagating in the setup.

3.2.3 Magnetic circular dichroism

Magnetic circular dichroism is measured with a similar lock-in technique

based on photoelastic modulation. A schematic illustration of the setup

is depicted in figure 3.3. The photoelastic modulator is used to modulate

the polarization of the incoming light between left- and right-hand cir-

cular polarization at 50 kHz frequency. Circular dichroism of the nickel

nanoparticles results in the intensity at the detector being modulated at

the same frequency. Extinction E = IDC/I0 is defined as the ratio of trans-

mitted intensity to incident intensity. Additionally, extinctions for the op-

posing helicities can be defined as E± = I±/I0. The measured signals are

illustrated in 3.4. With these relationships magnetic circular dichroism

as defined in equation 2.32 is then obtained by dividing the amplitude of

the modulated signal by the DC signal

MCD =
E+ − E−

E0
=

(I+ − I−)/I0
IDC/I0

=
I+ − I−
IDC

(3.10)

To filter out non-magnetic contributions to the circular dichroism sig-

nal, the magnetization of the sample was reversed and magnetic circu-

lar dichroism spectra for both states were measured and subtracted from

each other.

3.3 Sample fabrication

The metallic plasmonic nanoparticles and nanoparticle arrays discussed

in this thesis are evaporated on glass substrates with electron beam evap-

oration and patterned using lithographically defined masks. Two differ-

ent methods are used to create the lift-off masks: hole-mask colloidal

lithography (HCL) and electron beam lithography (EBL).

These methods both have their own advantages and disadvantages: Hole-

mask colloidal lithography is essentially a self-assembly method that can

be used to quickly pattern large areas with randomly arranged nanoparti-

cles. However, the sizes of the particles and their filling fraction cannot be

controlled easily. On the other hand, electron beam lithography allows for

precise patterning of nanoparticles and periodic particle arrays. Its only

disadvantage is the slow speed of electron beam exposure which limits the

throughput.
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Figure 3.2. Illustration of the measurement procedure of magneto-optical spectra. In-
dividual hysteresis loops for the ellipticity (1st harmonic) and rotation (2nd

harmonic) are measured at different wavelengths. a) and b) hysteresis loops
of the 1st harmonic (ellipticity) recorded at 660 nm and 750 nm. c) Com-
plete magneto-optical ellipticity spectrum at four different magnetizations:
positive and negative saturation and remanent magnetization. These are
illustrated in figure b) with colored marks. d) and e) hysteresis loops of
the 2nd harmonic (rotation) recorded at 660 nm and 750 nm. f) Complete
magneto-optical rotation spectrum at four different magnetizations: positive
and negative saturation and remanent (spontaneous) magnetization. These
are illustrated in figure d) and e) with colored marks.
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Figure 3.3. Schematics of the measurement setup for magnetic circular dichroism.
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Figure 3.4. Schematic represenation of the time-varying signal measured in the mag-
netic circular dichroism measurement. I0, IDC and I+/− represent the in-
tensity incident on the sample, transmitted intensity of linearly polarized
light (or alternatively transmission through a non-magnetized sample) and
the transmitted intensities of left- and right-hand circularly polarized light,
respectively
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Figure 3.5. Step by step outline of the hole-mask colloidal lithography process used to
fabricate nickel nanoantennas. More complex shapes may be attained by
tilting and rotating the substrate in steps b), d) and/or e)

3.3.1 Hole-mask colloidal lithography

Colloidal lithography techniques are based on self-assembly of nanosized

spherical polystyrene (PS) particles to create masks for evaporation and/or

etching patterns into the substrate. They can be roughly split into two

different approaches: colloidal array and hole-mask. In the former, self

assembly methods are used to create periodic hexagonal arrays of closely

packed nanoparticles on the substrate. The latter method relies on ar-

ranging the nanoparticles randomly on the substrate. The electrostatic

repulsion between the surface charges of the polystyrene nanospheres re-

sults in a dilute and random arrangement of nanoparticles. Such ensem-

bles of randomly oriented nanoparticles were used in Publications I-III to

study the properties of individual nickel nanoantennas.

The hole-mask colloidal lithography process is depicted step by step in

figure 3.5. First, a resist layer of Poly(methyl-metacrylate) (PMMA) is

spin-coated on the substrate. The resist layer is briefly etched with oxygen

plasma to make it hydrophilic. The surface is charged with a PDDA solu-

tion (concentration 0.5%). This forms a thin adhesive layer on the resist

surface. The PS nanospheres in solution are then deposited on the surface

(figure 3.5a)). The electrostatic repulsion between the PS nanospheres
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and their attraction to the charged surface results in a pseudo-random ar-

rangement without long-range order. Due to their mutual repulsion, the

average separation between the nanospheres is fairly uniform [85].

Next, a thin protective film of gold is evaporated on top of the PMMA

layer and the PS nanospheres (figure 3.5b)). The PS nanospheres are then

stripped away using adhesive tape (figure 3.5c)). This leaves nanosized

holes in the gold film. Reactive oxygen plasma etching is subsequently

used to remove the PMMA at these holes to obtain a hole mask (figure

3.5d)). Finally, this mask is used to pattern the nickel nanospheres using

e-beam evaporation and lift-off (figures 3.5e) and 3.5f)).

Although the PS nanospheres are spherical in shape, the final struc-

tures are not restricted to circular shape. By changing the parameters

of the protective Au film (figure 3.5b), the etching process (figure 3.5d) or

the deposition geometry (figure 3.5e), various structures are possible. In

Publication II the elliptical antennas are obtained by tilting the sample

during the evaporation of the Au film. This resulted in an elongation of

the nanoholes along the tilt direction. More complex shapes are also pos-

sible. For example, rotation of the substrate during the final evaporation

step can be used to obtain ring- or split-ring resonators [86] while evapo-

ration from two distinct directions can be used to create dimers with well

controlled separation [85].

3.3.2 Electron beam lithography

Electrom beam lithograpy (EBL) uses a focused beam of electrons to write

patterns on a resist layer. The exposure to the electron beam changes the

solubility of the resist. Depending on the polarity of the resist, either

the exposed or non-exposed regions of the resist are then removed with a

solvent to obtain the desired mask for evaporation or etching. EBL can

potentially reach a very high resolution down to 10 nm, however, the need

to individually expose each part of the pattern limits the throughput.

Electron beam lithography is used to fabricate samples in Publications

IV-VI. The resist used was the same as in the HCL process, PMMA. It is

a positive resist: Exposure to the electron beam splits its polymer chains

which enhances the solubility of the exposed areas and enables their se-

lective removal with a developer. PMMA diluted in anisoile with 4 % con-

centration (PMMA A4) is spin-coated on the substrate with 4000 rpm to

form a layer with thickness of about 200 nm [87]. As the glass substrate

is not electrically conducting, a 10 nm layer of aluminum is evaporated
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on top of the resist to prevent electric charging during the electron beam

exposure.

The required dose was determined by patterning nanoparticle arrays

using several doses from 500 to 2000 μC/cm2. A dose of 1500 μC/cm2 re-

sulted in a well defined array of nanoparticles with the desired circular

particle shape. This dose is higher than those commonly encountered in

literature [87, 88], however, the required dose depends strongly on the

morphology of the exposed patterns. The standard test pattern in litera-

ture is a grating made of narrow, tightly spaced lines where larger doses

easily result in overexposure. On the other hand, when patterning an ar-

ray of nanodisks separated from each other by large (> 100 nm) distances,

the larger selectivity allowed by combination of a large dose and short

development time results in higher quality nanostructures.

After the exposure, the aluminum layer was removed by etching in 1:1

water:sulphuric acid solution and the resist was developed with a 1:3 so-

lution of methyl isobutyl ketone and isopropanol to create the mask for

nickel (or any other material) evaporation.

Examples of fabricated nanoparticle arrays are depicted in figure 3.6.

The random arrangement was achieved by generating a set of random co-

ordinates for the particles by a MATLAB script. A minimum particle to

particle distance was specified in the script which resulted in a spread out

particle arrangement that mimics the one obtained by HCL via electro-

static forces.

Hybrid arrays of noble metal and ferromagnetic nanoparticles used in

Publication V were fabricated with a double exposure EBL method to de-

fine the two sublattices. First, gold nanoparticles and alignment markers

were patterned by EBL. The nickel patterns were fabricated similarly af-

ter a careful alignment to the gold particles. An example of a hybrid array

is depicted in figure 3.6c).
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a)

b)

c)

1 μm

1 μm

1 μm

Figure 3.6. SEM images of nickel nanoparticles in a) random and b) periodic arrange-
ment. The image in c) shows a hybrid nickel-gold nanoparticle array with a
checkerboard pattern. The smaller gold particles have a nominal diameter of
80 nm and the larger nickel particles a nominal diameter of 120 nm.
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4. Numerical methods

4.1 Harmonic oscillator model

A driven harmonic oscillator provides an easily understandable analogy

to the localized surface plasmon resonances in metallic nanoparticles. It

consists of a mass (mSP ) attached to a system such as spring KSP that

provides a restoring force. An externally applied harmonic force F (t) =

F0e
iωt drives the mass into motion. This system is depicted in figure 4.1a).

The equation of motion for the mass is

F (t)−Kx− c
dx

dt
= m

d2x

d2t
, (4.1)

where x(t) is the displacement of the mass, K is the spring constant of

the restoring spring and c is the viscous damping coefficient that describes

the losses of the system. The undamped angular frequency of the system

is given by

ω0 =

√
K

m
(4.2)

and

ζ =
c

2
√
mK

(4.3)

is the damping ratio. Here, ω0 is directly connected to the LSPR fre-

quency and the damping ratio is an indication of its linewidth. The dis-

placement x(t) corresponds to the induced dipole moment.

The amplitude x0 of the displacement x(t) in equation 4.1 can be easily

solved by assuming a steady state solution of a form x(t) = x0e
iωt. Fig-

ure 4.2a) shows the amplitude and phase of a single oscillator depicted in

figure 4.1a) driven by a harmonic external force. Numerical values of the
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Constant Value(s) Unit Note

mSPx 1 kg

mSPy 1 kg

mDOx 1 kg

mDOy 1 kg

cSPx 1× 1015 Hz

cSPy 1× 1015 Hz

cDOx 2× 1013 Hz

cDOy 1× 1015 Hz

KSPx c): 9.9 a),b),d): 1.4 1031 kgs−2 These values are

determined by the

resonance frequency

ω0 =
√
k/m.

KSPy c): 5.6 a),b),d): 1.4 1031 kgs−2

KDOx b): 4.3 d): 6.2 1030 kgs−2

KDOy 3.2 1030 kgs−2

KRADx 5.7× 1030 kgs−2

KRADy 5.7× 1030 kgs−2

KSO 1.4× 1026 kgs−2 MO coupling 1 % of the LSPR

Fx/y 1 kgms−2 Applied to either mSPx or mSPy

Table 4.1. Values of the parameters used to obtain the response of the coupled oscillators
model shown in figure 4.2. Some of the constants have multiple values that
correspond to different oscillator configurations.

parameters are given in table 4.1. The results have been plotted as func-

tion of wavelength (related to frequency by λ = c/f , where c is the speed

of light in vacuum) to enable comparisons with results from the electro-

static models of chapter 2 and experimental results of chapter 5. At long

wavelengths (i.e. low frequency) the phase of the driven oscillator follows

the driving force. The maximum amplitude is attained at the phase of

π/2.

A single oscillator provides little insight on its own. However, when

additional oscillators are coupled to it, more advanced models can be

built. These can reproduce the behavior of surface lattice resonances

in nanoparticle arrays, magneto-optically active nanoparticles or systems

where both phenomena interact.

The surface lattice resonances introduced in section 2.5 arise from the

hybridization between the broad single LSPRs and the narrow diffracted

orders (DO) of the lattice. This interaction can be modeled by a system of
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a) b)

c)

d)

Figure 4.1. Spring-mass systems used to model the optical and magneto-optical response
of nickel nanoparticles and nanoparticle arrays. These systems correspond to
a) a single non-magnetic nanoparticle, b) a non-magnetic nanoparticle array
where the particles are coupled to the diffraction order (DO) via radiative
coupling (KRAD), c) a magneto-optically active single nanoparticle and d) an
array of magneto-optically active nanoparticles
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two coupled oscillators, as depicted in figure 4.1b). The second oscillator

with mDO and KDO describes the diffraction order. It is coupled to the

single particle oscillator by a spring that describes the radiative coupling

between particles in a periodic lattice. The equations of motion for this

system are

F −KRAD(xSP − xDO)−KSPxSP − cSP
dxSP
dt

= mSP
d2xSP
d2t

,

−KRAD(xDO − xSP )−KDOxDO − cDO
dxDO

dt
= mDO

d2xDO

d2t
.

(4.4)

The displacement of the mass mSP which corresponds to the magnitude

of the directly excited optical dipole in the nanoparticles and its phase are

shown in figure 4.2b). Again, the maximum amplitude is obtained when

the phase is π/2. The shape of the amplitude curve replicates the asym-

metric Fano-lineshape encountered in section 2.5 and in the experiments

of section 5.2. The linewidth of the resonance narrower than that of the

single resonator.

A system of two coupled oscillators also describes the magneto-optical

response of single ferromagnetic nanoparticles. A spring-mass system

that corresponds to this model is depicted in figure 4.1c). It consists of

two spring-mass systems that describe the plasmon resonances of the

nanoparticle in orthogonal directions, x and y. They are coupled to each

other by a spring KSO that describes the spin-orbit coupling in the nanopar-

ticle. This coupling results in an energy transfer between the two oscil-

lator systems in analogy to the spin-orbit interaction between the optical

and the magneto-optical dipoles introduced in section 2.3. The equations

of motion for the masses are

Fx −KSO(xSPx − xSPy)−KSPxxSPx − cSPx
dxSPx

dt
= mSPx

d2xSPx

d2t
,

KSO(xSPy − xSPy)−KSPyxSPy − cSPy
dxSPy

dt
= mSPy

d2xSPy

d2t
.

(4.5)

As the force Fx is driving the mass mSPx, it is called the driven mass

and mSPy the non-driven mass. These correspond to the directly excited

optical dipole dO and the magneto-optical dipole dMO that arises from the

spin-orbit coupling. The roles are reversed when the external force is

applied on mSPy. The quantities that correspond to the Kerr rotation and

Kerr ellipticity are given by real and imaginary parts of the ratios of the

displacements
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a) b)

c) d)

e) f )

Figure 4.2. Optical and magneto-optical response of driven spring-mass systems de-
picted in figure 4.1. a) describes the amplitude and phase of the optical
response of a single nanoparticle, b) the amplitude and phase of the opti-
cal response of a periodic array of nanoparticles, c) and d) the amplitude and
phase of the optical response and the magneto-optical Kerr rotation and el-
lipticity of an elliptical nanoparticle and e) and f) the amplitude and phase of
the optical response and the magneto-optical Kerr rotation and ellipticity of
periodic array of circular (isotropic) nanoparticles. These results have been
obtained by solving the equations of motion by Wolfram Mathematica using
parameters in table 4.1.
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θ = Re
xSPy

xSPx
(4.6)

ε = Im
xSPy

xSPx
, (4.7)

when the driving force is applied on the mSPx.

When the resonance frequencies of the two oscillators that describe the

orthogonal LSPRs of the single nanoparticle are different, the system

describes the behavior of an ellipsoidal nanoparticle. The optical and

magneto-optical response of such a system is depicted in figure 4.2c) and

d). Clearly, the optical response, that is the amplitude of the driven mass,

is determined by the properties of the driven oscillator. However, the ratio

of the amplitudes of the non-driven mass to the driven mass is determined

by the properties of the non-driven system. Thus, the oscillator system

replicates the theoretical and experimental observation that the optical

response of a single nanoparticle is governed by the LSPR parallel to the

polarization of the incident radiation, but its magneto-optical response is

determined by the LSPR orthogonal to the polarization of the incoming

electromagnetic wave.

Finally, a system that combines magneto-optical activity with surface

lattice resonances is depicted in figure 4.1d). Like the previously dis-

cussed magneto-optically active nanoparticle, it consists of two orthogonal

systems coupled to each other via a spring that describes the spin-orbit

coupling. The properties of the oscillators that describes the diffraction

order of the lattice are now slightly different. This corresponds to a rect-

angular lattice. The equations of motion for this system combine those of

the previous two systems

Fx +KRADxΔxDOx
SPx −KMOΔxSPy

SPx −KSPxxSPx − cSPxẋSPx = mSPxẍSPx,

KRADxΔxDOy
SPy +KMOΔxSPy

SPx −KSPyxSPy − cSPyẋSPy = mSPyẍSPy,

−KRADxΔxDOx
SPx −KDOxxDOx − cDOxẋDOx = mDOxẍDOx,

−KRADyΔxDOy
SPy −KDOyxDOy − cDOyẋDOy = mDOyẍDOy,

(4.8)

where a short-hand notation Δj
i = xi − xj has been used to simplify the

expressions.

The optical and magneto-optical response of the system is depicted in

figures 4.2e) and f). The optical response of the system is dominated by the

properties of the driven oscillator. Similarly to the elliptical nanoparticles,
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the magneto-optical activity is again determined by the properties of the

non-driven oscillator. In particular, the transfer of energy to the non-

driven oscillator is strongly enhanced at its resonance frequency, which

is now determined by the interplay between the single particle oscillator

mSPi and the diffracted order oscillator mDOi.

The exact solutions of the equations of motion are not given here. They

are discussed in detail in the Supplementary Note 1 of Publication IV.

The analytical solutions show how the ratio of the non-driven oscillator

to the driven oscillator depends only on the parameters of the non-driven

oscillator. Thus, it is in line with the results shown in figure 4.2f) and the

experimental results in section 5.2.

The simple analytical model of coupled oscillators underlines the role

of resonances in the energy transfer from the driven oscillator to the

non-driven oscillator. It reproduces the experimental results discussed

in chapter 5 with acceptable accuracy. It should be noted that the param-

eters of table 4.1 used in solving the equations of motion are independent

of frequency, which is not the case of real materials, as was shown in sec-

tion 2.1.3. A more accurate reproduction of the experimental results could

no doubt be achieved by varying the parameters as functions of frequency.

4.2 Discrete dipole approximation

Discrete dipole approximation (DDA) is a method for obtaining the opti-

cal properties of materials by approximating them with an array of point

dipoles [89]. When the coordinates and polarizabilities of the individual

dipoles are known, the scattering and absorption properties of the whole

structure can be solved exactly. This makes DDA an ideal method for

calculating the optical properties of plasmonic nanoparticle arrays. The

polarizabilities of individual nanoparticles are already described in chap-

ter 2 of this thesis. The physical system under study here is an array of

nanoparticles separated from each other by several hundreds of nanome-

ters. In this geometry, the approximation of each nanoparticle as a point

dipole is close to reality. The DDA method can also be used to calculate

the optical properties of continuous media. However, the approximation

of a dense continuum target as an array of point dipoles is less straight-

forward and has been discussed in [90–92].

The objective of DDA is to calculate the dipole moment pi for N point

dipoles. This can be easily done by using the nanoparticle polarizabilities
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once the electric field amplitudes at each dipole location are known. The

main challenge arises from the fact that the dipoles re-radiate and con-

tribute to the electric fields on other dipoles. This leads into expression

Ei = Einc,i −
∑
j �=i

AijPi. (4.9)

Here, the first term Einc,i is the incident radiation field and the second

term the contributions of other (N−1) dipoles. It contains the 3N×3N in-

teraction matrix Aij that describes the dipole-dipole interaction between

a receiving dipole at ri and a radiating dipole at rj . The above equation

can be simplified by recognizing that Ei = α−1
i Pi = AiiPi, where Aii is a

3N × 3N block diagonal matrix that consists of the inverses of the 3 × 3

polarizability matrices of the N dipoles.

Solving for Pi therefore requires solving a linear system of 3N equations

Einc,i = AiiPi +
∑
j �=i

AijPi =
N∑
i=1

AijPi (4.10)

Or, in more expanded form

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Einc,1,x

Einc,1,y

Einc,1,z

Einc,2
...

Einc,N

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎛
⎜⎜⎜⎝

α1,xx α1,yx α1,zx

α1,xy α1,yy α1,zy

α1,xz α1,yz α1,zz

⎞
⎟⎟⎟⎠

−1

A12 · · · A1N

A21 α−1
2 · · · A2N

...
... . . . ...

AN1 AN2 · · · α−1
N

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

P1,x

P1,y

P1,z

P2

...

PN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

The form of αi highlights a crucial point for DDA calculations for magneto-

optical materials. The polarizability tensor is not diagonal unlike the po-

larizability tensors in e.g [90, 93]. For typical magneto-optical materials

it is nevertheless diagonally dominant (i.e. the magnitude of any diago-

nal entry is greater than or equal to the sums of magnitudes of all non-

diagonal entries) which is sufficient to guarantee that its inverse exists

via the Levy-Desplanques theorem [94]. The polarizability tensors for in-

dividual nanoparticles can be obtained by methods presented in chapter

2 or by a more rigorous method presented in Publication I.

The values of the elements of the interaction matrices Aij can be ob-

tained from the expression of the electric field at position r emitted by a

radiating dipole with dipole moment p [39]
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E(r) =
1

4πε0

(
k2(r̂ × p)× r̂

eikr

r
+ (3r̂(r̂ · p)− p)

(
1

r3
− ik

r2

)
eikr

)
, (4.11)

where the position vector r is split into a scalar r and a unit vector r̂. By

applying the vector identity (r̂ × p)× r̂ = p(r̂ · r̂)− r̂(r̂ · p) the expression

can be simplified to the following 3× 3 interaction tensor [90]

Aij =
eikrij

rij

(
k2(r̂ij r̂ij − I3) +

ikrij − 1

r2ij
(3r̂ij r̂ij − I3)

)
, i �= j, (4.12)

where I3 is the 3 × 3 identity matrix and r̂ij r̂ij is the dyadic product

of unit vector r̂ij . The resulting interaction tensor Aij is related to the

Green’s tensor Gij of the electric field from the radiating dipole by Aij =

k2Gij [92]. As equation 4.11 is derived from Maxwell’s equations, the

actual dipole-dipole interactions calculated in DDA are exact. The only

approximation needed up to this point is the use of an array of discrete

point dipoles.

Once the coordinates of the discrete dipoles are defined, equation 4.12

can be used to fill the off-diagonal block elements of Aij and a self-consistent

solution to equation 4.10 can be found by solving a linear system of 3N

equations to obtain the N dipole moments. A selection of free and com-

mercial solutions have been used to carry out this task [95].

After the dipole moments have been calculated, the extinction and ab-

sorption cross sections can be evaluated using [96]

σext =
4πk

|E0|2
N∑
i=1

Im(E∗
inc,i · Pj), (4.13)

σabs =
4πk

|E0|2
N∑
i=1

(
Im(Pi · (α−1

i )∗P ∗
i − 2

3
k3|Pi|2

)
. (4.14)

From these equations, the scattering cross section can be obtained using

σsca = σext − σabs. The calculated response represent the cross section of

the entire nanoparticle array. For an array of identical nanoparticles, the

solution can be normalized by the number of nanoparticles N to obtain

single particle quantities comparable to those given by equations 2.15,

2.16 and 2.16. In Publication IV, the experiments are carried out in re-

flection geometry at a normal incidence. In this geometry the induced

dipole moments can be used to calculate the scattered field in the same

direction with
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Esca = k2
eikr

r

N∑
i=1

(I − r̂r̂)pi. (4.15)

The reflection spectra can now be calculated by taking the modulus

squared of the scattered field and dividing it by the modulus squared of

the incident field.

The calculation of the magneto-optical properties requires an investi-

gation of the polarization components of the scattered field. In general,

this is a rather complex task due to the fact that the near field dipole-

dipole interactions may also induce polarization changes that must be

distinguished from those caused by the magneto-optical effects. A reli-

able approach to isolate the magneto-optical effects mimics the experi-

mental procedure where the magnetization of the sample is reversed. In

the DDA model, this is achieved by reversing the sign of the magnetiza-

tion in equation 2.28. This reverses the sign of the off-diagonal elements

in the polarizability tensor of the individual dipoles. Magneto-optical ef-

fects can then be extracted by comparing the difference between induced

dipoles in nanoparticles with opposite magnetization directions.

In Publication IV and Publication V the incident radiation is polarized

along one of the principal axes (x-axis) of the system. Due to the large sep-

aration between the nanoparticles, the re-radiated fields from the other

dipoles retain their polarization and any polarization rotation originates

from the off-diagonal polarizability components of the nanoparticles. This

can be easily confirmed by setting these values to zero and observing that

no polarization changes take place in the array without off-diagonal com-

ponents in the polarizability tensor.

The Kerr rotation and Kerr ellipticity can be calculated by simply taking

the ratios of the scattered fields which, in the case of normal incidence, is

equal to taking the ratios of average induced polarizations.

θ = Re

(
p̄y
p̄x

)
, (4.16)

ε = Im

(
p̄y
p̄x

)
. (4.17)

Here, the calculated dipole moments along x- and y-directions, px and

py are equivalent to the optical and magneto-optical dipoles introduced in

section 2.3.

To summarize, the discrete dipole approximation (DDA) can be extended

to describe magneto-optical materials by introducing off-diagonal elements
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to the polarizability tensors of the dipoles. While the method is particu-

larly suitable for (dilute) arrays of metallic nanoparticles where the ap-

proximation of single particle with a discrete point dipole is very close to

reality, it is by no means limited to such systems.
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5. Experiments with nickel
nanoparticles

Optical and magneto-optical properties of nickel nanoparticles are modi-

fied by the excitation of plasmon resonances. Presence of magnetization

and plasmon resonances within the same nanostructure makes their re-

lationship easy to understand. The key model is the two-dipole model

introduced in section 2.3 and developed in Publication II. It models the

magneto-optical response of a single magnetized nanoparticle by a sys-

tem of two coupled electric dipoles. The impinging electric field directly

excites an optical dipole (dO) dipole along its axis of polarization. At the

same time, a transverse magneto-optical dipole emerges (dMO) due to the

spin-orbit interaction.

This chapter is organized somewhat in parallel with Chapter 2. There,

the theoretical framework for understanding the optical and magneto-

optical response of magnetized metallic nanoparticles is established start-

ing from a quasi-static model of plasmon resonances. The experimental

methods used are presented in Chapter 3.

The presence of the plasmon resonances in nickel nanoparticles is first

confirmed by their optical properties. The two-dipole model is then put

to test in elliptical nanoparticles where the polarizabilities for the optical

and magneto-optical dipoles are different from each other. Next, surface

lattice resonances and their influence on the magneto-optical properties

of periodic particle arrays are explored. The magnetic circular dichroism

is used to directly probe the influence of magnetization on the plasmon

resonance frequencies. Finally, a hybrid array of noble metal and nickel

nanoparticles is explored with the aim to combine magneto-optical ac-

tivity with the more intense and narrower plasmon resonances in noble

metals.
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5.1 Nickel nanoparticles

The first studies on localized surface plasmon resonances in ferromag-

netic nanostructures were carried out by Bonanni [31] and Chen [32].

Chen concluded that nickel nanoparticles indeed support localized surface

plasmon resonances by studying the near-field response of nickel nanoan-

tennas using scattering-type scanning near-field optical microscopy (s-

SNOM). Near field microscopy images reveal two distinct bright spots in

the nickel nanodisks. They are out of phase by π and aligned along the

polarization direction of the incident light and were identified as dipolar

excitations associated with the plasmon resonances.

Bonanni explored the possibility of tailoring the magneto-optical proper-

ties of the nanoantennas by changing their size and aspect ratio. She also

already pointed out that the magneto-optical response of the nanoanten-

nas is sensitive to the refractive index of its environment, which later ma-

tured into a proposed application where magneto-optically active nanopar-

ticles are used as label-free biosensors [36].

In addition to near field methods, far field extinction spectra were used

to explore plasmon resonances in nickel nanoantennas. Equation 2.11

indicates that a distinctive enhancement of polarizability is expected at

the plasmon resonance frequency which gives rise to identifiable peaks in

both scattering and absorption spectra (Eqs. 2.14 and 2.15).

Figure 5.1a) depicts experimental extinction spectra of nickel nanodisks

with three different diameters: 90, 120 and 160 nm. The thickness of all

nanodisks is 30 nm. The samples are fabricated by electron beam lithog-

raphy using a list of random coordinates to arrange the nanoparticles.

This resulted in dilute, randomly arranged ensembles of nanoparticles

on a glass substrate with characteristics that are similar to those of the

samples fabricated with hole-mask colloidal lithography in Publications

I-III. In contrast to the experiments carried out in Publications I-III, the

nanodisks were immersed in index matching oil with refractive index of

n = 1.51 to provide a symmetric dielectric environment. Because there is

no long- or short range order in the patterned nanostructure, the parti-

cles can be considered non-interacting and their extinction spectrum rep-

resents the optical properties of a single nanoparticle. A red shift of the

extinction maximum is observed with increasing particle size. This can be

attributed to the dynamic depolarization (see section 2.1.4) that originates

from de-phasing of radiation emitted by different parts of the particle. A
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similar red-shift is clearly visible in figure 2.4 that shows polarizabilities

of nickel nanoparticles with various diameters calculated with equation

2.11.

The samples all have the same number of particles, however, their fill-

ing fractions are quite different, 3,1%, 5,6% and 10,0 %, because of the

difference in particle size. This variation explains the scaling of the ex-

perimentally measured extinction values.

The nickel nanoparticles are ferromagnetic and consequently magneto-

optically active. Their magneto-optical properties were investigated in re-

flection geometry using the magneto-optical Kerr spectrometer described

in section 3.2. The experiments were carried out in the polar magneto-

optical Kerr geometry where the magnetization of the samples is satu-

rated along the out-of-plane directions and the angle of incident light is

close to zero with respect to the substrate normal.

Figures 5.1b) and c) depict the magneto-optical response of the nickel

nanoparticles. A red shift in the zero crossing of the Kerr ellipticity can

be observed when the particle size is increased. The maximum value of

the Kerr rotation follows a similar course. This resembles the red shift

of the extinction maximum in panel a). The results indicate that the

magneto-optical response of the nanoparticles is strongly influenced by

the excitation of LSPR.

5.1.1 Elliptical nickel nanoparticles

While the experiments on circular nickel nanodisks indicate that their

magneto-optical and optical properties are strongly correlated, their rota-

tional symmetry does not allow for any detailed conclusions on the effect

of polarizability on the magneto-optical response. The symmetry is bro-

ken in elliptical nanodots where the polarizabilities along the two princi-

pal axes are different.

Figure 5.2a) depicts experimental extinction spectra of nickel nanoellip-

soids with axes Dx = 90 nm, Dy = 160 nm and Dz = 30 nm. Equation

2.6 indicates that the plasmon resonance frequency is no longer indepen-

dent of polarization direction of the incident radiation. Instead, the plas-

mon resonance is blue-shifted when the incident radiation is polarized

along the short axis (here, the x-axis) of the nanoparticle and red-shifted

when the polarization direction of the incident radiation is aligned with

the longer axis (here, the y-axis).

In section 2.3, the magneto-optical response of a nickel nanoparticle was
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a)

b)

c)

Figure 5.1. a) Exintiction spectra of randomly distributed nickel nanodisks on glass im-
mersed in index matching oil with n = 1.51. b) Kerr ellipticity and c) rotation
of the nanodisk samples
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a)

b)

Figure 5.2. a) Extinction spectrum of elliptical nickel nanodots on glass immersed in in-
dex matching oil with n = 1.51 for two different polarization directions of
incident radiation. b) Magneto-optical Kerr rotation and Kerr ellipticity of
the elliptical nanoparticles
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modeled with a system of two coupled orthogonal dipoles: The directly ex-

cited optical dipole (dO) and the transverse magneto-optical dipole (dMO).

Simple arguments from geometry then suggest that the amplitude and

phase of the magneto-optical dipole are determined by the polarizability

orthogonal to the polarization of the incident electromagnetic wave.

Because the polarizabilities along x- and y-directions are different, the

LSPR is not excited at the same wavelength for the optical and magneto-

optical dipoles. This is shown in figure 5.2b) where the magneto-optical

response of an elliptical nanoparticle for x- and y-polarized incident radia-

tion is depicted. Contrary to the optical spectrum of panel a), the magneto-

optical spectrum is blue-shifted when the incident radiation is polarized

along the long axis of the nanoparticle. The experimental results on the

elliptical nickel nanoparticles thus validate the idea that magneto-optical

response is determined by the polarizability along the axis of the magneto-

optical dipole dMO. This result was first reported in Publication II where

a more detailed discussion on the magneto-optical response of elliptical

nickel nanoparticles can be found.

5.2 Periodic nickel nanoparticle arrays

Periodic particle arrays composed of 120 nm diameter particles were pre-

pared using electron beam lithography method introduced in section 3.3.2.

Although self-assembly methods can be used to create periodic patterns

of nanostructures [97] that can support surface lattice resonances [98],

the advantage of EBL over these methods is the large degree of control

that can be exerted over the arrangement of the nanostructures. It places

practically no restrictions to the type of lattice or particle shape and was

therefore an obvious choice for creating the rectangular arrays of nickel

nanoparticles that were used to study the influence of surface lattice res-

onances on the magneto-optical response in Publication IV.

Radiative coupling in periodic particle arrays gives rise to more nar-

row and intense surface lattice resonances. To comprehensively investi-

gate the effect of the lattice geometry on the optical and magneto-optical

properties of the particle arrays, 4 arrays with different periodicities were

fabricated. One array was fabricated with square lattice geometry and a

periodicity of 400 nm in both x- and y-directions. To break the symme-

try of the system, the other three arrays were fabricated with rectangular

geometry. The periodicity along the y-direction was varied (py = 460, 480
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and 500 nm) while the periodicity along the x-axis was kept the same (px
= 400 nm). A control sample where the nanoparticles were randomly ar-

ranged was also fabricated. The diameter of all particles was 120 nm and

thickness 90 nm.

The optical and magneto-optical properties of the periodic particle ar-

rays were then investigated in reflection geometry with normal angle

of incidence which has the advantage that the relationship between the

optical dO and magneto-optical dipole dMO excitations in the array and

the scattered fields can be assessed easily. The electric field radiated at

each polarization state is proportional to the corresponding dipole mo-

ment Ei ∝ di and the magneto-optical response is given by the real and

imaginary parts of the ratio of the orthogonal dipole moments as in equa-

tion 2.31.

Figures 5.3a) and b) depict the optical reflectivity of the periodic nickel

particle arrays illuminated by x- and y-polarized light as well as the result

for a random distribution of nickel particles with same size. An asymmet-

ric lineshape indicative of surface lattice resonance is obtained for the

periodic samples while no comparable features are present in the spec-

trum of the randomly distributed particles. The experimental results are

reproduced in figure 2.10c) in section 2.5, where the resonant features

emerge from coupling between the localized surface plasmon resonances

of individual nanoparticles via the diffractive orders of the lattice.

Figure 5.3a) shows the optical reflectivity of the periodic arrays illumi-

nated by light polarized along the x-direction. Reflectivity minimums are

located at 606, 695, 726 and 755 nm. These correspond to the <+1,0>

and <-1,0> diffraction orders of the lattice along the y-direction given by

relation λDO = npy. The reflectivity minimums are followed by a sharp

Fano-shaped resonance that red-shifts as the sample periodicity along the

y-direction is increased.

However, no such red-shift is observed when the same sample is illu-

minated with y-polarized radiation (figure 5.2b)). This result can be ex-

plained by the radiation pattern that is emitted by the nanoparticles. The

individual nanoparticles can be considered as dipole antennas, and the

radiation pattern of a dipole antenna is maximized perpendicular to the

dipole excitation axis. Thus, the optical response of the lattice is governed

by the periodicity perpendicular to the polarization of the incident radia-

tion.

This is clearly not the case for the magneto-optical response, as illus-
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Figure 5.3. Reflectivity and magneto-optical Kerr rotation and ellipticity of the periodic
nickel nanoparticle arrays measured with excitation with x-polarized (left
column) and y-polarized (right column) radiation. The schematics above the
columns illustrate the direction of the incident polarization and the induced
optical (red) and magneto-optical (blue) dipole moments. Grey curves indi-
cate results from the randomly oriented particles with the same dimensions.
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trated by the magneto-optical Kerr rotation spectra of figures 5.3c) and

d). As opposed to the optical spectra, the red shift of the magneto-optical

surface lattice resonance is now witnessed for incident radiation polar-

ized along the y-axis. The result indicates that the orthogonal, magneto-

optical dipoles also couple to each other. The lattice direction along which

they couple is parallel to the polarization of the incident radiation, that

is, orthogonal to the coupling direction of the optical dipoles.

The magneto-optical Kerr ellipticity of the nanoparticle arrays is shown

in figures 5.3e) and f). Likewise, their features are determined by the pe-

riodicity parallel to the polarization of incident radiation. The ellipticity

curves of the periodic arrays can be seen to lay on top of each other when

they are illuminated by x-polarized radiation while a feature that follows

the y-periodicity is seen when the arrays are illuminated with y-polarized

radiation. Two zero crossings are observed in the ellipticity spectra: first

one at the diffraction order parallel to the polarization of the incident ra-

diation, and a second one at the magneto-optical surface lattice resonance,

coinciding with maximum of rotation. This bears similarity to the results

of isolated nanoparticles where an ellipticity zero crossing was observed at

localized surface plasmon resonance. The features of the ellipticity spec-

tra can be explained by the magnetic circular dichroism and are explicitly

investigated in the next section.

The excitation of the orthogonal magneto-optical dipole leads to a cross-

coupling between SLR excitations along the orthogonal lattice directions.

Additional insight into this phenomenon can be gained by the harmonic

oscillators model introduced in section 4.1 where a periodic lattice of mag-

neto-optically active nanoparticles is modeled using a system of four cou-

pled oscillators. Figures 4.2e) and f), which depict the optical and magneto-

optical response of the system, replicate the main spectral features of the

experimental results.

The material properties of nickel put a limit to the intensity of the

LSPRs. Ohmic losses lead to broad LSPRs and therefore it is not ob-

vious that such lossy resonators could support the excitation of surface

lattice resonances in periodic lattices. However, the experimental results

presented here and in Publication IV demonstrate that this is indeed pos-

sible and that losses in individual nanoparticles can be compensated by

taking advantage of collective resonances in periodic particle arrays.
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5.3 Magnetic circular dichroism

Magnetic circular dichroism (MCD) directly probes how magnetization

shifts the plasmon resonance wavelength of the nanoparticles. In non-

magnetized nanoparticles, the frequencies of plasmon resonances for left-

and right-hand circularly polarized modes are degenerate. Magnetiza-

tion alters the confinement felt by the electrons in circular motion via

the Lorenz force which causes the more strongly confined mode to blue

shift and the more weakly confined mode to red shift. A comprehensive

description of the effects can be found in section 2.4 and Publication VI.

In the experiments, the polarization of the incident radiation is modu-

lated between left- and right-hand circularly polarized states to measure

the difference in transmittance. An out-of-plane magnetic field is used to

saturate the magnetization of the samples in opposite out-of-plane direc-

tions. By subtracting the signals for negative and positive magnetic sat-

uration, any non-magnetic contributions to the circular dichroism signal

are eliminated. Section 3.2.3 describes the experimental setup in more

detail.

The sample with randomly distributed nickel nanoparticles gets an en-

core here, as it is once again used to explore the behavior of single nanopar-

ticles. The optical extinction (E = 1− T ) and magnetic circular dichroism

of random nickel nanoparticles with a diameter of 120 nm and a thickness

of 30 nm is depicted in figure 5.4a). In the extinction spectrum a LSPR can

be identified by the maximum of extinction at 700 nm. The magnetic cir-

cular dichroism spectrum has the typical derivative lineshape that results

from the subtraction of two slightly shifted extinction spectra. It crosses

zero at the plasmon resonance frequency of a non-magnetized nanopar-

ticle. Due to the variation in the magneto-optical coupling strength Q of

nickel as function of wavelength, the observed lineshape is not symmetric

but instead is somewhat enhanced in the near-infrared region.

Figure 5.4b) shows extinction spectra of periodic particle arrays with

three different periodicities: 400, 450 and 500 nm with an extinction min-

imum at 609, 685 and 762 nm, respectively. These correspond to the

diffraction orders of the lattice and are followed by intense and asym-

metric features similar to those seen in the reflectivity curves of 5.3a) and

b) in the previous section. These features are collective modes of the pe-

riodic array known as surface lattice resonances and arise from radiative

coupling between the dipole excitations in individual nanoparticles. Addi-
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Figure 5.4. a) Measured extinction (black) and magnetic circular dichroism (red) spectra
of randomly oriented nickel nanoparticles b) Extinction spectra of periodic
nickel nanoparticle arrays with periodicities of 400 nm (black), 450 nm (red)
and 500 nm (green). c) Magnetic circular dichroism spectra of the periodic
nickel nanoparticles (color coding as in b))
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tionally, in the array with 500 nm periodicity a minimum that corresponds

to a diagonal diffraction order is observed at 538 nm. The magnetic cir-

cular dichroism spectra of figure 5.4c) reflect the asymmetric lineshape

of the extinction spectra. A sign reversal of MCD signal is now observed

at the maximum of the extinction that coincidences with the frequency of

the surface lattice resonance.

The MCD spectra are strikingly similar to the ellipticity spectra seen in

the previous section where linearly polarized light was used to probe the

magneto-optical response of comparable nickel nanoparticles and nanopar-

ticle arrays (figure 5.3f)). This similarity can be explained by treating lin-

early polarized light as a superposition of two circularly polarized beams

with opposite handedness and equal amplitude [65, p. 126]. The symme-

try between these beams is broken in magnetized nanoparticles and, as

a result, one of the constituent beams is more strongly absorbed or scat-

tered, leading into an elliptically polarized reflected or transmitted wave.

Magnetic circular dichroism directly probes this symmetry breaking and

thus, the Kerr or Faraday ellipticity.

5.4 Hybrid arrays of gold and nickel nanoparticles

Several authors have demonstrated plasmonic nanoantennas with magneto-

optical properties by integrating ferromagnetic nanoparticles with other,

less lossy optical elements made of noble metals. This has been accom-

plished by taking advantage of near field coupling in ferromagnetic-noble

metal dimers [19, 99–101] or by the fabrication of core-shell nanoparti-

cles where one of the layers is magneto-optically active [58, 59, 102]. The

dimer structures rely on near field coupling that tapers off when the sep-

aration is increased. The results presented in the previous sections of this

thesis open up the prospect of combining the intense optical resonances in

noble metals with magneto-optically active materials by taking advantage

of far field coupling in periodic particle arrays.

To explore the possibility of integrating magneto-optical activity with

the intense plasmon resonances of noble metal nanoparticles using collec-

tive resonances in periodic particle arrays, hybrid lattices of noble metal

and ferromagnetic nanoparticles in a checkerboard pattern were fabri-

cated. The use of two different metals required two electron beam ex-

posures to pattern the subarrays of the lattice. First, gold nanoparticles

and alignment markers were patterned by EBL. The nickel patterns were
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Figure 5.5. Checkerboard array of nickel (grey) and gold (yellow) nanoparticles. Incident
light excites optical (red) and magneto-optical (blue) dipoles in the nanopar-
ticle array. The dipoles couple to each other, resulting in optical (red) and
magneto-optical (blue) surface lattice modes that propagate along orthogonal
directions in the array.

then fabricated with careful alignment to the gold particles. To find out

how the LSPRs of nickel and gold nanoparticles radiatively couple with

each other, the diameter of the gold nanoparticles was varied from 80 to

120 nm to shift the LSPRs of the gold particles. A schematic of the exper-

imental system is depicted in figure 5.5.

The arrays were characterized using the setup introduced in section 3.2.

A linearly polarized electromagnetic wave with the polarization axis along

the x-axis was used to probe the optical and magneto-optical response.

To exclude any diamagnetic contribution from the glass substrate or the

gold nanoparticles [67, 103], the magnetization of the samples was fully

saturated and any linear diamagnetic components were subtracted from

the hysteresis loops.

Figure 5.6 depicts the main experimental findings on the hybrid checker-

board arrays as well as control arrays made of nickel or gold only. Figure

5.6a) clearly shows that the surface lattice resonances of hybrid arrays

are more narrow and intense compared to those of pure nickel arrays. The

presence of nickel does contribute to damping, however, which makes the

resonances less intense than those of the pure gold arrays. Additionally,

a shift in the wavelength of the maximum reflectivity is observed when

nickel particles are introduced to the gold array. This is highlighted by

the vertical lines in the figure 5.6a).

Figure 5.6b) depicts the reflectivity of the hybrid and gold arrays with

the smallest gold particles. Their reflectivity is considerably smaller than

in the arrays with larger particle sizes due to enhanced scattering in large

77



Experiments with nickel nanoparticles

particles. However, the localized surface plasmon resonances in smaller

gold particles are less damped and thus they support a very narrow lattice

mode that also dominates the reflectivity spectrum of the hybrid array.

The magneto-optical response of the pure nickel and hybrid arrays is

depicted in figure 5.6c). The Kerr angle, i.e., ratio of the amplitudes of the

magneto-optical dipole and the optical dipole, is used here. It combines

Kerr rotation θ and ellipticity ε by Φ =
√
θ2 + ε2. The MO response of

the hybrid arrays is somewhat diluted in comparison to that of the pure

nickel array. Nevertheless, the magneto-optical resonse of all the arrays is

influenced by the collective surface lattice resonances, as evidenced by the

typical asymmetric Fano-lineshape of the magneto-optical spectra, which

suggests that the radiative coupling within the lattice plays a crucial role

here.

The magnitude of an average magneto-optical dipole induced in the

nanoparticles can be isolated from the experimental results by multiply-

ing the Kerr angle by the square root of the optical reflectivity. This yields

a quantity that is proportional to the orthogonal magneto-optical dipole

moment. The resulting spectra in figure 5.6d) feature a shift of the max-

imum of the magneto-optical mode with gold particle size. Furthermore,

despite the fact that the ratio of the magneto-optical dipole to the optical

dipole is smaller in hybrid arrays, the absolute magnitude of the magneto-

optical dipole moment at the surface lattice resonance is comparable to

that of the pure nickel array. This result can only be explained if the

gold nanoparticles also contribute to the magneto-optical surface lattice

resonance mode.

The contribution from the gold nanoparticles to the magneto-optical ac-

tivity can be further analyzed by numerical calculations using the dis-

crete dipole approximation introduced in section 4.2. The polarizabilities

of the nanoparticles were calculated using the MLWA method introduced

in Publication II using experimentally measured material properties for

nickel and gold [47, 104]. Magneto-optical effects of the nickel nanopar-

ticles were modeled via off-diagonal elements in the polarizability tensor.

The particle arrays were surrounded by a homogeneous medium with re-

fractive index of n = 1.51 and they were illuminated with a normal inci-

dent linearly polarized electromagnetic wave. As the dipoles induced in

nickel and gold nanoparticles are different, the simple analytical solution

of equation 2.35 used in section 2.5 cannot be used. Instead, the entire

system of equations depicted in equation 4.10 was solved.
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Figure 5.6. Experimental results of hybrid gold-nickel nanoparticle arrays. The diameter
of the nickel particles is the same in all arrays (DNi = 120 nm) while the
diameter of the gold particles is varied from 80 to 120 nm. a) Reflectivity
of the nickel (gray), gold (dashed colored lines) and the hybrid arrays (solid
colored lines). b) A close up of the reflectivity of the array with smallest
gold particle size (DAu = 80 nm c) Magneto-optical Kerr angle of the nickel
and hybrid arrays d) Magnitude of the average magneto-optical dipole in the
arrays.
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Figure 5.7. DDA calculations. a) Reflectivity of the nickel (gray), gold (dashed colored
lines) and the hybrid arrays (solid colored lines). The results are normal-
ized to the maximum reflectivity of the gold array with DAu = 120 nm. b)
Magneto-optical dipole in the nickel and hybrid arrays. c) Contributions
from the nickel (solid lines) and gold (dotted lines) sublattices to the magneto-
optical dipole in b). b) and c) are normalized to the maximum magneto-optical
dipole strength in the pure nickel array.
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The results from the DDA calculations are shown in figure 5.7. The nu-

merical model reproduces the reflectivity and magneto-optical properties

of the hybrid arrays. Equation 4.10 involves finding the dipole moments of

each nanoparticle in a finite (40×40) array. Therefore it is possible to sep-

arate individual contributions from the nickel and gold sublattices, as de-

picted in figure 5.7c). Despite the lack of intrinsic magneto-optical activ-

ity in the gold particles themselves, a transverse magneto-optical dipole

is induced via far-field diffractive coupling with the nickel particles in the

hybrid array.

The excitation of an orthogonal dipole in the gold nanoparticles is con-

siderably enhanced at the surface lattice resonance frequency. These re-

sults indicate that the magneto-optical activity of nickel particles gives

rise to a magneto-optical lattice mode that propagates along the direction

parallel to the polarization of incident radiation. The magneto-optical

lattice mode involves also the gold sublattice of the array and induces a

magneto-optical dipole moment in the gold nanoparticles.
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6. Summary

The relationship between plasmon resonances and magneto-optics in fer-

romagnetic nanostructures was examined in this thesis. In the first part

of the thesis, theoretical models of plasmon resonances in metallic nanopar-

ticles and nanoparticle arrays were introduced. The models were used to

predict the existence of plasmon resonances in nickel nanoparticles as

well as in nanoparticle arrays. Then, the experimental and numerical

methods that were used in the study were reviewed

Experiments on circular ferromagnetic nickel nanodisks began by ex-

amining the optical properties of randomly oriented nickel nanoantennas

with the objective to explore the characteristics of a single nanoparticle. A

broad but recognizable extinction maximum that red-shifted with increas-

ing particle size was observed. The modified long wavelength approxima-

tion developed in Publication I explains the shift in the plasmon resonance

by an increased dynamic depolarization in larger particles. The red shift

of the plasmon resonance frequency with particle size was accompanied by

a corresponding shift in the magneto-optical response, indicating a strong

link between these two properties.

Elliptical nickel nanoparticles were studied in Publication II to provide

further information on the relationship between the optical and magneto-

optical properties. Due to the different polarizabilities along the major

axes of an ellipse, the system is not rotationally symmetric. This brought

about an interesting discovery: optical properties of nickel nanoparticles

depend on the polarizability parallel to the polarization of the incident

radiation while the magneto-optical properties are determined by the po-

larizability orthogonal to it. The magneto-optical response of elliptical

nickel nanoparticles can be modeled by an intuitive model that consists

of two coupled orthogonal dipoles. The optical dipole dO is directly ex-

cited by the electric field of the incident radiation while the orthogonal
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magneto-optical dipole dMO arises from an intrinsic spin-orbit interaction

within the nanoparticle. The polarization characteristics of the radiation

scattered by the nanoparticle, i.e., the magneto-optical Kerr rotation and

ellipticity, can be obtained from the amplitude and phase relationship be-

tween these two dipoles.

The material properties of nickel and other ferromagnetic metals re-

strict the intensity and linewidth of the plasmon resonances that can be

excited in individual nanoparticles. On the other hand, in a periodic lat-

tice, the wavefronts scattered from the nanoparticles of the array can in-

terfere constructively and give rise to collective surface lattice resonances.

The excitation of the surface lattice resonances enable a significant en-

hancement of both optical and magneto-optical activity as demonstrated

in Publication IV. The two-dipole model developed for single nanoparti-

cles proved to be useful in understanding the magneto-optical response

of the periodic particle arrays. In magneto-optically active arrays two or-

thogonal surface lattice modes emerge. The optical and magneto-optical

dipoles couple along different directions in the lattice, independently from

each other.

Due to the relatively large frequency range of visible light, the possibil-

ity to tailor, or tune, plasmon resonances to appear at desired wavelengths

is often emphasized. The plasmon resonances can be engineered by e.g.

varying the particle size and shape. The results presented in this thesis

indicate that the magneto-optical activity can also be tuned by several

methods. Elliptical nanoparticles were shown to support magneto-optical

and optical dipole resonances along orthogonal directions, thus decoupling

the magneto-optical activity from the optical resonances. Experiments

on rectangular nanoparticle arrays show that the optical and magneto-

optical surface lattice resonances in periodic particle arrays can also be

tuned by changing the periodicity of the lattice.

While it would appear that both these approaches essentially allow de-

coupling of optical and magneto-optical activity from each other this isn’t

entirely true for elliptical nanodisks. The polarizabilities along the princi-

pal axes of an ellipsoid are not independent of each other. The geometrical

factors that appear in the expression for the polarizability (equation 2.12)

along the major axes of the ellipsoid are related to each other by equation

2.8. On the other hand, the frequency of the surface lattice resonance can

be more freely adjusted by changing the periodicity of the lattice. This

could enable an interesting structure where strong magneto-optical activ-

84



Summary

ity coincides with little optical activity. Such a configuration would then

be useful for optical isolators that need to rotate the polarization of a prop-

agating beam without attenuating it.

The spectral lineshape of the Kerr ellipticity can be easily explained in

terms of magnetic circular dichroism discussed in section 2.4. Linearly

polarized radiation can be though to consist of two beams of circular po-

larized light of opposite helicity and equal amplitudes. The presence of

magnetization breaks the degeneracy between left- and right-hand circu-

larly polarized plasmon resonances and results in an elliptically polarized

wave due to preferential scattering or absorption of one of the polarization

states. This effect was explicitly explored in Publication VI.

While a minimum of the magneto-optical Kerr ellipticity was observed

to coincide with the plasmon resonance frequency, the Kerr rotation was

simultaneously maximized. This phenomenon, too, can be explained by

the Lorenz force F = v×eB acting on the oscillating conduction electrons

in the nanoparticle. The electric field of linearly polarized incident radia-

tion sets the conduction electrons into motion, during the course of their

motion, the Lorenz force moves the electrons into direction orthogonal to

the polarization of the incident radiation. It is then the polarizability in

the direction of the Lorenz force that determines how easily electrons are

set in motion along that direction at the frequency of the incident radia-

tion. This can be observed both in the elliptical nanoantennas as well as

in the rectangular periodic arrays.

Finally, the results on hybrid arrays in Publication V show how mag-

neto-optical dipoles in nickel nanoparticles can induce magneto-optical

activity in gold nanoparticles via the excitation of collective surface lat-

tice resonances in ordered arrays. At the lattice resonance frequency, the

magnitude of the magneto-optical dipole in gold was found to be compara-

ble to that excited in the nickel nanoparticles. The magneto-optical dipole

moment in the hybrid arrays was sensitive to the LSPR frequency of the

gold nanoparticles which indicates their crucial role in determining the

magneto-optical response. These results could be used in the design of

non-reciprocal plasmonic devices, such as chains of plasmonic nanoparti-

cles that act as non-reciprocal waveguides [105–107].
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