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Abstract
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1. Introduction

The amount of data produced during daily activities is growing very quickly.
Think of how many videos, pictures, songs, and articles are uploaded to
YouTube, Instagram, Facebook, Spotify, and ArXiv every day. Additionally,
we are now moving towards a new technological society in which numerous
items we use are connected, the so-called internet of things (IoT). At the
end of the day, that vast amount of data needs to be stored somewhere.
The most prevalent way of doing this is in hard disk drives (HDDs). Data
centers are warehouses stuffed with hard disk drives and cooling systems.
After many decades of research in data storage technologies, hard disk
drives remain the most affordable technology to store data. Hard disk
drives use multiple magnetic effects. Information is recorded and erased by
creating domains on magnetic recording media using a magnetic field, and
the readout is performed with tunneling magnetoresistive sensors [73, 100,
139]. Like any other data storage technology, the amount of data stored per
unit area (areal density) is one of the most important parameters. While
low-cost, the areal storage density offered by HDDs is slowly stagnating
and is of the order of 500 Gb/in2 [158]. At the same time, production
costs of other storage technologies such as solid-state devices (SSD) are
decreasing. Consequently, replacing HHDs in certain applications. The
technological limitations on HHDs, require conceptual changes to foster
further advancements. The need for higher areal densities boosted the
development of heat-assisted magnetic recording (HAMR) [129]. HAMR
builds on HDDs and combines the application of a magnetic field with
the lowering of switching fields as a result of light-induced heating. A
near-field transducer, such as a planar solid immersion mirror, is used to
confine light to the nanoscale and locally heat the recording media near
their Curie temperature. Then, an applied magnetic field reverses the
heated region and cooling results in stable storage. The implementation of
HAMR has the potential to render areal storage densities of up to 4 Tb/in2
[152]. This method however comes with a set of challenges including the
synthesis of granular chemically order perpendicular media and the local
confinement of optical fields [152]. The grain size of the magnetic media
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used in HAMR is < 10 nm, which is well below the diffraction limit of light.
Plasmonics enables the confinement and enhancement of optical fields well
below the wavelength of incident radiation [102, 15].
Surface plasmons refer to the coherent oscillations of the free electrons in
metals that are resonantly driven by optical excitation, e.g., using a laser
[14, 141, 102]. The confinement of optical fields beyond the diffraction limit
is not only relevant for HAMR but it is also the basis of near-field nanoscopy.
For instance, in apertureless near-field nanoscopy, far-field radiation is
focused into the apex of a small metal tip [54]. Thus, when the tip is near
a surface, the radiation is confined in the region between the tip and the
surface. This type of nanoscopy together with surface-plasmon-enhanced
Raman scattering, enables the chemical mapping of a single molecule with
a spatial resolution below 1 nm [84, 161]. Additionally, the optical confinement provided by surface plasmons has led to the development of new types
of waveguides. This could lead to a new generation of optical circuitry that
combines the nanoscale of plasmonic systems and the bandwidth of photonic networks [59, 45]. In the fields of photochemistry and photovoltaics,
surface plasmons provide an efficient source of hot carrier generation and
heat localization at the nanoscale [12, 132, 24, 8]. Surface plasmons are
also highly sensitive to changes in the refractive index of their surrounding
medium and therefore, they are used in chemical- and biosensing applications [147]. Another interesting feature is the interaction between surface
plasmons and a gain medium. Here, surface plasmon are used as feedback
to enhance stimulated emission from a gain medium, enabling lasing at the
nanoscale [119, 163, 35]. The list of applications of plasmonics continues;
some worth noticing are: the integration of plasmonic nanostructures with
superconducting materials in the terahertz/sub-terahertz range [74] and
with topological insulators in the mid-infrared range [153], and quantum
plasmonics [143, 109].
In the field of magneto-optics, surface plasmons can be harnessed to
tailor and enhance magneto-optical effects. Magnetoplasmonics combines
the fields of magneto-optics and plasmonics [6]. Surface plasmon modes
can greatly enhance the magneto-optical activity of a magnetic systems
through spin-orbit coupling in the presence of intense optical near-fields
[6, 33, 170, 18, 76, 77]. As an important milestone, all-optical control of
magnetization in magnetic media has been shown [142, 104, 82, 128, 89].
The integration of surface plasmons in all-optical magnetic switching
structures could cast light on the origin of this effect through spectral
tailoring of their magneto-optical response [89]. In sensing applications,
magnetoplasmonics offers label-free phase-sensitive detection with an
improved figure-of-merit compared to all-noble-metal structures [99, 169,
125]. Additionally, in magnetoplasmonic systems, an applied magnetic field
can modulate the wave vector of surface plasmons [145] and it can be used
for time-reversal symmetry breaking, leading to new magnetoplasmonic
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topological systems.
During the research as a member of the Nanomagnetism and Spintronics
group, the author worked on magnetoplasmonics of magnetic nanostructures. To better understand the structure of this dissertation, the following
discussion briefly summarizes the group’s research activity on magnetoplasmonics at the time the author joined and how the author advanced
the research during his Ph.D. studies. The group works on new nanoscale
phenomena and materials for future memory and analogue computing
technologies. To meet these goals, the research of the group includes
electric-field control of magnetism, magnonics, control of skyrmions, spinice systems, and magnetoplasmonics. As a member of the group, the author
worked on magnetoplasmonics. In this field, plasmonic systems consisting
of magnetic metals were developed and studied from a fundamental point
of view having the following applications in mind: 1) all-optical control of
magnetization in magnetoplasmonic structures using femtosecond laser
pulses and 2) magnetic field control of lasing action in magnetoplasmonic
lasers. In the field of ultrafast, all-optical control of magnetization, extensive studies have been carried out on ferrimagnetic and ferromagnetic thin
films [142, 104, 82, 128, 17, 89, 80]. However, there are only a few studies
in which these phenomena are studied in nanostructures [51, 95, 90, 43].
Moreover, none of the nanostructures are purposely designed to harvest
the effects of surface plasmon resonances. Publication I for the first time
reports on the effects of surface plasmon resonances on optically induced
demagnetization and field-assisted magnetic switching in magnetic nanodot arrays. The other application of the magnetoplasmonic systems is
magnetic field control of lasing. Recently, it was shown that high-quality
factor (Q) surface plasmons can trigger lasing from organic dye molecules
[163, 57, 149, 27, 140]. This result motivated the research on magnetoplasmonic nanocavity lasers and the exploration magnetic field effects.
At the time the author joined the group, former colleagues Dr. Kajava
and Dr. Pourjamal were working on magnetoplasmonic systems where the
magnetic component was Ni. Their work included the characterization
of the surface plasmon modes supported by Ni nanodots, the integration
of these modes to tailor their magneto-optical activity [75, 77, 97], new
ways to limit the large optical losses of magnetic metals [99, 76], and use
of magnetoplasmonic nanostructures for refractive index sensing [99]. At
first, the author also worked on Ni-based magnetoplasmonic systems. This
project focused on the effects of surface plasmon excitations on ultrafast
demagnetization and field-assisted magnetic switching of Ni nanodot arrays during femtosecond laser pulse irradiation (Publication I). The author
also worked on the development of a new loss-mitigation strategy for metal
magnetoplasmonics by placing Ni nanodot arrays on a Au/SiO2 bilayer
(Publication II). Later on, the author moved from Ni-based to Co/Pt-based
magnetoplasmonic systems. Co/Pt heterostructures are a staple of spin-
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tronics that has not been studied by the magnetoplasmonic community.
Work on this material was motivated by its strong perpendicular magnetic anisotropy (PMA), a large spin-orbit coupling, and the demonstration
of helicity-dependent all-optical magnetic switching (AOS) in Co/Pt thinfilms [89]. Since no research existed on the magnetoplasmonic properties of
Co/Pt multilayer nanodots [41, 40], the author first studied their plasmonic
and magneto-optical response (Publication III). With that knowledge in
hand, the author then designed Co/Pt nanostructure systems with two
applications in mind: AOS and ultrafast demagnetization and active magnetic field control of plasmonic lasing. For time-resolved studies of AOS
and ultrafast demagnetization in Co/Pt nanodots, a collaboration with Dr.
Malinowski (Senior Scientist at the Jean Lamour Institut) was started.
During this collaboration, time-resolved studies of not only Co/Pt but also
Pt/Co/Gd, Co/Gd, and GdFeCo nanodot arrays were performed. Unfortunately, measurements on these systems were not completed at the time
of writing of this dissertation, so they are not discussed here. The author
followed up on the work initially started by Dr. Pourjamal on lasing in
Ni-based magnetoplasmonic nanocavities (Publication IV) by developing
a low-loss Co/Pt system (Publication II). While no magnetic field effects
were found during studies on the lasing action of Ni-based systems, it was
found that the photoluminescence of the Co/Pt system could be controlled
by an external magnetic field. Magnetic circular dichroism was identified
as the origin of this effect.

4

2. Theoretical background

This chapter provides the theoretical framework that encompasses the optical and magneto-optical response of the magnetic nanodot arrays studied
in this dissertation. Magnetic metal nanodots hold special promise in the
field of nano-optics and magneto-optics due to their plasmonic response.
At certain wavelengths, the free electrons of the magnetic nanodots can
be driven into resonance by the electric field of the incoming radiation. At
that wavelength, the system is said to sustain a surface plasmon mode.
Surface plasmons give rise to a confinement of the incoming radiation beyond the diffraction limit, which can strongly enhance the magneto-optical
response. For this reason, the study of surface plasmons and their impact
on the magneto-optical response of arrays of magnetic nanodots is one of
the pillars of this dissertation.
First, Surface plasmons and the theoretical models that account for their
excitation in nanostructures are introduced. Then, the main magnetooptical effects measured in the experimental studies are introduced. Next,
the effects of surface plasmon excitations on the magneto-optical response
of magnetic nanodots are described in terms of electric dipoles and spinorbit coupling. Lastly, plasmonic lasing is introduced as one of the applications of magnetoplasmonic nanodot arrays.

2.1

Surface plasmons

At a microscopic level, a metal can be regarded as a crystallographic lattice
consisting of static ions and a density of free electrons [83]. Consider
an incoming optical excitation such as a plane wave or a laser pulse.
The incident electric field interacts with the density of free electrons and
polarized them. When the incoming field drives the free electrons into
resonance, the system is said to be excited at the metal plasma frequency
ω p . The response of any material to such optical excitation is described by
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the complex dielectric function of the material:
ϵ(ω) = ϵr (ω) + i ϵ i (ω)

(2.1)

where ϵr (ω) and ϵ i (ω) correspond to the real an imaginary parts of ϵ(ω).
As an example, the dielectric function of a Drude metal takes the form
[83]:
ϵ(ω) = ϵr + i ϵ i = 1 −

ω2p
ω2 + i ωγ

(2.2)

where γ is an experimental parameter that accounts for half of the energy
lost inside the metal as a result of scattering events [79]. At the plasma
frequency, the real part of ϵ(ω p ) tends to zero and its imaginary part
changes sign. When the real part of the dielectric function is negative, the
material is a good reflector, such as metals in the visible wavelength range
(VIS). Conversely, ϵr > 0 indicates a strong transmission of the incoming
excitation, that is why dielectrics such as glass are transparent in the VIS.
In that context, a quantification of how much energy is lost in the optical
excitation of a metal as a result of the inherent properties of the material
is given by the quality factor of a metal, Q m , [79]:
Qm =

ϵr
ϵi

≈

ω
γ

(2.3)

Generally speaking, this means that the larger the metal quality factor,
the more efficiently its free electrons are driven. As discussed later in
Chapter 4, metals have a Q m below 40 [79, 25, 28, 141].
In this context, surface plasmons constitute complex optical modes at
a metal/dielectric interface where the free electrons of the metal are resonantly driven by an incident optical field [102, 109]. Here "surface"
highlights the fact that the incident radiation only excites the metal surface, a natural limitation of the skin depth of the metal [69, 141]. The term
"plasmon" refers to the collective oscillations of the free electrons in the
metal. Depending on the geometry of the metal/dielectric interface, surface
plasmon modes can be propagating or localized.

2.1.1

Surface plasmon polaritons

Surface plasmons excited at a planar metal/dielectric interface propagate
along the interface and decay exponentially into both the dielectric and
metal layers. These plasmon modes are called surface plasmon polaritons
(SPPs) and their dispersion relation lays below the light line k 0 = ω/c
[102, 15]:
~k0 < ~k SPP

6
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k SPP (ω) =

ω

c

√︄

ϵd (ω)ϵm (ω)
ϵd (ω) + ϵm (ω)

,

(2.5)

where k SPP is the wave number of the SPP, c is the speed of light, and
ϵd and ϵm are the frequency-dependent dielectric functions of the dielectric and the metal, respectively. In practice, the momentum mismatch,
~ k0 < ~k SPP , is overcome prism or grating coupling [102]. In the original
Kretschmann configuration, the system consists of a quartz prism on which
a thin metal film is grown (prism/metal/air) [88]. The in-plane wave number of the incident light passing through the prism for a given incidence
angle θ is:
k′0 =

ω
p
ϵ quartz sin θ .
c

(2.6)

Therefore, for a certain range of angles of incidence, the momentum of
the incoming light in the quartz prism is larger than that of the SPP at the
metal/air interface, ~k′0 ≥ ~k SPP . As a result, if the right angle of incidence
is chosen, SPPs are excited at the metal/air interface. Another way to
overcome the momentum mismatch is through grating coupling [102]. This
is the approach used in Publication II and Publication III. For instance, the
system studied in Publication II consists of a periodic array of Ni nanodots
grown on a Au/SiO2 bilayer, i.e., the array was patterned on top of the SiO2
film. If the array is not present, the in-plane wave number (contained at
the metal/dielectric interface) is simply :
k ∥ = k inc sin θ =

ω
p
ϵd sin θ = k inc sin θ ,
c

(2.7)

where k inc is the wave number of the incoming light, θ is the angle
of incidence , and ϵd is the dielectric function of the dielectric medium
surrounding the array. In the presence of an array, the in-plane wave
vector becomes:
k∥ = k inc + sG x + qG y ,

(2.8)

where (s, q) are integers indicating the diffracted order (DO) of the array
and G j = 2Pπj ĵ are the reciprocal lattice vectors. P j denotes the array period
along the ĵ-direction and ĵ correspond to either the x- or y-direction of
the Cartesian coordinate system. In the experiments reported in this
dissertation, the arrays are illuminated at normal incidence and using
linearly polarized light along the x-direction. In that case, k inc = 0 and
considering that the arrays are square (P x = P y = P ), equation 2.8 simplifies
to:
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k∥ = sG x + qG y

(2.9)

2π √︁ 2
s + q2 .
P

(2.10)

=⇒ k ∥ =

Therefore, at normal incidence and for linearly polarized light along one
of the array axes, SPPs are excited when k∥ = k SPP which yields [120]:
√︄
2π √︁ 2
2
π
ϵd (ω)ϵm (ω)
(2.11)
s + q2 =
P

=⇒ λ = λs,q = √︁

λ

ϵd (ω) + ϵm (ω)

P

√︄

s2 + q 2

ϵd (ω)ϵm (ω)
ϵd (ω) + ϵm (ω)

(2.12)

where λ denotes the free space wavelength corresponding to the excitation of a SPP mode. Here, it was re-labeled as λs,q to indicate its
dependence on the (s, q) DO. Note that at normal incidence with polarized
along the x-direction, the (0,±1) excite two counterpropagating SPPs [102].

2.1.2

Localized surface plasmon resonances

Another type of surface plasmons is those excited in nanostructures. Metallic nanostructures such as spheres, cylinders, and ellipsoids, among others,
support localized surface plasmon resonances (LSPRs). The main difference between SPPs and LSPRs is that for LSPRs the optical excitation is
confined to the volume of the nanostructure. LSPRs are non-propagating
modes. This means that the incident light can be confined beyond the
diffraction limit [26]. Contrary to the propagating nature of SPPs, LSPRs
are stationary modes localized at the nanostructure surface [102]. To better understand the effects of optical fields on these nanostructures, the
problem of a small sphere illuminated by light is reviewed [22].
Consider a nanosphere of radius a small compare with the wavelength
of the incident electric field (a < 50 nm), [155, 70, 78]. Under the quasistatic approximation, the electric field intensity acting on the nanosphere
can be considered constant in any region of the nanosphere and at any
time[22, 69]. A uniform electric field acting on a nanosphere induces a
dipole moment, p, proportional to the incident field, E0 . The incident field
polarizes the nanosphere is then polarized by the incident field and this is
effect is captured by the polarizability tensor α [69, 22]:
p = α E0 ,

(2.13)

where
⎛

α0

0

α=⎜
⎝0

α0

⎜

8

0

0

0

⎞
⎟

0⎟
⎠ = 4π a

α0

3

ϵm − ϵd
ϵm + 2ϵd

I.

(2.14)
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Here, a is the radius of the nanosphere, I is the 3x3 identity tensor,
and ϵm and ϵd are the nanosphere and the dielectric surorunding medium
dielectric functions, respectively. In the quasistatic approximation, a
nanosphere exposed to linearly polarized light, can be regarded as an
electric dipole with dipole moment [22]:
p = 4π R 3

ϵm − ϵd
ϵ m + 2ϵ d

E0 .

(2.15)

The nanosphere absorption and scattering cross-sections are given by
[22]:
σabs = kIm(α)

(2.16)

k4 2
|α|
6π

(2.17)

and
σsca =

where k is the wave number in the surrounding medium. If the surrounding medium is non-absorbing, then the extinction cross-section is given by
the sum of the absorption and scattering cross-sections:
σ ext = σabs + σsca .

(2.18)

To put equations (2.16-2.18) in perspective, consider an array of nanospheres
and a laser beam of energy U0 passing through the array. If the energy
of the transmitted light U is U < U0 then it is said that the array causes
the extinction of the incoming light. If the particles are surrounded by a
non-absorbing medium, the extinction of the beam has two possible sources.
The energy is absorbed and/or scattered by the nanospheres. From an
experimental point of view, measuring the transmission of the sample,
T = U/U0 , provides a measure of the extinction E = (U0 − U)/U0 = 1 − T . Then,
for a square array of nanospheres of period P , the relation between the
theoretical extinction cross-section and the experimental transmission is
[9]:
σ ext = EP 2 = (1 − T)P 2

(2.19)

Therefore, if the absorption of the medium surrounding the arrays
can be neglected, the experimental transmission spectrum of an array
of nanospheres accounts for both the absorption and scattering effects.
From equation (2.14) it follows that the extinction cross-section has a peak
value when the Fröhlich condition is met, R e(ϵm ) = −2ϵd . This leads to a
maximum of the extinction cross-section associated with the excitation of a
LSPR in the nanosphere. If a Drude metal nanosphere is considered (equap
tion 2.2), the Fröhlich condition is met at ω p / 3. Similarly, the scattering
cross-section can be written in terms of the experimental reflectivity, R ,
as σsca = RP 2 . Thus, the experimental reflectivity is proportional to the
square of the polarizability, R ∝ |α|2 .
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The previous model can be generalized to the case of an ellipsoid with
semi-axes a, b, c laying along the x-, y-, and z-directions of the Cartesian
coordinate system. Using the same assumptions as for the nanosphere,
the incident field also induces a dipole moment p = α E0 on an ellipsoid but
the polarizability tensor is now given by:
⎛

α1

0

α=⎜
⎝0

α2

⎜

0

0

0

⎞
⎟

0⎟
⎠,

α3

(2.20)

where the diagonal elements of the polarizability tensor α i are given by
[22]:
α j = 4πabc

ϵm − ϵd
,
3ϵm + 3L j (ϵm − ϵd )

(2.21)

where j refers to the a, b, and c semi-axes and L j are the geometrical
factors [22]:
∫︂
abc ∞
dq
√︁
Lj =
,
(2.22)
2

0

((q + x( j)2 ))

(q + a2 )(q + b2 )(q + c2 )

where x( j) takes the values of the semi-axes along which the geometical
factor is calculated, i.e., x(1) = a, x(2) = b, and x(3) = c.

2.1.3

Modified long wavelength approximation

The quasi-static approximation breaks down when the size of the nanostructures is comparable to the wavelength of the incident radiation. As the
nanostructure size grows, radiation losses and depolarization effects need
to be considered. Radiation losses account for the radiative damping of the
induced electric dipole. Similarly, the electric field throughout the nanostructure is not constant and dynamic depolarization needs to be considered.
Adding these two corrections (to the lowest order) into the quasi-static
approximation framework yields the so-called modified long wavelength
approximation (MLWA) [155, 70, 78]. In the MLWA, the diagonal elements
of the polarizability tensor of an ellipsoid takes the form [155, 70, 78, 113]:
α MLW A, j =

αj
2

1 − x(k j) α j − i 23 k3 α j

,

(2.23)

where α j denotes the quasi-static polarizability of the ellipsoid along the
semi-axes j (equation 2.21) and x( j) takes the values of the ellipsoid semiaxes. From equation 2.23, the position of the LSPRs corresponds to the
poles of the denominator. Here, the k2 -term accounts for the dynamic
polarization while the k3 -term accounts for radiative losses [155, 70, 78].
The depolarization term arises from the fact that the electric field within
the ellipsoid is not spatially uniform. As a result, the radiation across
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the ellipsoid surface is modified by the presence of a depolarization field.
The depolarization term contributes to a redshift of the LSPR as the
ellipsoid size increases. The k3 -term in the denominator of equation 2.23
corresponds to radiative damping due to spontaneous emission of the
induced dipole [155, 78, 116]. As the size of the ellipsoid increases, the
k3 -term results in a broadening of the LSPR [70, 78, 116].

2.1.4

Surface lattice resonances

So far, this discussion has been limited to the study of a single metal
nanoparticle. However, the experimental work reported in this dissertation
concerns the optical and magneto-optical response of periodic arrays of
nanodots (nanocylinders). The periodic arrangement of metallic nanodots
leads to the excitation of narrow linewidth resonances known as surface
lattice resonances (SLRs) [168, 64, 9, 75, 87]. To better understand the
origin of the SLRs, periodic nanodot arrays can be modeled according to
the discrete-dipole approximation (DDA) [127, 105, 38, 160, 48]. Consider
the general case of a periodic array of N nanoparticles. The response of a
nanoparticle located at position Rn to the incident field is that of an electric
dipole
pn = α · E(Rn ),
(2.24)
where α is the polarizability tensor of the nanoparticle and E(Rn ) includes
the incident field and the field generated by the rest of the N − 1 nanoparticles of the array at Rn . The electric field created at a given point r by a
dipole located at point Rn , can be expressed in terms of the scalar Green’s
function G 0 (r − Rn )pn [69]. Consequently, the induced dipole acting on the
nanoparticles is given by [38, 160, 48]:
pn = α [E inc (Rn ) +

∑︂

G 0 (Rn − Rn′ )pn′ ],

(2.25)

n′ ̸= n

where E inc (Rn ) = E0 exp(ik∥ · Rn ) is the incident electric field at position
Rn , and k∥ is the external field wave vector parallel to the plane of the
nanoparticles. In its most general version, equation (2.25) is a tensor
equation and solving it requires the calculation of the Green’s function
matrix. Using the Green’s function matrix, [122, 48, 107, 101], the total
dipole moment induced in each particle pn is calculated and the extinction
and absorption cross-sections are given by:
σ ext = 4π k

N
∑︂
Im(E∗inc, j · p j )
j =1

and
σabs = 4π k

N
∑︂
j =1

|E inc, j |2

1
2
[Im(p j (α −j 1 )∗ p∗j − k3 |p j |2 )].
|E inc, j |2
3

(2.26)

(2.27)
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From this, the scattering cross-section is retrieved using equation (2.18),
σsca = σ ext − σabs .
Considering and infinite array and using Bloch’s theorem [83], it follows
that pn must be pn = p exp(ik∥ · Rn ) and thus, from equation (2.25) it follows
that [48, 106, 107]:
p=

1
E inc,0 ,
1/α − G(k∥ )

(2.28)

where the origin of the coordinate system is at the position of the particle
n = 0. The denominator of equation (2.28) includes two contributions. The
1/α-term accounts for the polarizability of the single particles and the G(k∥ )term describes the collective behavior of the nanoparticles. The latter term,
takes the form [38, 78, 108, 48, 167]:
[︃
]︃
∑︂
(︁
)︁ (1 − ikR n )(3 cos2 φn − 1) k2 sin2 φn
G(k∥ ) =

exp (ikR n ) exp ik∥ · Rn

R 3n

n=0

+

Rn

,

(2.29)
where φn is the angle between the incident electric field E inc,n and Rn , and
R n = ∥Rn ∥. Equation (2.28) has the same form as equation (2.13) and, thus,
the effective polarizability of a single nanoparticle inside a periodic array
is given by [168, 167, 108]:
αef f =

1
.
1/α − G(k∥ )

(2.30)

Consequently, the extinction cross-section of a plasmonic array can be
calculated using the effective polarizability:
σ ext = 4π kIm(α e f f ).

(2.31)

In the case of normal incidence, k∥ = 0, G(k∥ = 0) is the so-called structure
factor S [69, 168, 165]:
S=

∑︂
n=0

exp(ikR n )

[︃

]︃

(1 − ikR n )(3 cos2 φn − 1) k2 sin2 φn
+
.
R 3n
Rn

(2.32)

At normal incidence and for a square array of nanoparticles, the effective
polarizability for every nanoparticle in the array is therefore given by
[167]:
αef f =

1
α
1/ − S

(2.33)

Similarly to equations (2.15,2.23), the singularities of the denominator in equation (2.28) (Re(1/α ) = Re(S)) correspond to the excitation of
SLRs [107, 166]. The dependence of α e f f on the inverse single particle
polarizability and the structure factor highlights the origin of the SLRs.
The 1/α -term accounts for the single nanoparticle response, i.e., the excitation of LSPRs. The structure factor depends on the geometrical arrangement of the nanoparticles and it accounts for the excitation of DOs
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[107, 166, 9, 86, 32]. The SLRs appear in extinction spectra as strongly
asymmetric Fano-like resonances [46]. The intensity and linewidth of the
SLRs are determine by the behavior of the real and imaginary parts of the
1/α and S terms[48, 9, 126]. At resonance, when Im(S) < 0, the structure
factor partially compensates the radiative damping term of the polarizability (see equation 2.23), leading to the characteristic narrow linewidths of
SLRs [166, 86, 32, 9]. The linewidth of the SLRs depends √︁
on the spectral
position of the LSPRs, λLSPR , and the (s, q) DOs, λDO = n · P/ s2 + q2 ; where
n and P are the refractive index of the surrounding medium and the array
period. As discussed by Zou and Schatz and Markel, narrow SLRs are
excited when λDO > λLSPR as a result of the partial compensation of the
radiative damping term.

2.2

Magneto-optical effects

In this section, the interaction between polarized light and a magnetized
medium is discussed. In particular, the polar magneto-optical Kerr and
Faraday effects and magnetic circular dichroism are introduced [4, 170].
While the family of magneto-optical effects is extensive [170], this discussion is limited to these three magneto-optical effects as they are the most
relevant to the studies performed.

2.2.1

Magneto-optical Kerr and Faraday effects

The magneto-optical Kerr and Faraday effect describe the interaction of
light when this is reflected from or transmitted through a material with
a net magnetization. In the case of an optically isotropic ferromagnet
magnetized along the z-direction, the complex permittivity tensor can be
written as [170]:
⎛
⎞ ⎛
⎞
ϵ1

⎜
ϵ=⎜
⎝0
0

0

ϵ1

0

0

0

⎟ ⎜
⎜
0⎟
⎠ + ⎝− i ϵ1 Q

ϵ1

0

i ϵ1 Q
0

0

0

⎟

0⎟
⎠,
0

(2.34)

where the ϵ1 are the diagonal components of the permittivity tensor in
the absence of magnetization and Q is the magneto-optic Voigt constant
[170]. In equation (2.34), Q is related to the modulus of the gyration vector,
g = g(M s )M , where Q = ϵ1 g. As such, the gyration vector is a measured of
the magnetization state M where g(M s ) is a constant depending on the
saturation magnetization of the material, M s . Note that in the presence
of absorption, the dielectric and Voigt constants are complex numbers
ϵ1 = ϵ1,r + i ϵ1,i , Q = Q r + Q i where the sub-indexes r and i denote the real and
imaginary parts, respectively; a more general discussion on the magnetooptical permittivity tensor can be found elsewhere [170, 67, 159].
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Now consider the problem of light impinging on a material magnetized
along the direction perpendicular to its surface and parallel to the plane of
incidence (polar configuration). The polarization state of the incoming light
is described as a combination of s- (electric field polarized perpendicular to
the plane of incidence) and p-polarization (electric field polarized parallel
to the plane of incidence) states. In the spirit of Jones formalism, the
interaction of light with a magnetized medium is described by a 2x2 matrix:
(︄

MO Kerr effect

Ep
Es

(︄

Faraday effect

)︄r

Ep
Es

)︄ t

=

=

(︄

R̃ p p

R̃ ps

R̃ sp

R̃ ss

(︄

T̃ p p

T̃ ps

T̃ sp

T̃ ss

)︄(︄

Ep

)︄(︄

Ep

Es

Es

)︄ i

(2.35)

)︄ i

(2.36)

The elements of these reflection and transmission matrices are defined
as the ratios of the reflected or transmitted field intensities to the incoming
field intensity. For instance, R̃ ps is defined as the ratio of the p-polarized reflected wave to the s-polarized incoming wave, R̃ ps = E rp /E rs . The reflection
and transmission coefficients can be expressed in terms of magneto-optical
scattering matrix elements [67]. As a result, R i, j and T i, j are functions of
Q and, therefore, they depend on the magnetization state of the sample
[67, 170]. Usually, the reflection and transmission coefficients are approximated to the first order in Q . The complex Kerr and Faraday angles for
p-polarization are defined as:
p

̃ ≡
tan Φ
K

R̃ sp
E rs
=
r
E p R̃ p p

(2.37)

and
p

̃ ≡
tan Φ
F

T̃ sp
E ts
=
.
t
E p T̃ p p

(2.38)

Assuming that E si = 0; the complex angles for the s-polarized components
can be obtained by interchanging the s and p subindices. Since the complex
Kerr and Faraday angles tend to be below 1◦ for most metallic systems,
̃ K is usually approximated by tan Φ
̃ K ≈Φ
̃ K . The real and imaginary
tan Φ
parts of the complex Kerr and Faraday angles are of special importance
as they account for changes in polarization rotation and ellipticity of the
incoming light:
̃ K = ΦK + i ΨK
Φ

(2.39)

̃ F = ΦF + i ΨF ,
Φ

(2.40)

and
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where ΦK = Re(Φ̃ K ) and ΨK = Im(Φ̃ K ) are the Kerr rotation and ellipticity, respectively. Similarly, in equation 2.40 ΦF and ΨF are the Faraday
rotation and ellipticity.

2.2.2

Magnetic circular dichroism

Similarly to the Faraday effect, an absorbing magnetized medium exhibits
magnetic birefringence. In a magnetized medium, time-reversal symmetry
is broken and the refractive indices for left- and right-circularly polarized
light are different. In the case of an isotropic ferromagnet (equation 2.34)
the refractive indices n+ and n− for right- and left-circularly polarized light
are given by [170]:
(︃
)︃
ϵ1,i g i
Qr
n± = n0 ±
+ i ke ±
,
(2.41)
2

2n 0

where n20 is the real part of the dielectric function of the magnetic material,
n20 = ϵ1,r , k e is the extinction coefficient, k e = ϵ1,i /2n 0 . In the derivation of
equation (2.41) |ϵ1,r | ≫ max(|ϵ1,r |, |Q r |, |Q i |) was assumed. Magnetic circular
dichroism (MCD) is defined as the relative difference in absorption of
circularly-polarized light for a given magnetization state, M :
MCD(M) =

A(+) − A(−)
,
A(0)

(2.42)

where A(±) indicates the absorption of right (+)- and left- (-) circularly
polarized light for a given magnetization state M . An important feature of
MCD arising from equation (2.41) is that MCD changes sign with the sign
of the applied magnetic field [170]. When studying magnetic nanoparticles,
changing the light helicity is topologically equivalent to reversing the
direction of the magnetization stante [123, 75]. Therefore, for the arrays
of ferromagnetic nanodots studied here, the MCD signal is also obtained
as the difference in absorption cross-section for different magnetization
states and fixed light helicity:
MCD(M) =

σabs (+ M) − σabs (− M)
σabs (0)

(2.43)

where σabs (M) is the absorption cross-section of the array, ± M indicates
the magnetization state of the nanodots aligned parallel (+) or antiparallel
(-) to the incident light, and M = 0 refers to a demagnetized state. Note
that for a ferromagnetic nanodot, the maximum MCD effect is obtained
for M = M s with M s the saturation magnetization. This definition of MCD
(equation 2.43) is further discussed in the following section.
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2.3

Magneto-optical response of magnetic nanodots

In the two previous sections, the concepts of plasmonics and magnetooptical effects were introduced. In this section, both concepts are brought
together. The following discussion introduces the theoretical framework
needed to simulate the magneto-optical response of an array of magnetic nanodots. However, this methodology was not used to simulate
the magneto-optical response of all the systems studied in this dissertation.
Instead, the following discussion aims to provide a better insight into
the magneto-optical Kerr effect and MCD of arrays of magnetic nanodots.
Simulations of the magneto-optical response of the system studied in Publication III were performed using the finite-difference time-domain (FDTD)
method in the commercial Lumerical software [1].
Consider an isotropic ferromagnetic nanodot, according to equation (2.34)
the complex frequency-dependent permittivity tensor is given by:
⎛
⎜

ϵ1

i ϵ1 Q

ϵ=⎜
⎝− i ϵ1 Q

0

⎟

0⎟
⎠.

ϵ1

0

⎞

ϵ1

0

(2.44)

Then, the polarizability tensor is a non-diagonal tensor of the form:
⎛

⎞

α xx

αx y

0

α=⎜
⎝α yx

α yy

0 ⎟
⎠,

⎜

0

α zz

0

⎟

(2.45)

where, for a nanodot, α xx = α yy and α x y = −α yx . From the non-diagonal
nature of the polarizability tensor (equation 2.45) it follows that an incident
electric field along the x-semi-axis of an ellipsoid not only induces an
electric dipole along the x-direction but also along the y-direction:
⎛
⎜

α xx

p=⎜
⎝−α x y
0

αx y
α xx

0

0

⎞ ⎛

Ex

⎟ ⎜

⎞
⎟

⎛
⎜

α xx E x

⎞
⎟

⎜ ⎟ ⎜
⎟
0 ⎟
⎠ · ⎝ 0 ⎠ = ⎝−α x y E x ⎠ .
α zz
0
0

(2.46)

Here, the −α x y E x dipole comes from the off-diagonal terms of the dielectric function of the ferromagnetic nanoellipsoid and thus, it depends on
the magnetization state of the nanodot through the Voigt constant Q = g/ϵ1 .
In essence, in the presence of a net magnetization, linearly polarized
light induces two orthogonal electric dipoles: p x = α xx Ex and p y = −α x y Ex .
Therefore, following equation (2.37) and keeping in mind the reflectivity is
proportional to the square of the polarizability, R ∝ |α|2 [22], the complex
Kerr angle of the an ellipsoid can be defined as the ratio of both electric
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dipoles [136, 97, 23, 98]:
p
̃ K = y.
Φ
px

(2.47)

Following the discrete-dipole approximation, the complex Kerr angle for
an isotropic ferromagnetic nanoellipsoid is given by:
̃K=
Φ

α e f f ,x y
α e f f ,xx

(2.48)

,

where α e f f ,x y and α e f f ,xx are given by equation (2.30). For a square array
of nanodots and normal incidence the structure factor matrix is diagonal
(S xx = S yy = S ) and the polarizability elements are given by [126, 5, 36]:
α e f f ,xx =

and
α e f f ,x y =

1
1/α xx − S
−α x y

α2xx (1/α xx − S)2

(2.49)

,

(2.50)

where α xx and α x y are the MLWA polarizability terms. An important
assumption in the derivations of α e f f ,yx and α e f f ,xx is that α xx ≫ α x y . In
other words, considering the two orthogonal dipoles induced by the incident
electric field (equation 2.46), this assumption is equivalent to assuming
p x ≫ p y . Typically, the Kerr rotation measured in magnetic nanodot arrays
is below 1◦ , which corroborates this assumption [97, 98, 23, 126, 6]. Thus,
MLWA in combination with DDA provides the theoretical tools to calculate
magneto-optical Kerr rotation and ellipticity spectra. A similar derivation
applies to the Faraday effect.
The effect of net magnetization is captured by the off-diagonal terms
of the polarizability tensor, α e f f ,yx ∝ ϵ x y . In equation 2.46, the collective
motion of the free electrons p y induced by the incident field, E x , is spinorbit coupled to the magnetization of the nanodot, M, aligned along the
z-direction. This coupling results in the additional dipole moment p y that
comes into equation 2.46 through the off-diagonal polarizability term. It
can be shown that the off-diagonal terms of the polarizability term in
equation 2.46 is given by [98]:
αx y =

−ϵ x y α xx α yy

(ϵ1 − ϵd )2

(2.51)

where ϵd is the dielectric function of the dielectric surrounding medium
and, from equation (2.44), ϵ x y = − i ϵ1 Q and α yx = −α x y . This equation highlights how the magnetization and therefore, the action of an applied magnetic field, modifies the light reflected from or transmitted through arrays
of magnetic nanodots.
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Reflected
elliptically polarized light
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ERef =Ex+Ey
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+M

py
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pX

y

Nanodot magnetized
along the z-direction

ΦK
Magneto-optical Kerr rotation

Figure 2.1. Illustration of the two dipoles induced by linearly polarized light, E I nc , on a
magnetized nanodot. The incident electric field results in the excitation of two
electric dipoles p x and p y . The oscillating motion of the free electrons in the
nanodot along the x-direction (p x ) is spin-orbit coupled to the magnetization
M of the nanodot (z-direction). This induces a second dipole p y dipole. As a
result, the addition of two electric dipoles of different amplitude and phase
yield reflected light that is elliptically polarized. The angle form between the
polarization axis of the reflected and incident light is the magneto-optical Kerr
rotation angle.

Due to the magnetization of the nanodots, the incident electric field
results in the excitation of two orthogonal dipoles with p x ≫ p y , as shown
in Figure 2.1. From a mathematical point of view, the addition of two
in-phase orthogonal dipoles results in a rotated dipole with the same
phase. The phase difference between the p x and p y dipoles depends on the
wavelength of the incident electric field. At λLSPR , both dipoles oscillate inphase and the Kerr rotation is maximum while the Kerr ellipticity is zero.
While at either side of the resonance, the phase difference has opposite
signs and the reflected light is elliptically polarized.
In the derivation of the MCD equations, it was established that equations
(2.42) and (2.43) are equivalent. This is schematically illustrated in Figure
2.2.
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Figure 2.2. Illustration of magnetic circular dichroism in a nanodot exposed to an external
magnetic field B. The magnetic field lifts the degeneracy of circular electron
motion. This produces two modes with frequencies ω−B and ω+B . The absorption of the nanodots depends on the sign of the external field B, as described
by equation (2.53).

Consider circularly polarized light incident on a nanodot. The incident
electric field exerts a force FE = qE inc on the free electrons of the nanodot;
where charge q = − e is the electron charge. In the absence of a magnetic
field or net magnetization, the electric force exerted by circularly polarized
light causes the circular motion of the free electron at the a frequency
ω0 . However, in the presence of a magnetic field or net magnetization,
the Lorentz force, FB = q(v × B), leads to different rotation frequencies ω+B
and ω−B depending on the sign of the applied field, as shown in Figure
2.2. Therefore, reversing the sign of the applied magnetic field for a
given helicity leads to the same frequency change as if the light helicity
is reversed while maintaining the direction of the applied magnetic field.
Using the Drude model [83], the equation of motion of rotating electrons
can be expressed as:
me

dv
+ γ m e v = − eE − e(v × B),
dt

(2.52)

where m e is the effective mass of the electrons and v = dr/dt is their
velocity, r is their position vector, and γ is the damping factor. When solving
equation (2.52) to the first-order in perturbation expansion (ϵ1 = ϵ1 ± ϵ1 Q )
the polarizability (equation 2.21) of the nanodots as a function of the Voigt
constant is given by [55, 123, 77]:
α± = 4πV

(ϵ1 ± ϵ1 Q) − ϵd
ϵ1 + 3L e f f (ϵ1 ± ϵ1 Q − ϵd )

,

(2.53)

where V is the volume of the nanodot, and L e f f includes the geometrical
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factor of the nanodot (equation 2.22) and the radiative and depolarization
corrections of the MLWA [77]:
Lef f = L −

k2
3

(︃

3V
4π

)︃2/3

−i

k3 V
.
6π

(2.54)

The MCD signal can be simulated using equation (2.43) where the absorption cross-section is calculated using equations (2.53) and (2.16).

2.4

Lasing in plasmonic nanocavities

One of the applications of the samples studied in this dissertation is plasmonic lasing. In plasmonic lasing, stimulated emission is enhanced using
surface plasmons as a feedback mode. This concept has led to the realization of plasmonic nanoscale lasers. Some of the magnetoplasmonic samples
studied here were designed not only to provide a plasmonic feedback modes
but also to realize magnetic-field control of lasing. This section briefly summarizes some of the main concepts of lasing in plasmonic systems.
Although a semi-classical theoy of laser can explain lasing action to a
good extent, lasing is a quantum phenomenon[138, 135]. As such, only
a fully quantum theory can capture its behavior and explain its photon
statistics and the laser linewidth [135]. Introducing a theory of the laser
is beyond the scope of this dissertation and the reader is referred to the
books by Siegman and Scully and Zubairy. Lasers use the stimulated
emission of radiation in a gain medium to produce light amplification
[138]. Spontaneous and stimulated emission are two well-know physical
phenomena that can be described in terms of a two-energy-level system
[138, 42]. From a semiclassical point of view, consider a single two-level
atom and a driving field such as linearly polarized light. The atom is
either at the ground state E 1 , or at the electronic excited state E 2 , where
E 2 > E 1 . Assuming that the atom is initially at the level E 2 . When the
atom experiences a transition from E 2 to E 1 and, as a result, a photon of
energy hν0 = E 2 − E 1 is emitted, this process is called spontaneous emission.
Now consider again an atom initially at level E 2 , this time, the atom
interacts resonantly with the driving, i.e. the frequency of the driving
field is ν = (E 2 − E 1 )/h; where h is Planck’s constant. Similarly, there is a
net probability for the atom to decay to the E 1 -level emitting a photon of
energy E 2 − E 1 . This process is known as stimulated spontaneous emission.
Similarly, absorption is defined as the process where the incoming photon,
hν0 , promotes the transition of an atom initially at E 1 to the energy level E 2 .
During spontaneous and stimulated emission, the emitted light product of
the electronic transitions is known as photoluminescence (PL). In a group
of atoms or molecules, the primary difference between spontaneous and
stimulated emission is that photons emitted through spontaneous emission
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do not share any phase relation with one another. In this simplistic model,
stimulated emission requires all the decaying photons to have be identical
to the driving field, i.e., the need to have the sample phase, direction, and
frequency [138]. Lasing occurs when the probability of stimulated emission
is larger than the absorption, a condition known as population inversion.
In practice, lasing action generates spatially and temporally coherent
light with a very narrow wavelength range [138]. Depending on the nature
of the stimulated emission process, the output of the laser can either
be a continuous wave (CW) or have a pulsed spectrum with pulses as
short as hundreds of attoseconds [63, 121]. For lasing, the condition of
population inversion needs to be satisfied. This is accomplished through a
feedback mechanism. The most widely used feedback mechanism is based
on a cavity mode. Here, a gain medium is placed between two partially
reflecting mirrors that allow for a small portion of the emitted photons to
escape [138]. As the supplied photons and emitted photons travel back
and forth through the gain medium the intensity of light amplifies. Other
ways to provide feedback include distributed resonances [148] or random
scattering [154]. In the case of a plasmonic laser, feedback is provided
by a surface plasmon mode [19, 140, 20, 96, 109]. Surface plasmons offer
strong field confinement beyond the diffraction limit and, therefore, they
enable lasing at the nanoscale. Additionally, ultrafast laser modulation
speeds can be attained with surface plasmons [3, 150]. The work in this
dissertation points to a new functionality, namely, active control of lasing
by means of an external magnetic field.
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3. Methods

The optical and magneto-optical response of arrays of magnetic nanoparticles constitutes the core of this dissertation. In this chapter, the reader
will find the fabrication techniques for such creating arrays, as well as the
setups and measurement techniques used to study them.

3.1

Fabrication techniques

While there are many routes to making arrays of nanoparticles, a top-down
approach that combines electron beam lithography and a physical vapor
deposition technique was chosen. A typical work-flow for the fabrication of
these arrays is illustrated in Figure 3.1.
1) Substrate cleaning

5) Conducting layer etch
PMMA

PMMA

Glass

Si

Glass/Si

2) Resist spin-coating

6) Resist development

PMMA

PMMA
Glass/Si

3) Conducting layer

Glass/Si

7) Material deposition

Al
PMMA

PMMA

Glass

Si

PMMA

4) e-beam lithography
e

e

e

Glass/Si

e

e

Al
PMMA

PMMA

Glass

Si

e

e

e

8) Resist lift-off

Glass/Si

Figure 3.1. Fabrication process.

The substrates are cleaned and spin-coated with positive tone resist
sensitive to electron radiation. If the substrates are electrically insulating,
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a thin conducting metal layer is deposited on the resist layer to avoid
charging effects. Then, the desired patterns are exposed using electron
beam lithography and the resist is developed. If a conducting layer is
used, this is etched before the development of the resist. Next, the desired
material is grown on top of the resist mask. As a final step, the resist
mask is lifted off in an acetone bath. The following section describes the
fabrication process in more detail.

3.1.1

Resist

Before the spin-coating of the resist layer, the substrate of choice is cleaned.
The goal of this cleaning step is to reduce the number of defects and
guarantee the adhesion of the resist layer to the substrate. The cleaning
process involves sonication of the substrate; first in acetone, then in isopropanol. Each sonication step takes 3 minutes. Then it is blow-dried with
N2 . Optionally, the substrate is further cleaned using plasma etching.
Among the multiple options for resist, the author used poly(methyl
methacrylate) (PMMA). PMMA meets the resolution requirements for the
structures studied, it is easy to work with, and it is cheaper than most other
alternatives. This resist is a positive tone resist, meaning that the areas
exposed by the electron beam will be removed during the development
step. For the fabrication of the samples, 950 PMMA in two percent anisole
supplied by MicroChem is used. This means that PMMA molecules with a
molecular weight of 950 kg/mol are diluted in an anisole solution and the
amount of solute is two percent. The higher the molecular weight, the more
electrons are needed to breakdown these polymeric chains. Whereas the
amount of solute determines the resist film thickness, lower concentrations
render thinner films.
Coating of the substrate by the resist involves two steps: spin-coating
and baking. Spin-coating provides uniform resist coverage and serves as a
fast way to evaporate the casting solvent. The thickness of the resist layer
is determined by the spin angular velocity and the dilution of the resist.
The faster the resist is spun, the thinner the resist film. After spin- coating
the resist, the baking of the samples evaporates the remaining casting
solvent left on the film. The baking time and temperature depend on the
heat source. The supplier of the resist often provides the most appropriate
baking temperature and time values. When this fabrication step requires
multiple resist layers or deviates from the supplier recommendations,
three key temperatures need to be noted: the polymer glass transition and
decomposition temperatures and the solvent evaporation temperature. The
baking temperature should be above the glass transition temperature and
below the decomposition temperature. If possible the baking temperature
should also be above the solvent evaporation temperature. In the case of
PMMA, the glass transition and decomposition temperatures are around
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105◦ C and 200◦ C, respectively. Anisole evaporation temperature is about
155◦ C.

Keeping all this in mind, the author followed the supplier guidelines. The
resist was spin-coated at 4000 rpm for one minute and baked on a hot-plate
at 180◦ C for one minute. To change the thickness of the resist layer, the
spinning velocity was varied. According to ellipsometry measurements,
PMMA films spin-coated on Si substrates according to the mentioned
parameters with two and four percent of PMMA in anisole yield a layer
thickness of about 120 and 240 nm, respectively.

3.1.2

Charging effects

The plasmonic arrays of nanoparticles were either patterned on glass or Si
substrates. Glass substrates allowed us to study the transmission of these
arrays. In plasmonic arrays, the transmission spectrum reveals valuable
information about the surface plasmon modes they support. However, glass
is electrically insulating and when an electron beam is scanned across
its surface, a surface charge builds up. This becomes a problem during
e-beam lithography and causes unwanted beam offsets that render pattern
distortions. Grounding the substrates solves this issue.
A thin metallic film grown on top of the resist is enough to remove
charging effects. The conducting layer needs to be thick enough so it
drains the surface charge but thin enough so the electron beam can pierce
through without causing unwanted scattering events. It was found that an
8 nm e-beam evaporated Al film was enough to prevent charging effects
for the samples fabricated here. When the structures were patterned on Si
substrates or on glass substrates that had a Au film under the resist, this
fabrication step was skipped.

3.1.3

Electron beam lithography

When designing plasmonic arrays of nanoparticles, the particle size, shape,
and the array period determine their plasmonic response. The nanoparticles tend to have different shapes and range between tens to several
hundreds of nanometers. In that context, electron beam lithography meets
the resolution and design flexibility requirements. Additionally, it does
not need pre-made, costly masks and it is highly reproducible. The main
drawback of e-beam lithography is the exposure time. Electron beam
lithography is slower than other lithography techniques such as optical
lithography.
In e-beam lithography, a pattern is exposed by scanning an electron beam
across the surface of an electron-sensitive polymer. Incoming electrons
with energies larger than the binding energy of the molecules can, for
instance, break their bonds through scission reactions. The electron beam
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deposits a certain amount of charge as it scans the sample. The amount
of charge deposited per unit area is known as the exposure dose. The
dose needed to clear the resist from an area with a certain shape is a
key parameter that needs to be adjusted for every single structure of the
design.
Exposure field

Exposure sub-field

Meander
scanning

Meander
scanning

Beam step size

Beam spot size

1st

2nd 3rd

Figure 3.2. Illustration of a typical e-beam exposure. The pattern generator breaks down
the design into sub-fields where the beam is deflected. In each sub-field, the
design area is scanned and then the stage moves to the next sub-field location.

The dose depends on multiple factors such as structure shape, beam step
size, beam current, acceleration voltage, and the resist used, among others.
For arrays of nanodots, this means finding the dose that yields a circle with
a given diameter. Since the deflection of the beam is controlled by a 20-bit
DAC deflector, circles cannot be exposed. The DAC deflector or pattern
generator cannot process curved elements. Instead, these elements need
to be converted into polygonal shapes. As an example, hexagons exposed
at high enough doses result in circles. To find the right dose of these
"circles", the beam acceleration voltage, current, and step-size need to be
fixed. Usually, e-beam systems are operated at the highest acceleration
voltage available. As a rule of thumb, for PMMA, the dose in µC/cm2
is on the order of ten times the acceleration voltage measured in kV. In
a typical exposure (Figure 3.2), the pattern generator breaks down the
design into sub-fields. In each sub-field, the beam is scanned in a meander
fashion and only unblanked on the design regions. Consider the hexagon
in Figure 3.2. The pattern generator processes the electron beam as a
circular beam whose diameter depends on the beam current. The larger
the beam current, the larger the diameter. In order to exposed the hexagon,
the beam is deflected to the first exposure position, dwells unblanked in
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that position for a set amount of time (dwell time), and moves to the next
position. The distance between each exposure position is known as the
beam step size. As it is shown in Figure 3.2, a certain degree of overlapping
is often required to have an effective exposure. While the dose does not
have an upper bound, the clock speed of the pattern generator imposes
the shortest dwell time, i.e., the lowest dose that can be applied for a
given current. In the facilities used, the author had access to a Raith
EPBG5000pES operated at an acceleration voltage of 100 kV and equipped
with a 50 MHz pattern generator. In order to make arrays of nanodots
with a diameter of 100 nm, hexagons with a circumradius of 45 nm were
designed. Using a beam step size of 10 nm, a current of 8 nA (spot-size
of about 20 nm), and a dose of 850 µC/cm2 , the e-beam lithography yield
nanodots with a diameter of 100 nm.

3.1.4

Development

Electron irradiation leads to different chemical reactions that alter the
molecular structure of the resist. In the case of positive-tone resists,
scission reactions are more prominent and the polymeric chains are broken
down into smaller chains. The chemical developer targets those exposed
regions and removes them at a faster rate than the unexposed regions.
This is accomplished by immersing the sample in the proper chemical
solution for a set amount of time. For PMMA, the standard developer is a
1:3 solution of methyl isobutyl ketone (MIBK) and isopropanol. For a given
developer, the time needed to remove the exposed areas depends on the dose
and resist used. For the arrays fabricated here, the samples were immersed
for 30 seconds in the developer solution, rinsed in isopropanol for 30
seconds, and blow-dried with N2 . Rinsing the samples in isopropanol stops
the developing reaction and helps with the removal of possible chemical
subproducts.
If a conducting layer is used on top of the resist, it is etched before the
development of the resist. The Al layer was etched using a solution of
AZ315B developer from MicroChemicals (based on buffered NaOH) and
deionized water in a 1:5 ratio. This dilution ratio ensures a slow and
controlled etching process that could otherwise potentially damage the
PMMA layer. The samples were immersed in the solution just long enough
to remove the Al film, typically around 50 s. Then they were quickly rinsed
in deionized water to fully neutralize the etching solution and blow-dried
with N2 . Keep in mind that deionized water also serves as a developer at
certain temperatures. Long exposure to deionized water can therefore also
compromise the resist layer.
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3.1.5

Material growth

After the development of the samples, they were loaded into the physical
vapor deposition system. Au, Al, and Ni were deposited in an e-beam
evaporator, Co/Pt multilayer structures were grown using magnetron sputtering, and SiO2 films were deposited using plasma-enhanced atomic layer
deposition (PEALD).
In e-beam evaporation, pellets of the deposition material are loaded into a
graphite crucible, which is placed on a water-cooled Cu hearth and heated
using an electron beam. The electron gun is typically a tungsten wire
through which a current is passed. This leads to an effective electron beam
that is magnetically deflected onto the crucible. As a result, the material
temperature reaches the sublimation point and evaporation starts. The
evaporation rate is controlled by adjusting the current flowing through
the tungsten wire and it is monitored using a quartz crystal microbalance.
Al, Au, and Ni were deposited in three different evaporators. Al and Au
were deposited in Intrumentti Mattilla 9912 evaporators whereas Ni was
deposited using an Edwards E306A e-beam evaporator.
While Au can be easily grown using thermal evaporation, that is not
the case for Ni. In these studies, arrays of Au nanodots were grown as a
reference system for Ni nanodot arrays. For the sake of fair comparison,
Au was also e-beam evaporated. These materials can be sputtered but the
lift-off of sputtered materials is generally more challenging. Regarding the
evaporation rates, these were tuned according to the sample requirements.
For instance, in the case of plasmonic Au nanostructures, growth rates
were on the range of tens of Å/s which yields large grain sizes [110]. In
the case of Ni nanodots, high deposition rates not only improve their plasmonic response but can also enlarge the perpendicular magnetic anisotropy
(PMA) as is the case for the arrays studied in Publication I.
Magnetic heterostructures such as Co/Pt or Co/Pd multilayers are typically grown either using magnetron sputtering or molecular beam epitaxy.
The group has access to a dedicated Kurt J. Lesker magnetron sputtering
system equipped with eight DC sources and two RF sources. For that reason, all the magnetic multilayer structures were grown using magnetron
sputtering. Sputtering uses an inert gas plasma to bombard the surface of
the target material which leads to the ejection of atoms towards the sample.
The ejected atoms are then deposited on the surface of the sample to form
a continuous film. Depending on the nature of the target (electrically conducting or insulating) the plasma is either DC or RF power generated. In
both cases, the target is located at the cathode position and either a AC or
DC pulsed current ionizes and drives the plasma. This technique is further
enhanced by placing the targets on top of permanent magnets designed to
trap the ionizing electrons around the surface of the target. This technique
is referred to as magnetron sputtering. The applied power and carrier gas
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flow determine the sputtering rate. Tuning these parameters is of special
importance in the case of Co/Pt structures as their magnetic anisotropy is
strongly influenced by the energy of the ejected atoms. High energy atoms
are more likely to cause intermixing at the multilayer interfaces and this
affects the magnetic anisotropy. The magnetron sputtering is not equipped
with an in-situ deposition rate monitor. Instead, the deposition rates are
extracted by measuring the thickness of calibration samples either using
atomic force microscopy or small-angle X-ray reflectometry.
Lastly, some of the samples consisted of arrays of nanodots deposited on
a SiO2 /Au bilayer. The SiO2 films were grown in a PEALD Beneq TFS-500
system. Atomic layer deposition (ALD) is a material growth technique
based on cycling a series of self-limiting reactions [72, 49]. These reactions
take place on the substrate surface by pulsing vapor phase precursors.
Since this technique is based on self-limiting reactions, material growth
depends on the number of surface reactive sites available. Thus, atomic
monolayers are not necessarily grown after each AB cycle. An ALD cycle
usually consists of two self-limiting reactions (A and B) and purge steps.
At constant temperature and under vacuum (<1 mbar), the gas precursor
A is pulsed until the first reaction saturates. Then, using an inert-gas
the reactor is purged and the reaction by-products are removed. These
two steps repeat for precursor B and the whole AB cycle is repeated for
as many times as required to reach the desired material thickness. In
PEALD, these surface reactions are further enhanced by the presence of a
plasma. In the case of SiO2 , precursor A is AP-LTO 330 from Air Products
and Chemicals and precursor B is oxygen. During reaction B, an RF power
of 100 W was applied and an oxygen plasma was generated. The growth
rate was characterized by measuring the thickness of calibration samples
using a J.A. Woollam RC2 ellipsometer.

3.1.6

Lift-off

The final step of the fabrication process is the removal of the resist. The
lift-off process depends on the resist film, the material thickness, and the
material deposition technique. The resist film should be approximately
twice as thick as the material grown on top. This thickness offset helps the
remover to reach the resist in the vicinity of the pattern. During e-beam
evaporation, the material grows vertically and fills the resist mask up to
the chosen thickness. This deposition methods allows for an empty resist
volume that helps the remover to penetrate into the resist as depicted
in Figure 3.3(a). Conversely, magnetron sputtering deposition leads to
material deposition on the resist side walls (Figure 3.3(b)). This lack of the
thickness offset can make the lift-off process more challenging. Acetone
works well as a PMMA remover. Additionally, sonication of the sample in
acetone can largely enhance the resist removal process. This was effective
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for all the materials studied, including [Co(1)/Pt(1)]30 multilayer nanodots,
where the number in parenthesis denote the layer thickness in nanometers.
As a final step, the samples are rinsed in isopropanol and blow-dried with
N2 .
e-beam evaporation

Sputtering

PMMA

PMMA

Glass/Si

Glass/Si

Figure 3.3. Illustration of the film thickness profile of an e-beam evaporated and a
sputtered film.

Proper optimization of the outlined fabrication process is lengthy and
requires multiple steps. Fortunately, once optimized, it is highly reproducible and multiple samples can be grown within a short period of time.
In the end, the most time-consuming part of the fabrication process is the
pumping time required for the deposition of materials under high vacuum
conditions.
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3.2

Measurement techniques

This section covers the different techniques used to characterize the optical and magneto-optical response of the magnetoplasmonic arrays. A
total of four different setups were used to perform optical transmission,
optical reflectivity, magneto-optical Faraday effect, magneto-optical Kerr
effect (MOKE), magnetic circular dichroism (MCD), magneto-optical microscopy, angular-resolved photo-luminescence (PL), and first-order spatial
coherence measurements.

3.2.1

Optical response

The optical response of the arrays is characterized by measuring their
transmission and/or reflectivity spectra. In the case of SLRs, having a
homogeneous dielectric environment enhances the inter-particle radiative
coupling. During the measurements, this is accomplished by placing a
cover-glass with a drop of index-matching oil on top of the arrays. The
setup used to perform these measurements is depicted in Figure 3.4. The
light source is an NKT SuperK EXW-12 supercontinuum laser attached to
an acousto-optical tunable filter (AOTF) that provides a wavelength range
between 450 and 2000 nm. Using a photo-diode DET-200-002 detector from
Hinds, the intensity of the light reflected from or transmitted through the
sample is measured. The experimental transmission and reflectivity are
given by:
T = 1−

I a − I re f
I re f − I d

(3.1)

R = 1−

I re f − I a
,
I re f − I d

(3.2)

and

where I a is the light intensity reflected from or transmitted through the
arrays, I re f is the reflection or transmission reference, and I d accounts
for the dark counts of the detector. In the case of reflection, the reflection
reference corresponds to light reflected from a continuous film of the same
material and thickness as the nanoparticles. The transmission reference
corresponds to light passing through the substrate unimpeded.
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optical fiber
NKT
SuperK

M1

AOTF

NIR
VIS

M2

GMW
Electromagnet

CCD
x10

Photodiode

M4

x10

L1
Polarizer

Iris

L4

sample

L2

L3

CCD

M3

L3

L2

L4

Photodiode

Iris M5

3D-stage
Y
Z

X

Figure 3.4. Sketch of the setup used for the optical characterization of the samples. The
outputs of the AOFT are directed to the sample using a D-shaped mirror (M3)
and the reflected or transmitted light is detected using a photodiode.

Looking at the setup in more detail, first, two mirrors are needed at
the output of the filter. The 450 to 2000 nm wavelength range is split
into two (at 836 nm) different outputs from the AOTF. M2 is a flipping
mirror so that the entire wavelength range can be probed simultaneously.
The beam goes through a focusing doublet (L1) and a Glan-Thompson
polarizer and it is focused on the sample. The sample is placed between
the poles of a 3470 GMW electromagnet. Using a silver D-shaped mirror
(M3), light is directed inside the magnet pole and adjusted to measure
either reflection or transmission. The lenses L2 and L3 at either side of the
magnet are imaging lenses. They create an image of the sample at the iris
position. A CCD camera (Edmund Optics) with a 10x objective (InfiniTube
Edmund Optics) takes an image of the iris. The camera allows to align the
laser on the arrays and the iris limits the measured light to that coming
from the arrays. Finally, the reflected or transmitted light is focused (L4)
on the photodiode (DET-200-002, Hinds Instruments). Data collection is
controlled using a LabVIEW program.

3.2.2

Magneto-optical response

The magneto-optical characterization of the samples was performed in the
previously described setup with some added components. The MOKE and
Faraday effect measurements only differ in whether light is reflected from
or transmitted through the sample. In the case of MCD, the arrangement
of the optical components in the setup is slightly different. The different
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measurement configurations are shown in Figure 3.5 and 3.6. The MOKE
and Faraday effect setups combine photo-elastic modulation and lockin amplification to simultaneously measure the rotation and ellipticity
signals. In the MCD setup, the photo-elastic modulator is used to switch
between left and right circularly polarized light. Before delving into the
measurement procedure, the basic concepts of photo-elastic modulation
and lock-in amplification are described first.
L1: AC254-200-A-ML
L2: AC508-200-A-ML
L3: AC508-180-A-ML
L4: AC254-100-A-ML
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Figure 3.5. Sketch of the setup used for the MOKE and Faraday measurements. In
addition to the elements present in the previous setup (Figure 3.4), two lockin amplifiers and a PEM are integrated. The light transmitted through or
reflected from the sample is modulated by the PEM and measured using the
lock-in amplifiers.
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Figure 3.6. Sketch of the setup used for the MCD measurements. In this configuration,
circularly polarized light is achieved by the polarizer and λ/4 WP. Then, the
PEM is used to switch between left- and right circularly polarized light.

Photo-elastic modulation
Photo-elastic modulation is a phase-sensitive modulation technique based
on the change of birefringence of a material under strain. The MOKE and
Faraday effect setups are equipped with a photo-elastic modulator (PEM)
I/FS50 from Hinds Instruments which in combination with two lock-in
amplifiers and a photodiode measures the rotation and ellipticity signals
simultaneously. The PEM consist of a silica slab whose birefringence is
resonantly varied at a fixed frequency. Thus, the amplitude of light passing
through this component displays a time-varying dependence.
Consider the case of a polar MOKE measurement. Using Jones formalism, light reaching the photo-diode is given by [124]:
(︄

Ep
Es

×

)︄r

(︄

=

(︄

)︄(︄

cos2 α

cos α sin α

e iφ/2

0

cos α sin α

sin2 α

0

e− iφ/2

R̃ p p
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R̃ sp

R̃ s

)︄(︄

)︄(︄

cos2 β

cos β sin β
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cos β sin β

sin2 β

Es

)︄

)︄ i

(3.3)
,

where the matrices on the right-hand side of equation (3.3) correspond to
the following components in the MOKE septup: polarizer 2, PEM, sample,
polarizer 1, and the incident light. In the case of polarizers, Jones matrices
account for a rotation of the polarization axis. The polarizer axis forms an
angle α or β with respect to the polarization of the incoming light, respec-
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tively. In the case of the Glan-Thomson polarizers used (CVI Melles Griot),
the extinction ratio is about 105 . The PEM introduces a time-dependent
phase modulation given by φ = φ0 sin ω t, where φ0 is a constant and f = 2πω
is the modulation frequency, 50 kHz for this setup. Finally, the third
matrix is the magneto-optical Fresnel reflection matrix, as in equation
(2.35). These complex coefficients are of the form R̃ i = R i e iγi , where R i is
the modulus and γ i the phase. The off-diagonal components account for the
magneto-optical changes in rotation and ellipticity while only first-order Q
terms are considered [67]. Equation (3.3) can be simplified for the setup
configuration used. The output of the AOTF is mostly s-polarized (E ip ≈ 0
and E si ≈ 1) and the first polarizer is set along this direction, β = 90◦ , to
guarantee s-polarization. Bearing this in mind, from equation (3.3) it
follows that:
[︄ ]︄r [︄
]︄
Ep
Es

=

cos2 e iφ/2 R̃ ps + cos α sin α e− iφ/2 R̃ ss
cos α sin α e iφ/2 R̃ ps + sin2 e− iφ/2 R̃ ss

.

(3.4)

Lastly, when dealing with the time-varying phase introduced by the PEM,
the exponential terms in the PEM matrix are treated using the Fourier
∑︁
expansions of the cos(φ(t)) = J0 (φ0 ) + ∞
m=1 J2m (φ0 ) cos(2mω t) and sin(φ(t)) =
∑︁∞
J
(
φ
)
cos((2m
+
1)
ω
t)
terms,
where
the Jk ’s represent the Bessel
2m
+
1
0
m=0
functions of order k. When doing this, the intensity measured by the
photodiode I(t) = E rp E rp∗ + E rs E rs∗ can be grouped in terms proportional to
the frequency harmonics:
I(t) = R 2ps cos2 α + R 2ss sin2 α + 2R ss R ps cos α sin α cos(φ − (γss − γsp )
= R 2ss sin2 α + R 2sp cos2 α + 2J0 (φ0 )R ss R sp cos α sin α cos(γss − γsp )+
+ 4J1 (φ0 )R ss R sp sin(γss − γsp ) cos α sin α sin(ω t)+

(3.5)

+ 4J2 (φ0 )R ss R sp cos(γss − γsp ) cos α sin α cos(2ω t)+
+ higher harmonics,

where the first term on the right hand side of equation (3.5) is the timeindependent term, i.e., the DC signal, and the second and third terms
on the right are the first and second harmonic contributions, respectively.
The latter terms reveal that the first harmonic and second harmonic
contributions are proportional to R sp sin(γss − γsp ) and R sp cos(γss − γsp ), i.e.,
they are proportional to the imaginary and real part of the Kerr angle,
respectively. During the measurements, the angle of the polarizer 2, α,
is 85◦ . While a cross-polarizer configuration would in principle maximize
the magnetic-optical component of the signal, working at full extinction
renders a poor signal-to-noise ratio.
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Lock-in amplification
Using photo-elastic modulation, the Kerr and Faraday ellipticity and rotation are modulated at two different frequencies, 50 kHz and 100 kHz.
The most common way to independently measure these signals is by using
two dual lock-in amplifiers. Lock-in amplification is a phase-sensitive
detection technique capable of extracting a signal component at a given
frequency and phase. The lock-in amplifier takes the experimental signal
and multiplies it with a reference sine wave signal exactly at the same
modulation frequency. Then, the signal passes through a low-pass filter
that averages the signal in time. The output is a DC signal corresponding
to those components of the experimental signal that share the frequency
of the reference signal. The operation of a lock-in amplifier can be better
understood in the frequency domain. Since photo-elastic modulation provides a periodic time-varying signal (the second and third terms on the
right of equation (3.5)), the signal picked up by the detector, Vsi gnal (t), can
be expressed in terms of a Fourier series.
Vsi gnal (t) = a 0 +

∞
∑︂

[a m cos(mω0 t) + b m sin(mω0 t)],

(3.6)

m=1

where a m and b m are the Fourier coefficients and ω0 is the modulation
frequency. The Fourier coefficients constitute the DC signals to be measured. The lock-in mixer then multiplies Vsi gnal (t) with pure cos(nω0 t + ψ0 )
and sin(nω0 t + ψ0 ) reference functions. The frequency of these functions
is also a multiple of the modulation frequency and their phase difference
with respect to Vsi gnal (t) is ψ0 . Note that this requires a dual-phase lock-in
amplifier, other wise the mixer can only execute one of the products at a
time. The product is then fed to a low-pass filter which is essentially a
series RC circuit (Sallen and Key filters) [58]. Considering a first order RC
low pass filter, the output voltage of the RC filter is given by:
1 dVoutput
+ Voutput = Vinput ,
RC
dt

(3.7)

where R is the resistance, C the capacitance, and τ = 1/RC the time
dV
constant. Assuming output
≫ Voutput , then the output of the filter is apdt
proximately:
Vf ilter (t) ≈ τ

∫︂

t0

Vproduct (t)dt.

(3.8)

0

Since the cos(mω0 t) and sin(mω0 t) functions are a basis of the Hilbert
space L2 [−π, π] and form a complete orthogonal system [2, 62], equation
(3.8) is equivalent to the product of orthogonal functions when t0 ≫ τ. As a
result, the only non-zero terms after the filter correspond to the Fourier
coefficients of Vsi gnal (t) for m = n. The MOKE setup consists of two dualphase lock-in amplifiers (Signaloc 2100 from Hinds Instruments) that
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perform these operations at 50 KHz (ellipticity) and 100 kHz (rotation),
respectively.
The Kerr ellipticity and rotation in terms of lock-in outputs are given by:
p
2V50kH z
4J1 (φ0 )VDC

(3.9)

p
2V100kH z
ΦK =
,
4J2 (φ0 )VDC

(3.10)

ΨK =

and

where φ0 is chosen to minimize the DC signal component (first term on
the right of equation (3.5)), i.e., J0 (φ0 ) = 0. VDC , V50kH z , and V100kH z are the
experimental counterparts of first the three terms on the right of equation
p
(3.5), respectively. The 2 prefactor in equations (3.9,3.10) comes from
the fact that lock-in amplifiers measure root mean square voltage rather
than peak voltage. The Faraday effect measurements are conducted in a
similar manner. During the measurements, the auto-phase option removes
possible phase differences between the reference signal and the experimental signal and thus allow for accurate measurements of the Fourier
coefficients. Note that equation (3.5) identifies the intensity measured by
the photodiode as the measurement parameter while equations (3.9) and
(3.10) are written in terms of lock-in voltages. Keeping in mind Ohm’s law
and that the final value only depends on the ratio of the time-varying and
DC components, both formulations yield the same results.

Measurement procedure
Now that the basic concepts of photo-elastic modulation and lock-in amplification have been laid out, the measurement procedure is described in
more detail.
During the polar MOKE and Faraday effect measurements (Figure 3.5),
the PEM modulates the signal and the lock-in amplifiers retrieve VDC ,
V50kH z , and V100kH z . At each wavelength, these signals are recorded as
the magnetic field is swept. Thus, two hysteresis loops are measured
simultaneously. As discussed, the time-varying terms, V50kH z and V100kH z
depend on the reflection coefficient R sp (equation 3.5)). Therefore, these
signals are first-order functions of the Voigt constant, Q , which makes
them sensitive to the direction and magnitude of the magnetization in the
sample. When sweeping the magnetic field, the V50kH z and V100kH z signals
display hysteretic behavior. The amplitudes of the two hysteresis curves
correspond to the ellipticity and rotation angles. By recording hysteresis
curves at different wavelengths and extracting the data as described here,
the Kerr and Faraday effect spectra are measured.
The components including the MOKE setup (Figure 3.5) can be also
arranged easily to measure MCD. In the MCD measurement setup, the
laser goes through the PEM before it reaches the sample. Here, circularly
polarized light is produced by using a λ/4 wave plate (WP) (AHWP10M-600,
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Thorlabs) set at 45◦ with respect to the axis of polarizer 1. Then, the PEM
simply adds a constant phase to switch between left- and right- circularly
polarized. By simply measuring the reflected or transmitted light for both
magnetization states at a fix helicity or vice versa, the MCD spectrum is
measured.

3.2.3

Magneto-optical microscopy of laser-pulsed-induced
magnetic effects

Publication I reports on the magnetic response of Ni nanodot arrays to
femtosecond laser pulses. In these experiments, demagnetization and
field-assisted magnetic switching after the application of ultrashort laser
pulses were probed using magneto-optical microscopy. The setup used for
ultrafast excitation of the Ni nanodot arrays and magneto-optical iamaging
of magnetization changes is shown in Figure 3.7.
To characterize the magnetization state of the sample after pulse excitation, a magneto-optical microscope setup was built. This setup resembles
a standard MOKE microscope except that the light probing the magnetization is not reflected from the sample but scattered by the magnetic
nanodots. The sample is located at the center of an electromanget (BH80HP-A, Serviciencia) and a LED lamp (M660L4Thorlabs) above the magnet
illuminates it. A CCD camera (EO USB 2.0 CCD, Edmund Optics) placed
in front of the poles of the magnet images the arrays. Figure 3.7 clarifies
the measurement geometry. Here, the sample is located in the zy-plane,
the LED lamp is placed along the z-direction, and the CCD camera detects
scattered light along the x-direction. This dark field configuration has
the advantage that only the scattering nanodots are imaged. To probe
the magneto-optical intensity and asses the magnetization state of the
sample, a polarizer-analyzer configuration is used, as in the MOKE setup.
To that end, the light from a LED lamp is focused on the sample using a
lens (f = 200 mm) and its polarization is fixed by a linear film polarizer
(LPVIS100-MP2 Thorlabs). The light scattered from the sample passes
through the analyzer (LPVIS100-MP2 Thorlabs) and is measured by the
CCD camera. Applying a magnetic field and measuring the intensity of
the light scattered by the array povides the magneto-optical signal for both
fully saturated magnetization states. These signals are subsequently used
as a reference for laser-pulse-induced magnetic effects. Imaging and data
collection were controlled using a LabVIEW program. In a typical measurement, first a hystersis curve is recorded and the light intensity values
corresponding to both magnetization saturation states (± M s ) are saved.
Then, the magnetization of the arrays is set to either + M s or − M s . Next,
the sample is excited with a single femtosecond laser pulse and an image is
taken. Using the intensity reference values, the final magnetization state
is assessed.
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Figure 3.7. Schematics of the magneto-optical microscopy setup used in the studies on
laser-pulse-induced magnetic effects in Ni nanodot arrays. The left side of
the illustration corresponds to the probing part while the right side is the
excitation part. The sample is located at the center of the electromagnet in
the zy-plane and the camera is positioned so that it collects scattered light
along the x-direction. The femtosecond laser pulses exciting the sample are
parallel to the x-axis perpendicular to the sample plane.

Publication I reports on the demagnetization and field-assisted switching
of Ni nanodot arrays caused by femtosecond laser excitation. The femtosecond laser pulses is generated by a pulsed Ti:Saphire laser (Astrella,
Coherent) with a tunable optical parametric amplifier (TOPAS, Light Conversion). The pulse length is 100 fs, the repetition rate is 1 kHz, and the
wavelength in the experiments reported in Publication I ranged from 610
to 700 nm. The power of the laser pulses is controlled using a λ/2 wave
plate (WP) (AHWP10M-600, Thorlabs) and a Glan-Taylor polarizer (GT-10
A, Thorlabs). A λ/4 WP (AQWP10M-580, Thorlabs) set the final polarization state and the beam was focused on the sample using an achromatic
doublet lens (AC254-125-A-ML, Thorlabs) and silver mirrors. Finally, to
excite the array with a single femtosecond pulse, an optical chopper (SR540
Standford Instruments) with a 6/5 slot blade in combination with an optical shutter (SH05/M, Thorlabs) is used. The beam passed through the
outer ring of the chopper spinning at 100 Hz. Out of the 6 slots, 4 were
blocked so that only two consecutive ones are left uncovered. The optical
shutter is operated at its minimum exposure time, 10 ms. This means that
during the time the shutter is open, the chopper blade only performs one
rotation. Thus, either none or one pulse passes through the optical shutter.
Therefore, the shutter opening time controls the number of pulses reaching
the sample. The angle of incidence of the fs laser pulses is a few degrees
from the sample normal to prevent the laser from reaching the camera.
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3.2.4

Lasing

The lasing experiments discussed in section 4.3 were characterized through
angle-resolved photoluminescence (PL) and spatial coherence measurements. Here, the sample preparation and measurement setups are discussed.

Sample preparation
The Ni nanodot arrays were patterned on a microscope glass slide (SigmaAldrich) while the Co/Pt nanodot arrays were patterned on a Au(150)/SiO2 (20)
bilayer grown on a Si substrate. In the case of the Ni arrays, a onemillimeter thick silicone isolator (Sigma-Aldrich) is placed around the
region containing the arrays. Then, the region containing the arrays is
sealed by placing another cover glass on top of the silicone isolator. Finally,
the dye solution is injected into the sealed region so that the arrays are
surrounded by the dye solution as shown in Figure 3.8(a). In the case of
the Co/Pt nanodots, the samples are placed within the sealed region, as
depicted in Figure 3.8(b).
(a)

Ni arrays

Cover glass

Silicone spacer

R6G dye solution

Ni arrays

(b)
Co/Pt arrays

Cover glass

Silicone spacer

IR-140 dye solution

Si substrate

SiO2/Au bilayer

Figure 3.8. Illustration of the top (left) and cross-section (right) view of the lasing samples
for the Ni (a) and Co/Pt (b) samples.

The dye solution is prepared using benzyl alcohol (BA) (Sigma-Aldrich)
and dimethyl sulfoxide (DMSO) (Sigma-Aldrich). A 2:1 BA to DMSO
solution has a refractive index similar to glass and this guarantees a
homogeneous dielectric environment for the plasmonic nanostructures.
The Ni samples were studied using Rhodamine R6G dye (Sigma-Aldrich)
while for the Co/Pt samples IR-140 dye (Sigma-Aldrich) was used. In the
case of the R6G dye, a 35 mM solution was prepared by dilution of the dye
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in the BA:DMSO mixture. In the other experiments, a 12 mM IR-140 dye
solution was used. The different choice of dye due to the surface plasmons
supported by each sample. The Co/Pt sample requires the excitation of
SPPs at the Au(150)/SiO2 (20) interface to support high-Q resonances. The
SPPs are more strongly damped when they are excited close to the Au
interband transition edge (≈ 2.5 eV). Therefore, Rhodamine R6G with an
absorption maximum at around 2.3 eV [39], is not the best dye for the
Co/Pt sample. Since the absorption band of the IR-140 dye has a maximum
at 1.5 eV [35], this dye is more suitable for the Co/Pt samples.

Photoluminescence measurements
Lasing is a non-linear phenomenon that describes the emission of coherent
light with Poissonian photon statistics far above threshold [135]. This nonlinear behavior can be observed when measuring the photoluminescence
of a lasing system as a function of the pump power. Another signature of
lasing action is the narrowing of the linewidth of the lasing mode as the
system approaches the lasing threshold. The measurement setup used
was designed to measure both non-linear responses of the PL and lasing
mode linewidth as a function of the pump fluence. The setup is illustrated
in Figure 3.9. The studies on Ni and Co/Pt samples were performed in
the same setup. The setup configuration for both studies only differed in
the pump wavelength and angle of incidence. The Ni samples were pump
at 500 nm and at an incident angle of 45◦ while the Co/Pt samples were
pumped at 800 nm and normal incidence. Since the measurement of the
Co/Pt sample required more components, the setup description is based on
those experiments. The beam path in the experiments on Ni nanodots is
indicated with dashed lines in Figure 3.9.
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Figure 3.9. Schmeatics of the angle-resolved photolumisnescense setup.

The Co/Pt samples are excited by an 800 nm pulsed Ti:Sapphire laser
(Astrella Coherent) at a repetition rate of 1 kHz. First, the laser power
is reduced using a neutral density (ND) filter of optical density (OD) 1.
Then, a λ/2 WP (AHWP10M-600, Thorlabs) maximizes the laser power
after the Glan-Taylor polarizer (GT-10 A, Thorlabs). Using an iris and a
plano-convex lens (f = 200 mm) at two times its focal distance from the
sample, a flat-top beam is focused on the sample with a diameter of 600 µm.
Between the iris and the lens, there is a continuous ND wheel (NDC-50C-2,
THorlabs) that controls the pump power during the measurements. The
wheel is attached to a stepper motor controlled with Arduino and LabVIEW
allowing for automatic and reproducible PL measurements.
The detection line features a spectrometer (Acton spetrograph SP2500,
Princeton Instruments) with a CCD camera (PIXIS:400B Princeton Instruments). The long-pass filter in Figure 3.9 (FF01-834/LP25, Semrock)
prevents the pump from entering the spectrometer. The tube lens is positioned so that the back focal plane image of the objective is collimated
before the position of the lens located at the entrance slit of the spectrometer. This lens focuses the back focal plane of the objective (cropped by
the iris) at the entrance slit of the spectrometer. In that configuration, the
spectrometer CCD camera provides spectral- and angle-resolved intensity
images. Each image consists of 1340 horizontal and 400 vertical pixels. Depending on the grating of the spectrometer, each horizontal pixel encodes
a different wavelength. As for the angular information, this dependes on
the numerical aperture (NA) of the objective. The setup consists of a 10X
CFI plan fluor Nikon objective with NA = 0.30. This means that, in air (n
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= 1), the objective collects light emitted by the sample with an angle, θm ,
of up to 17◦ (equation (3.11)).
Objec�ve
Back
focal
plane

Sample
θm

θm

f₀

f₀

θm = arcsin(

NA
).
n

(3.11)

Since the CCD camera images the back focal plane of the objective, the
vertical pixels of each image corresponded to different angular positions
given by:
(︃(︃
)︃
)︃
θpixel y(i) = arctan

p y (i) − p c
p0

tan(θm ) ,

(3.12)

where p y (i) is the vertical pixel position considered, p c is the position of
the central pixel, and p 0 corresponds to the intersection of the optical axis
and the back focal plane image; the setup is aligned so that p c ≈ p 0 .
When considering periodic arrays of nanodots and light propagating only
in the array plane, the energy of these optical modes would be given by:
√︂
(︁
)︁2
E(k) = (k x + G x )2 + k y + G y ,
(3.13)

where k i = ∥k i ∥ and G i = n 2Pπ î are the reciprocal lattice vectors. In essence,
these measurements provide a two-dimensional image of the (E, k) space,
where k x and k y are the x- and y-component of the wave vector k. The slit
at the entrance of the spectrometer cuts out a (E, k) plane where one of k
vector components is approximately zero and can be considered constant.
During the measurements, k x was constant while k y = k0 sin(θ y ), k0 = 2π/λ0 ,
λ0 is the free space wavelength, and θ y corresponds to the collection angle
(see equation (3.11)). Thus, this measurement setup provides with a
(︁
)︁
angle-resolved intensity profile of the E, k y plane. In a typical power
(︁
)︁
dependence measurement, the LabVIEW software records these E, k y
images for different pump powers. Processing of these images yields the
sample angle-resolved PL and lasing mode linewidth dependencies on the
pump fluence. During the studies of magnetic field control of lasing, a
permanent magnet (µ0 H = 500 mT) was placed a few milimeters from the
back of the sample. Additionally, when pumping with circularly polarized
light, the pump helicity is adjusted using the λ/4 WP.

Spatial coherence measurements
Another fundamental property of lasers is their ability to produce temporally and spatially coherent light. To truly distinguish a laser from other
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coherent light sources, the second-order correlation functions need to be
studied [135, 138]. Performing this type of measurement was out of reach
and, instead, only the first-spatial correlation function at zero time delayed
was studied, i.e., first-order spatial coherence. These measurements were
only conducted for the Co/Pt samples. The setup used to perform these
measurements is sketched in Figure 3.10.
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Figure 3.10. Schematics of the spatial coherence setup. Using a Michelson interferometer,
the system images the interference pattern of two centrosymmetric images
of the array above the lasing threshold.

Coherence is experimentally addressed based on interference patterns.
The visibility of the interference fringes is related to the degree of coherence
and it is defined as [26, 156]:
V =

I max − I min
,
I max + I min

(3.14)

where I max and I min are the intensity maximum and minimum, respectively. The setup used to measure spatial coherence is based on a Michelson
interferometer where two centrosymmetric images are overlapped [130].
The fixed mirror is a silver mirror and provides an image (G) while the
square retroflector (HRS1015-AG, Thorlabs) provides the centrosymmetric
image (G). When they both overlap at zero time delay (G-G) and if the light
emitted by the sample is coherent, bright and dark interference fringes
appear. From the theoretical point of view, the intensity in the interference
pattern at a given point can be written in terms of two overlapping wave
fields, V (P i , t i ), originating at position P i and time t i , respectively [26, 156].
At a certain pixel, Z , of the interference image the total field takes the
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form:
(3.15)

V (Z, t) = K 1 V (P1 , t − t 1 ) + K 2 V (P2 , t − t 2 ),

where t i are the times needed for the wave fields to reach position Z from
their respective initial positions P i . Here, K i are complex geometrical
factors. Thus, the total intensity at position Z is given by:
⟨︁

⟩︁

I(Z) = V (Z, t)V (Z, t)∗ ,

(3.16)

where 〈〉 denotes the time average. After some derivations, the I(Z) can be
expressed in terms of the normalized correlation function γ(P1 , P2 , t1 − t2 )
[156]:
√︁
√︁
I(Z) = I 1 (Z) + I 2 (Z) + 2 Re[ I 1 (Z) I 2 (Z)γ(P1 , P2 , t 1 − t 2 )]
(3.17)
with

γ(P1 , P2 , t 1 − t 2 ) = √︁

〈V (P1 , t + t 1 − t 2 )V (P2 , t)∗ 〉
〈V (P1 , t)V (P1 , t)∗ 〉

√︁

〈V (P2 , t)V (P2 , t)∗ 〉

,

(3.18)

with I i (Z) = |K i |2 〈V (P i , t)V (P i , t)∗ 〉 the total average intensities at position Z
coming from P i while the other is blocked. γ(P1 , P2 , t1 − t2 ) is the normalized
correlation function of the field at the points P1 and P2 and its real part
|γ| cos(arg(γ)) is called the complex degree of coherence. This means I max
and I min are given by:
√︁
√︁
I max = I 1 (Z) + I 2 (Z) + 2 I 1 (Z) I 2 (Z)|γ(P1 , P2 , t 1 − t 2 )|
(3.19)
√︁
√︁
I min = I 1 (Z) + I 2 (Z) − 2 I 1 (Z) I 2 (Z)|γ(P1 , P2 , t 1 − t 2 )|.
(3.20)
Inserting the latter equation into equation (3.14), the relation between the
correlation function and the visibility becomes:
V (Z) =

p
p
2 I 1 (Z) I 2 (Z)
|γ(P1 , P2 , t 1 − t 2 )|.
I 1 (Z) + I 2 (Z)

(3.21)

The setup in Fig. 3.10 is arranged to measure first order spatial coherence,
i.e., t1 = t2 . During the measurements, rather than measuring the intensity
at a point Z , the setup images the entire array and a 2D fringe visibility
profile is obtained. The fringes result from the overlap of the images
reflected from the mirror M (G) and the image reflected from the square
retroreflector (G). Similarly to the previous derivation, these images can
be expressed in terms of complex fields of the form V (P, t) = E(r) exp(i ϕ(r)),
where E(r) is the amplitude, ϕ(r) is the phase, and r is the vector position
of a point in the array (x-y plane). Thus the field coming from the mirror
M at the camera can be express as V (M, t) = E(r) exp(ϕ(r) + φ), where φ also
accounts for any phase delay of experimental origin. In the case of the
square retroreflector, V (R, t) = E(−r) exp(ϕ(−r) + kr), where kr accounts for
the phase delay caused by the beam displacement at the retroreflector.
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In the case of monochromatic light, the phase delay takes the form kr =
k x x + k y y where k i = k 0 d i / f is the wave vector components along the x or
y-direction, d i are the components of the displacement introduced by the
retroreflector, k0 is the wave vector of the incoming light, and f is the focal
length of the lens before the camera. Due to this displacement, (G) and (G)
are focused on the camera at different angles. Therefore the overlapping
wavefronts are tilted with respect to each other. Following equation 3.17,
the intensity of the interfering fields at a point Z is:
√︁

I(Z) = I M (Z) + I R (Z) + 2

I M (Z)

√︁

I R (Z)|γ(r, −r, 0)| cos(ϕ(r) − ϕ(−r) − kr + φ)

(3.22)
In the experiment, I(Z) corresponds to the fringe pattern measured by
the camera, I M (Z) is the array image coming from the mirror M when
the retroreflector arm is blocked, and I R (Z) is the array image coming
from the retroreflector when the mirror M arm is blocked. Therefore, the
measurements provide an estimation of the first order spatial degree of
coherence:
|γ(r, −r, 0)| cos(ϕ(r) − ϕ(−r) − kr + φ) =
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I(Z) − I M (Z) − I R (Z)
p
p
2 I M (Z) I R (Z)

(3.23)

4. Results

This chapter is a compilation of the most relevant results obtained during
the studies included in this dissertation. A description on the fabrication
and measurement techniques is provided in Chapter 3. The results presented in this chapter are organized as follows. First, a detailed study of
surface lattice resonances (SLRs) supported by arrays of Co/Pt nanodots
is presented (Publication III). Then, the effects of SLRs on ultrafast demagnetization and field-assisted magnetic switching in Ni nanodot arrays
upon femtosecond laser pulse irradiation are discussed (Publication I).
The discussion continues with the loss circumvention approach developed
in arrays of Ni nanodots patterned on a Au/SiO2 bilayer (Publication II).
The universality of the loss circumvention approach and its capabilities to
enhance magneto-optical effects are further discussed for Co/Pt nanodot
arrays. Next, plasmonic lasing is demonstrated in Ni nanodot nanocavities
(Publication IV). Lastly, the prospect of magnetic field control of plasmonic
lasing through magnetic circular dichroism is discussed.
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4.1

Periodic arrays of metal nanoparticles

Although plasmonic holds great promise in multiple applications in nanooptics, optical losses have prevented this field from meeting these expectations [79, 25]. Surface plasmon resonances constitute collective oscillations
of the free electrons in a metal. As such, the electrons undergo different
scattering processes (electron-electron, phonon-electron, defects, ...) that
result in energy loss. This is known as bulk damping. In Chapter 2, localized surface plasmon resonances (LSPRs) in metal nanostructures were
modeled as electric dipoles. Therefore, radiative damping, including surface scattering, and other damping mechanism such as Landau damping
also need to be considered [25, 109]. The different damping mechanisms
contribute to the linewidth broadening of surface plasmon resonances. One
way to quantify damping effects on surface plasmons is through the quality
factor (Q), where Q is defined as the ratio [87]:
Q=

λSP

∆λ

(4.1)

where λSP is the surface plasmon resonance and ∆λ is the full-width
at half-maximum (FWHM) of the resonance. Note that equation (4.1) is
defined in terms of experimental data and applies to any surface plasmon
resonance. Alternatively, the theoretical definition of quality factor is given
in terms of the metal dielectric function as [141]:
Q=

ω
∂Re(ϵm (ω))
2Im(ϵm (ω))
∂ω

(4.2)

where ω is the surface plasmon frequency and ϵm is the complex dielectric
function of the metal. Here, equation (4.2) only applies to surface plasmon,
i.e., LSPRs and SPPs. As outlined in Chapter 2, Q reaches a maximum
when the absorption cross-section displays a narrow resonance. Narrow
resonances are linked to singularities in the imaginary part of the denominator of the nanoparticle polarizability (equation 2.14), Im(ϵm + 2ϵd ), i.e.,
to the Frölich condition. In the latter expression, ϵm and ϵd are the dielectric constant of the nanoparticle and the dielectric surrounding medium,
respectively. Due to the complex nature of ϵm (metals are absorptive),
the polarizability does not diverge and neither does Q (equation (4.2)).
Consequently, optical losses set an upper-bound to the Q-factor of surface
plasmons.
Fortunately, the intrinsic damping of plasmonic metals can be partly compensated for through the excitation of surface lattice resonances (SLRs).
Theoretical predictions of SLRs [105, 168, 165] in 1D and 2D lattices
were experimentally confirmed first in arrays of noble metal nanoparticles [86, 32, 9]. As discussed in Chapter 2, in periodic ensembles of
nanoparticles, the excitation of diffracted waves in the array plane partially counteracts the inherent damping of the LSPRs (equation (2.33))
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when, at resonance, the imaginary part of the structure factor is negative [166, 9]. This condition is generally met when the wavelength of the
diffracted order (DO) is larger than that of the LSPR, λDO > λLSPR [9]. To
better understand the nature of SLRs, consider a periodic array of nanodots.
According to the discrete-dipole approximation, LSPRs can be regarded as
induced electric dipoles. Thus, a periodic array of nanodots at resonance is
a periodic collection of electric dipoles. At normal incidence, light polarized
along the x-direction matches the (0,±1) DOs condition and the incident
field is perfectly channeled into the array plane along along the y-direction.
Since the incident light can be scattered along both ±y-directions, the two
waves form a standing waves [9, 57, 87]. Depending on the position of
the nodes and antinodes of that standing wave, SLRs are either bright
(antinode at the center of the nanoparticle) or dark modes (node at the
center of the nanoparticle) [14, 57]. Dark SLRs are not predicted by the
discrete-dipole approximation since the induced dipoles are located at the
nodes of the standing wave. To account for dark modes, quadrupolar contributions need to be considered. Notice that as the nanodot size increases,
the contributions of higher-multipolar modes becomes more important and
lead to different types of SLRs not captured by the DDA [162, 101].
The strong confinement and high-Q values of SLRs obtained in noble
metal plasmonic systems has motivated the use of SLRs in magnetoplasmonic systems [75, 6]. In magnetic metals, optical losses are considerably
larger than in noble metals. The band structures of magnetic metals allows
intra- and interband transitions throughout the visible and near-infrared
wavelength ranges, which enlarges their bulk damping [25, 79]. Although
optical losses render broader surface plasmon resonances in magnetoplasmonic systems, the excitation of surface plasmon resonances still strongly
enhance their magneto-optical response. This has led to new applications
[75, 77, 97, 6, 5, 36, 98, 99, 125, 169, 126]. In the following studies, SLRs
are realized in Co/Pt and Ni nanodot arrays patterned on glass substrate.
The excitation of SLRs in Co/Pt nanodot arrays and their tailoring and
enhancing capabilities on the magneto-optical response is performed for
the first time (Publication III). In Ni nanodot arrays, the effects of SLR
excitation on the ultrafast demagnetization and field-assisted magnetic
switching triggered by femtosecond laser pulse excitation are studied for
the first time (Publication I).

4.1.1

Co/Pt multilayer nanodots

The Co/Pt multilayer system studied here consists of periodic arrays of
Ta(2)/Pt(4)/[Co(1)/Pt(1)] N /Pt(2) nanodots, where the number in parenthesis
indicates the thicknesses of each layer in nanometers and N refers to
the number of bilayer repetitions. Hereafter, the nanodots are referred
to as [Co/Pt] N nanodots. The [Co/Pt] N nanodots were patterned on glass
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substrates using e-beam lithography and magnetron sputtering. All the
arrays are square (the period, P , along both directions of the array is
the same). Multiple sets of [Co/Pt] N nanodot arrays were fabricated for
different nanodot diameters, array periods, and bilayer repetitions. Three
different nanodot diameter were explored, D = 100 nm, 150 nm, and 200
nm. For each diameter, the number of bilayer repetitions studied were N
= 1, 3, 5, 10, 20, and 30. Lastly, for each combination of D and N , arrays
with periods of P = 350 nm, 400 nm, 450 nm, and 500 nm were fabricated.
Before delving into the excitation of SLRs in arrays of Co/Pt nanodots,
the magnetic properties of Co/Pt heterostructures are discussed.
While perpendicularly magnetized Co/Pt bi- and multilayer have not been
studied in the field of nano-optics or plasmonics, they constitute a staple
in the fields of nanomagnetism and spintronics. In the advent of magnetooptical recording [29, 37, 61, 68], Co/Pt multilayers gained popularity
as an alternative magneto-optical recording medium. Co/Pt multilayers
offer perpendicular magnetic anisotropy, large coercivity, and better corrosion resistances and magneto-optical response, compared to rare-earth
transition-metal compounds used for magnetic recording [93, 52, 118]. The
use Co/Pt heterostructures extended not only to the field magnetic storage
technology [71, 146] but also in studies on domain wall dynamics[91, 111],
current-induced magnetization switching [103, 112, 94], current-driven
chiral domain wall formation [56, 44, 131], ionic control of magnetism
[16], and magnetic skyrmions [157], among others. Recently, studies on
all-optical magnetic switching (AOS) have shown that the magnetization
of Co/Pt multilayer structures can be switched using multiple femtosecond
laser pulses [89]. The extensive research on Co/Pt bi- and multilayers in
the magnetism community has motivated the studies of the magnetoplasmonic properties of [Co/Pt] N nanodot arrays.
Figure 4.1 shows the hysteresis curves of [Co/Pt] N nanodot arrays with a
period of 400 nm as a function of N and D . The hysteresis curves shown in
Figure 4.1 correspond to polar magneto-optical Kerr effect (MOKE) measurements performed in a MOKE spectroscopy setup (see section 3.2.2).
All hysteresis curves have a nearly square shape. The hysteresis curves
are a measure of how easy it is to magnetize the nanodots along the direction of the externally applied magnetic field [33]. In the polar MOKE
configuration, the external magnetic field is applied perpendicular to the
sample surface and parallel to the optical plane of incidence. Therefore,
as expected, the hysteresis curves indicate a clear perpendicular magnetic
anisotropy (PMA). PMA in Co/Pt heterostructures arises from orbital hybridization at the Co/Pt interfaces [151, 114, 47]. In the [Co/Pt] N nanodot
arrays, the signal-to-noise ratio decreases for smaller nanodots, which is
caused by a reduction of their reflection. For all three nanodot diameters,
the coercivity of the arrays increases with the number of bilayer repeats
up to 5 repetitions (Figure 4.1(d)). For N > 5, the coercivity decreases as
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N increases. The dependence of the coercivity field on N is similar to that
reported by Knepper and Yang in Co/Pt thin-film multilayers. The initial
increase is explained by ferromagnetic exchange coupling of the Co layers,
whereas the subsequent decrease is caused by the growth of dipolar fields
facilitating easier nucleation of inverse domains during magnetization
reversal [85, 33]. Lastly, it is noted that the array period does not influence
the intrinsic magnetic properties of the nanodots. Hence, only data for an
array period of 400 nm is shown.
(c)

0.75
0.50
0.25
0.00
-0.25
N=1
N=3
N=5
N=10
N=20
N=30

-0.50
-0.75
-1.00
-1000 -500

Polar MOKE intensity (a.u.)

(b)

0
500
µ0H (mT)

1.0
0.5
0.0
-0.5

N=1
N=3
N=5
N=10
N=20
N=30

-1.0
-1.5

1000

-1000 -500

(d)

1.00
0.50
0.25
0.00
-0.25

N=1
N=3
N=5
N=10
N=20
N=30

-0.50
-0.75
-1000 -500

0
500
µ0H (mT)

1000

1000

0
500
µ0H (mT)

Diameter

600

0.75

-1.00

1.5

Polar MOKE intensity (a.u.)

1.00

Coercivity(mT)

Polar MOKE intensity (a.u.)

(a)

200 nm
150 nm
100 nm

500
400
600

300

500

200

400
300

100
0
0

200
0

5

1

2

3

4

5

6

10 15 20 25
Multilayer repetitions

7

8

30

Figure 4.1. Polar MOKE hysteresis curves of square arrays of [Co/Pt] N multilayer nanodots with a diameter of (a) 200 nm, (b) 150 nm, and (c) 100 nm. The arrays
have a periodicity of 400 nm and the number of bilayers goes from 1 to 30
repetitions. The inset in panel (b) shows an atomic force microscopy image
of a 150 nm [Co/Pt]10 nanodot. The white inset bar has a length of 200 nm.
(d) Coercivity of the arrays as a function of the number of bilayer repetitions.
The inset shows an approximately linear increase of the coercivity for N ≤ 5

Figure 4.2 shows optical transmission spectra at normal incidence of
[Co/Pt] N arrays as a function of N and D . In the transmission measurements, the incident field is linearly polarized along the x-direction. The
position of the (0,±1) DOs is marked with a vertical, dashed line and their
p
spectral position is given by λ(s,q) = nP/ (s2 + q2 ). In this equation, s and
q are integers that denote the ( s, q) DO and n = 1.52 is the refractive in-
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dex of the medium surrounding the nanodots. The arrays in Figure 4.2
have a period of 400 nm, i.e., λ(0,±1) = 608 nm. In order to identify the
position of the LSPRs, arrays of randomly distributed [Co/Pt]20 nanodots
were patterned. These arrays have a nanodot filling factor to matched
that of the square arrays with P = 400 nm. The continuous lines in Figure
4.2 correspond to the transmission spectra of the random arrays. The
downward-pointing arrows mark the central wavelength of the LSPRs
and the upward-pointing arrows indicate the position of the SLRs. The
condition for loss compensation, λ(0,±1) > λLSPR , is only met for the smallest
nanodot diameter, D = 100 nm. Indeed, for the D = 100 nm spectra, a
sharp transmission minimum is observed after the (0,±1) DOs. However,
optical absorption by these small nanodots is very small and nearly all
incident light is transmitted through the sample. Therefore, the plasmonic
response of arrays with 100 nm diameter nanodots is weak. The transmission spectra of [Co/Pt] N nanodot arrays with D > 100 nm, do show
a clearly reduced transmission at the SLRs wavelengths. In the case of
very thin nanodots of any diameter, optical absorption by the nanodots is
limited and plasmonic response is weak. As N increases, the absorption is
enhanced and SLRs with a reduced linewidth compared to that of LSPRs
are excited. For arrays with a nanodot diameter of 150 nm (Figure 4.2(b))
the wavelength separation between the DOs and the LSPRs is smaller
compared to D = 200 nm (Figure 4.2(a)), resulting in narrower SLRs.
(a)

(b)

1.0

(c)

1.0

1.00

0.9
0.9

0.6
0.5
N=1
N=3
N=5
N=10
N=20
N=30
Random

0.4
0.3
0.2

600

800

Wavelength (nm)

1000

0.95

0.8

0.7
N=1
N=3
N=5
N=10
N=20
N=30
Random

0.6

0.5

600

800

Wavelength (nm)

1000

Transmission

0.7

Transmission

Transmission

0.8

0.90

N=1
N=3
N=5
N=10
N=20
N=30
Random

0.85

0.80

600

800

Wavelength (nm)

1000

Figure 4.2. Optical transmission spectra of square arrays of [Co/Pt] N nanodots as a function of N . Panels (a-c) show data for arrays with P = 400 nm and D = 200 nm
(a), 150 nm (b), and 100 nm (c). The continuous lines represent spectra of
randomly distributed [Co/Pt]20 nanodots with the same packing density. The
dashed lines denote the position of the (0,±1) DOs, the downward-pointing
arrows mark the single-particle LSPRs, and the upward-pointing arrows
indicate the SLR resonance.

For N = 20, optical transmission spectra as a function of the array period
are shown in Figure 4.3. In the three panels, the spectral position of the
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LSPRs is fixed ( N and D are constant in each panel) while the position of
the (0,±1) is tuned by a variation of P . As the array period increases, the
FWHM of the SLRs decreases. However, the optical transmission through
the arrays increases for larger array periods (reduction of the nanodot
packing density) and therefore, less light is absorbed by the arrays. The
additional transmission peaks in the spectra for P = 450 nm and 500 nm
below a wavelength of 600 nm correspond to the excitation of (±1,±1) DOs.
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Figure 4.3. Optical transmission spectra of square arrays of [Co/Pt] N nanodots as a function of P . Panels (a-c) show data for arrays with N = 20 and D = 200 nm (a),
150 nm (b), and 100 nm (c).

The optical response of [Co/Pt] N nanodot arrays on glass shown in Figure
4.2 and 4.3 indicates that λLSPR is located within the VIS wavelength
range and, as expected from lossy magnetic materials, the LSPR is strongly
damped. For the array periods explored, SLRs with a narrower linewidth
than the LSPRs were obtained. The highest Q-factor obtained for these
SLRs is ≈9 for [Co/Pt]20 with a diameter and period of 150 nm and 500 nm
(λLSPR = 784 nm, FWHM = 86 nm). These Q-factors contrast with those
of SLRs excited in noble metal systems (Q > 100) [87]. Even though SLRs
in magnetoplasmonic systems are not comparable to those supported by
noble metal systems, they provide narrower resonances than their LSPRs,
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Figure 4.4. Optical reflectivity spectra of square arrays of [Co/Pt]20 nanodots as a function
of D , P , and N . Panels (a,b) show data for arrays with N = 10 as a function of
D (a) and P (b). Panel (c) shows the Kerr angle spectra of arrays with P = 400
nm and D = 200 nm as a function of N .

Before discussing the impact of SLR excitations on the polar MOKE
spectra of the [Co/Pt] N nanodot arrays, the optical reflectivity spectra are
discussed. Figure 4.4 shows the optical reflectivity spectra of square arrays
of [Co/Pt]20 nanodots as a function of D , P , and N . The transmission and
reflectivity spectra are both governed by the polarizability tensor, thus,
similar dependencies are to be expected. For instance, while reflectivity
spectra of arrays of nanodots with a diameter of 100 nm do not display a
clear plasmonic response, arrays with larger nanodots clearly feature SLRs
(see Figure 4.4(a)). The dependence on the array period is also analogous
with that found in the optical transmission spectra. Stronger reflectivity is
obtained for more densely packed arrays and narrower SLRs are measured
for lager periods. Lastly, the dependence of reflectivity spectra on multilayer thickness also resembles that found in the transmission spectra. Thin
nanodots display almost constant reflectivity as a function of wavelength,
except for wavelengths matching the (0,±1) DOs. As N increases, the SLRs
become more pronounced due to stronger field confinement. Notice that
in reflection, field enhancement by the excitation of SLRs enhances the
scattering of light. As a consequence, the optical reflectivity increases.
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Figure 4.5. Kerr angle spectra of square arrays of [Co/Pt] N structures as a function of D ,
P , and N . Panels (a,b) show data for arrays with N = 10 as a function of D (a)
and P (b). Panel (c) shows the Kerr angle spectra of arrays with P = 400 nm
and D = 200 nm as a function of N . Panel (d) displays the Kerr angle spectra
of [Co/Pt] N thin films as function of N .

Figure 4.5 displays the polar Kerr angle spectra of [Co/Pt] N nanodot
arrays as a function of D , P , and N . Comparing panels (a-c) in Figures
4.4 and 4.5, a strong resemblance is found. The Kerr angle spectra in the
p
̃ K = (Φ2 + Ψ2 ) where ΦK and ΨK are the
measurements corresponds to Φ
K
K
Kerr rotation and ellipticity, respectively. As discussed, at resonance, the
Kerr rotation reaches maximum and the Kerr ellipticity is zero. Therefore,
the maxima of the Kerr angle spectra does not necessarily match the
maxima observed in the reflectivity spectra. Panels 4.5(a,b) show the
Kerr angle dependence on the nanodot diameter and array period. As
for the reflectivity spectra, the Kerr angle decreases for smaller nanodot
diameters and larger array periods. The two dipole model can shed some
light on the similar behaviors displayed by the optical and magneto-optical
response of the [Co/Pt] N nanodot arrays.
In the discussion on the magneto-optical response of magnetic nanodots
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in Chapter 2, a model with two electric dipoles was introduced to explain
the magneto-optical Kerr effect of magnetic nanodots. In that example (see
Figure 2.1), linearly polarized light along the x-direction incident along
the sample normal on a perpendicularly magnetized nanodot induces two
orthogonal electric dipole p x and p y . In tensor representation, the excitation of p y is accounted for by off-diagonal components of the polarizability
tensor (equation (2.46)). Physically, this effect is explained by spin-orbit
coupling. For periodic nanodot arrays, the complex Kerr angle is given
by the ratio of the off-diagonal and diagonal components of the effective
polarizability tensor:
̃K=
Φ

α e f f ,yx
α e f f ,xx

.

(4.3)

Inserting equations (2.49) and (2.50) in equation 4.3, the complex Kerr
angle is given by:
α
̃ K = yx
Φ
2
α xx

α yx
1
= 2 α e f f ,xx .
α xx − S α xx

(4.4)

̃ K ∝ α e f f , the resemblance of
Since R ∝ |α e f f ,xx |2 and, from equation (4.4), Φ
the optical reflectivity and polar Kerr spectra is justified. At λSLR the polarizability (α e f f ,xx ) is at its maximum and therefore, the Kerr angle signal
also reaches a maximum. The relationship established by equation (4.4)
is experimentally corroborated by the similar dependencies of the optical
reflectivity and Kerr angle spectra on D and P . The Kerr angle dependence
on N is slightly different from that found in the optical reflectivity spectra.
For N > 10, the intensity of the Kerr angle spectra starts to decrease. To
distinguish between plasmonic or magnetic effects that could be responsible for the weakening of the Kerr angle signal, the Kerr angle spectra of
continuous [Co/Pt] N films is plotted in Figure 4.5 (d). The continuous films
also present a weakening of the Kerr angle intensity when N > 5. This
points to a reduction of the magnetic moment of the upper Co layers, most
likely caused by larger interface roughness. In the [Co/Pt] N nanodots the
SLRs excitation can still compensate for the interface roughness effects but
beyond N = 10, the Kerr angle intensity also decreases. From panel 4.5(c),
it is clear that away from the SLR wavelength, the Kerr angle intensity
of nanodots is considerably smaller than that of the thin films. However,
at the SLR wavelength and for N > 5, the Kerr angle intensity surpasses
that of the films. For instance, arrays [Co/Pt]10 nanodots with D = 200 nm
and P = 400 nm, the Kerr angle intensity at 800 nm is of 15.5 mrad and
13 mrad for the [Co/Pt]10 continuous film. However, the packing density of
the [Co/Pt]10 nanodots is only 20%.
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4.1.2

Ultrafast demagnetization and field-assisted magnetic
switching in plasmonic Ni nanodots

Publication I reports on the effects of surface plasmon excitation on the
demagnetization and field-assisted magnetic switching of arrays of Ni
nanodots triggered by femtosecond laser pulses. Recently, all-optical magnetic switching (AOS) was observed in ferromagnetic Co/Pt thin films
[89]. AOS was first observed and explained in ferrimagnetic GdFeCo
films[128, 82, 104]. However, AOS in Co/Pt does not fit the same model.
In ferrimagnetic alloys, antiferromagnetic exchange coupling between the
Gd and FeCo sublattices and different demagnetization rates of these
lattices following single pulse irradiation play a crucial role. Co/Pt lacks
this microscopic structure and AOS is only realized when multiple pulses
of circularly polarized light are used [89, 80]. Among the different mechanisms that could account for helicity-dependent AOS in ferromagnetic
films, magnetic circular dichroism and the inverse Faraday effect ranked
among the most discussed. The strong enhancement of magneto-optical
effects mediated by SLRs in arrays of magnetic nanodots could be of use
here. Additionally, MCD is a phase-dependent effect which crosses zero at
the SLR wavelength [53, 77]. Therefore, careful design of SLRs could allow
the creation of ferromagnetic nanostructures for which the inverse Faraday
effect is maximized while MCD is minimized, potentially enabling a clear
distinction between these two mechanisms. This motivated the study of the
magnetic response of Ni nanodot arrays supporting SLRs to femtosecond
laser pulses. For the experiments, a magneto-optical microscopy setup was
built to image the magnetization of Ni nanodot arrays before and after
irradiation by femtosecond laser pulses (see Figure 3.7). At the time of the
first experiments, the Co/Pt nanodot arrays were not optimized yet. The
experiments discussed below, therefore, focus on Ni nanodot arrays.
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Figure 4.6. (a) Polar MOKE hysteresis curve of a Ni nanodot array measured at 660 nm.
(b) Optical transmission spectrum of the same nanodot array. The dashed line
indicates the position of the (0,±1) DOs and the upward-pointing arrow marks
the position of the SLR mode. In both panels, the array has a period of 420
nm and consists of Ni nanodots with a diameter of 100 nm and a thickness of
110 nm.

The array studied in the experiments consists of Ni nanodots with a
diameter of 100 nm and a thickness of 110 nm. The array is square and
has a period of 420 nm. The Ni nanodot array was fabricated using ebeam lithography and e-beam evaporation. Figure 4.6 shows the polar
MOKE hysteresis curve and the optical transmission spectrum of the
array. The polar MOKE hysteresis curve shows that the Ni nanodots
exhibit some degree of PMA. The remanent perpendicular component of
magnetization originates from the nearly 1:1 nanodot aspect ratio of the
Ni nanodots. Moreover, it was found that the evaporation rate affects the
PMA with a rate of ≈3.5 nm/s providing reasonable PMA. The influence of
the evaporation rate most likely relates to grain size and strain [33]. For
the experiments with circularly polarized light, PMA is desirable because
the inverse Faraday effect induces a transient magnetization along the
incidence direction of the excitation pulse [21, 30]. The Ni nanodots have
a coercive field of 62 mT and a Curie temperature of 600 K as shown in
Figure 1 of Publication I.
Figure 4.6(b) shows the optical transmission spectrum of the Ni nanodot
array. In the transmission measurements, light linearly polarized along
the x-direction at normal incidence was used. The vertical, dashed line
marks the position of the (0,±1) DOs, λ(0,±1) = nP = 638 nm (n = 1.52).
The SLR is marked by the upward-pointing arrow and corresponds to
the transmission minimum, λSLR = 660 nm. The goal of these studies
is to excite the Ni nanodot arrays with femtosecond laser pulses with
wavelengths within the SLR wavelength range.
Femtosecond laser pulses are provided by a Ti:Saphire laser and a tun-
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able optical parameter amplifier. The pulses have a Gaussian shape and a
duration of approximately 100 fs. The wavelength of the pulses is varied
between 610 and 700 nm in 10 nm increments to probe the effect of the
SLR. The repetition rate of the laser is 1 kHz and, to control the number
of pulses, an optical chopper and a shutter are used (Figure 3.7). Different
experiments are performed using single and multiple femtosecond laser
pulses of linearly and circularly polarized light. However, no evidence for
AOS was found. Magnetization reversal is only achieved when a small
bias field (10% of the coercive field) is applied. The results described below,
therefore, focus on optically induced demagnetization and field-assisted
magnetic switching in the Ni nanodot array using linearly polarized single
pulses of different wavelengths.
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Figure 4.7. Magneto-optical microscopy images of the Ni nanodot array after single pulse
illumination in zero applied field and a laser fluence of (3.88 mJ/cm2 ) (a) and
in a perpendicular magnetic field of 5 mT and a laser fluence of (4.19 mJ/cm2 )
(c). In both zero and non-zero applied field experiments, the laser pulse fluence
is increased gradually. Line scans of the magneto-optical contrast along the
marked vertical lines for different laser pulse fluences for zero magnetic field
(b) and a perpendicular magnetic of 5 mT (d). The white inset bar in (c) has a
length of 100 µm. These experiments are performed with a laser wavelength
of 660 nm and the magnetization is reset after each measurement.
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To characterizes optically induced magnetization changes the following
procedure is used. First, a hysteresis loop of the arrays is measured.
From the magneto-optical intensity values measured at the saturation
state of the nanodots, a magneto-optical contrast reference is obtained for
the ± M s states. Then, the magnetization of the Ni nanodot array is set
to either ± M s , a single pulse femtosecond laser pulse is applied, and an
image is taken. Using the magneto-optical intensity reference, the final
magnetization state of the Ni nanodots is determined. Notice that these are
not time-resolved measurements, i.e., the magnetization state corresponds
to an equilibrium configuration reached after laser-pulse excitation. Using
this measurement procedure, images as those shown in Figure 4.7(a,c) are
obtained. The dark background corresponds to the initial magnetization
state of the Ni nanodot array while the brighter areas are the result of
the single pulse excitation. In panel 4.7(c) the size of the switched area is
slightly larger than that of the demagnetized area in panel 4.7(a) because
of the Gaussian beam. In panel 4.7(a) the fluence used is smaller (3.88
mJ/cm2 ) than that used in panel 4.7(c) (4.19 mJ/cm2 ). It is also important to
notice that the pixel size of these images is 3 µm by 3µm. The images only
asses the average optically induced magnetic behavior of the Ni nanodots.
The line profile along the vertical axis (dashed line in Figure 4.7(a,c))
provides a measure of the magnetization profile across in the excited
area. The magnetization profiles are shown in panels 4.7(b,d). For each
excitation wavelength, the fluence is varied until full demagnetization or
field-assisted switching is achieved. Based on the magneto-optical contrast,
the magneto-optical intensity values corresponding to full demagnetization
and switching are known. Then, full demagnetization or switching is
attributed to those laser fluences that render a central magneto-optical
contrast of zero (full demagnetization threshold) or opposite to the initial
state (full magnetic switching threshold). Note that according to this
definition of threshold fluence, panel 4.7(d) indicates that a fluence of
4.19 mJ/cm2 is still not full switching. However, larger fluences rendered
similar results. This was associated with DC heating of the array that could
partially quench the Ni nanodots. From the magnetization profiles, the
threshold fluences needed to fully demagnetize or switch the magnetization
state of the Ni nanodots are obtained. This procedure is repeated for
wavelengths between 610 and 700 nm in 10 nm increments.
The effects of the SLR mode on the demagnetization and field-assisted
switching of Ni nanodot arrays can be inferred from the wavelength dependence of the laser threshold fluences. Figure 4.8 shows the threshold
fluences for demagnetization and field-assisted magnetic switching as a
function of the pump wavelength. Additionally, the inverse of the extinction of the arrays is plotted alongside the threshold fluences. The results
are shown in Figure 4.8 point to a clear correlation between the threshold
fluences and the inverse of the extinction, E , of the arrays. E is defined
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as E = 1 − T and T is the experimentally measured optical transmission
(Figure 4.6(a)).
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Figure 4.8. (a) Threshold fluence of demagnetization and field-assisted magnetiz switching
as a function of the pump wavelength and the inverse of the optical extinction.
(b) Experimental extinction cross-section and simulated extinction, absorption,
and scattering cross-sections.

The relation between the threshold fluences and the extinction can be
better understood when calculating the total heat absorbed by the Ni
nanodots. The total heat, S , absorbed by the Ni nanodots after excitation
by a femtosecond pulse depends on the absorption cross-section, σabs , and
the laser fluence, F [13]:
S = σabs F.
(4.5)
Using the MLWA and DDA, the extinction, absorption, and scattering
cross sections can be calculated for the Ni nanodot arrays. The simulated
cross-sections are shown in Figure 4.8(b) and, to a good agreement, σ ext ≈
σabs . Therefore, equation (4.5) can be expressed in terms of the extinction
cross-section, σ ext = EP 2 :
S ≈ EP 2 F =⇒ F ≈

S
EP 2

(4.6)

Thus, the correlation between the threshold fluence F and 1/E observed
in Figure 4.8 is accounted for by equation (4.6). This also means that
the threshold fluences needed at different excitation wavelengths are
explained by a thermo-plasmonic effect [11]. At the SLR wavelength, the
absorption cross-section is maximum (Figure 4.8(b)) and, consequently,
less fluence is needed to heat the Ni nanodots to their Curie temperature.
As the temperature of the Ni nanodots increases, the magnetic order
decreases and the magnetization of the Ni nanodots is partially quenched.
Heating the Ni nanodots above their Curie temperature renders a fully
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demagnetized state. Similarly, heating the Ni nanodots close their Curie
temperature reduces their switching to almost zero and a small applied
bias field is enough to achieve full magnetization reversal. These results
suggest the use of SLRs as a tool in heat-assisted magnetic recording.
Additionally, from the threshold fluence and the experimentally measured
extinction spectrum, the temperature reach by the Ni nanodots can be
reversed engineered. This is done by calculating the heat absorbed by the
Ni nanodots using the temperature-dependent heat capacity of Ni. From
these calculations is estimated that the Ni nanodots reach a temperature
close to their Curie temperature (Figure 4(b) in Publication I).
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4.2

Loss circumvention in magnetic nanodots using surface
plasmon polaritons

(a)

(b)

Ni
Y

Z

SPP

SPP

SiO2
Au

X

Figure 4.9. (a) Illustration of the proposed driving mechanism. An array of Ni nanodots is
patterned on a Au/SiO2 bilayer. The array acts as a grating coupler enabling
the excitation of SPPs at the Au/SiO2 interface. The SPPs near-field then
extends along the y-direction and evanescently interacts with the Ni nanodots.
(b) Atomic force microscopy image of one of the Ni nanodot arrays.

Publication II presents a new approach to optical loss circumvention in
magnetic nanodot arrays. The main limitation in achieving high-Q plasmonic modes is the inherent absorption properties of metals. The absorption reflects their complex band structure indicates higher yield of electron
scattering processes in the most absorptive spectral regions. The source
of higher damping mainly comes from intra- and interband transitions
[28, 25, 79, 109, 34, 60, 144, 137]. For instance, the interband transition
edge in Au is located at ≈ 2.5 eV. For LSPR excitations in Au above 2.5
eV, the LSPRs overlap with a continuum of electronic states (interband
transitions). Consequently, the collective electron oscillations at λLSPR
are more likely to undergo scattering processes with the background of
electronic state [34]. In the case of magnetic materials such as Ni, intraand interband transitions are present throughout the VIS and NIR wavelength ranges [81]. Therefore, LSPRs in Ni are damped more strongly than
in noble metals (lower Q-factors). This also limits the Q-factor of SLRs
in Ni nanodot arrays [23, 75, 97]. Similar arguments also hold for Co/Pt
multilayer nanodot arrays. Nonetheless, as discussed for square arrays of
Co/Pt nanodots in section 4.1.1, the SLRs of these arrays already can be
narrower than the LSPRs. Moreover, SLRs in Co/Pt arrays can resonantly
enhance local mangeto-optical effects by up to one order of magnitude
(Publication II).
Compared to noble mentals, SLRs of arrays of Ni and Co/Pt nanodots,
SLRs are considerably broader because of material-dependent optical
losses. This motivated the development of an alternative approach to
circumvent optical losses in arrays of magnetic nanodots. This method
was first developed for arrays of Ni nanodots (Publication II) and later
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extended to arrays of Co/Pt nanodots (Publication III). The loss circumvention approach reported in Publication II is illustrated in Figure 4.9 (a). The
SPPs interact with the arrays of Ni nanodots placed on top of the SiO2 . An
atomic force microscopy image of one of the Ni nanodot arrays studied is
shown in 4.9 (b). The Ni arrays were fabricated using e-beam lithography
and e-beam evaporation and consisted of Ni nanodots with a diameter, D ,
of 200 nm and a thickness of 70 nm. Square nanodot arrays of different
periods were patterned on a Au(150)/SiO2 ( t) bilayer, where the number in
parenthesis denotes the thickness of the Au layer in nanometers. The Au
film was grown on a glass substrate using e-beam evaporation while SiO2 ( t)
films of different thickness, t, were grown using plasma-enhanced atomic
layer deposition. During the measurements, the arrays are covered with
index matching oil (n = 1.52) to match the refractive index of the SiO2 film.
The Ni nanodot arrays enable the excitation of SPPs at the Au(150)/SiO2
interface through grating coupling [14, 102]. Plasmonic systems consisting
of arrays of noble metal nanodots patterned on a metal/dielectric bilayer
have been previously studied [92, 50, 31, 10, 164? ]. In some cases, the
excited modes at the bilayer interface are treated as general guided modes
[50, 10, 164]. Here, the modes are identified with SPPs, in agreement with
[92, 31? ]. The electric field of the SPPs decay exponentially into both
the dielectric and metal films. While the SPPs decay very strongly in the
Au film, due to the larger skin depth of dielectrics, the SPPs can reach
the Ni nanodots near-field. Here, the electric field of high-Q SPP modes
is employed to produce magneto-optical resonances with unprecedented
Q-factors for metallic magnets.
Figure 4.10 (a,b) shows the reflectivity spectra of square arrays of Ni
nanodots (Figure 4.9(b)) as a function of t and the array period P . The reflectivity measurements were performed at normal incidence with linearly
polarized light along the x-direction. The vertical, dashed lines in panels
4.10 (a-c) mark the position of the (0,±1) DOs, λ(0,±1) = nP with n = 1.52
for the SiO2 layer and the surrounding index matching oil. The optical
reflectivity spectrum of a random Ni nanodot distribution on top of 40 nm
of SiO2 (solid line in Figure 4.10 (b)) shows the LSPR of single nanodots
with λLSPR = 620 nm.
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Figure 4.10. Optical reflectivity spectra of square arrays of Ni (a,b) and Au (c) nanodots
on a Au/SiO2 bilayer as a function of the SiO2 layer thickness and the array
period. Panels (a,b) show data for Ni arrays with a constant period, P = 450
nm, and varying SiO2 thickness (a) and for a constant SiO2 thickness of 40
nm and varying P (b). Panel (c) shows data corresponding to Au arrays with
a constant period, P = 450 nm, and varying SiO2 thickness. The dashed
vertical lines indicate the position of the (0,±1) DOs and the upward-pointing
arrows mark the wavelength of the SPP-driven modes. The solid line in panel
(b) corresponds to a random Ni nanodot distribution and a SiO2 thickness of
40 nm.

The most distinctive features of the reflectivity spectra are the narrow reflectivity minima that follow the (0,±1) DOs, indicated by upward-pointing
arrows. Additionally, there are broader resonances that resemble the
SLRs in Co/Pt and Ni nanodot arrays on glass (see Figure 4.2)[76, 77].
The spectral position of the narrow resonances closely matches that of
the SPPs excited through grating coupling (see equation (2.12)). Using
ellipsometry, the refractive index of both Au and SiO2 films were measured.
Inserting the ellipsometry data in equation (2.12), counterpropagating
SPPs are expected at 706 nm for normal incidence. The optical reflectivity
measurements show a narrow resonance at ≈ 710 nm which corresponds
to the excitation of the SPP modes. Figure 4.10 (a) shows the dependence
of the SPP modes on the SiO2 layer thickness. The SPPs are excited approximately at the same wavelength regardless of the SiO2 layer thickness.
At longer wavelengths, broader resonance modes are found. The broader
modes display a clear blueshift as the SiO2 thickness increases. In similar
systems, the dependence of the broader resonances on the SiO2 thickness
was identified with a redshift of the LSPR [65, 117, 116, 164], in this case,
the LSPR of Ni nanodots. In the proximity of the Au film, the optical
dipole excited in the nanodots interacts with its image dipole induced in
the Au film. The image dipole counteracts the nanodot dipole and results
in a redshift of the LSPR as t decreases [65, 117, 116]. Given dependence
on t of the broader resonances and its resembles SLRs in Ni nanodots,
these resonances are referred to as SLR modes. Panel 4.10 (b) shows a
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strong narrowing of the SPP and SLRs as the array period increases. The
narrowing of the SPP mode is expected since the SPPs are excited further
away from the edge of the interband transitions in Au with increasing P [7].
Additionally, the SLR-like modes also show linewidth narrowing. Similar
to the previous discussion on Co/Pt nanodot arrays, for increasing P the
λ(0,±1) > λLSPR condition for the excitation of low-loss SLRs is approached
[166, 86, 9]. Additionally, it has been shown that in this type of plasmonic
systems, the LSPR and the SPP modes show a strong hybridization and
anti-crossing behavior when λLSPR and λSPP are similar [31, 164? ], as for
the arrays with P = 350 nm and 400 nm in Figure 4.10 (b). This effect also
contributes to the broadening of the resonances for smaller array periods.
Lastly, to put the results on Ni nanodot arrays into perspective, identical
arrays of Au nanodots were patterned on the same Au/SiO2 bilayers. The
reflectivity spectra of the Au nanodot arrays are shown in Figure 4.10
(c). Both the SPP and SLR-like modes are also obtained in this system.
The FWHM of the SPP modes in the Au nanodot arrays are only slightly
smaller than those measured on the Ni nanodot arrays. This demonstrates
that the intrinsic optical losses in the metal nanodots do not affect the
FWHM of the SPP mode much.
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Figure 4.11. Kerr angle spectra of square arrays of Ni nanodots on a Au/SiO2 bilayer
with P = 450 nm and varying SiO2 thickness. Panel (c) shows the FWHM of
the SPP-driven mode for the optical (4.10(a)) and magneto-optical (4.11(a))
response of the Ni arrays and the optical response of the Au arrays (4.10(c)).

To study the magneto-optical response of the Ni nanodot arrays, polar
MOKE measurements were performed using a MOKE spectrometer setup
(see section 3.2.2). Figure 4.11 summarizes the Kerr angle spectra of the
same Ni nanodot arrays shown in Figure 4.10(a). Interestingly, the Kerr
angle spectra display a distinctive narrow intense resonance at the SPPs
wavelength. The SPP modes are excited at a non-magnetic interface and
therefore, no magnetic response would expected at the SPPs wavelength.
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The Ni nanodot arrays are the only magnetic component of this system. According to the two electric dipole model, these results point at the presence
of two strong electric dipoles in the Ni nanodots at the SPPs wavelength. If
the resonance found at the SPP wavelength was due to a resonant motion
of the free electrons in the Ni nanodots, due to the optical losses of Ni, it
should be a strongly damped mode. That is not the case in the optical or
magneto-optical measurements. In that sense, it is concluded that the SPP
mode acts on the Ni nanodots as if they were strongly driven off-resonance
and potentially circumventing the optical losses in the Ni nanodots. This
could correspond to one of the hybrid state reported in literature [31, 164?
]. Given the strong field confinement at the SPPs wavelength and the
two electric dipole model, equation (4.4) also accounts for the large Kerr
angle values obtained at the SPPs wavelengths. Similarly, the appearance
of the SLR-like modes in the Kerr angle spectra can be understood in
terms of the two dipole picture discussed in section 4.1.1. The thickness
dependence of the SPP and SLR-like modes scales with the reflectivity
minima in 4.11(a). Deeper reflectivity minima signify stronger optical
absorption and, therefore, the excitation of more intense electric dipoles.
In the Kerr angle spectra, this translates into larger MOKE signals. As
a function of the SiO2 layer thickness, the Kerr angle intensity at t = 5
nm and 60 nm is reduced compared to other values of t. The weakening
at t = 5 nm correlates with an increase of the optical reflectivity (Figure
4.10(a)) and points to a weakening of the SPP-driven electric dipole on the
Ni nanodots due to image dipole formation in the Au film [117, 116]. For t
> 40 nm, the evanescent confinement of the SPP modes explain this fall off
[15]. The narrow and intense magneto-optical resonance associated with
the excitation of SPPs present FWHM values comparable to their optical
counterparts (Figure 4.11(b)) and point to the appearance of SPP-driven
dipoles in the Ni nanodots. Given the narrow linewidth of these resonances,
the SPP-driven electric dipoles in the Ni nanodots clearly circumvent the
optical losses in Ni nanodots.
To get a better insight into the MOKE signal driven by the SPP modes,
finite-difference time-domain (FDTD) simulations were performed using
commercial Lumerical software. The simulated electric field distributions
are plotted in Figure 4.12 at the SPPs wavelength λ1 (panel 4.12 (a)) and
at the SLR wavelength λ2 (panel 4.12 (b)). Additionally, in panels 4.12 (c,d)
the electric field distribution contribution to the magneto-optical signal,
EFD MO , i.e., the electric fields produced by spin-orbit coupling in the Ni
nanodots, is shown . The EFD MO was extracted by the subtraction of the
electric field distributions in the presence of positive and negative magnetic
fields, i.e., EFD MO = (EFD(+µ H) − EFD(−µ H))/2.
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Figure 4.12. FDTD simulations of the Ni arrays on a Au(150)/SiO2 (10) bilayer and the
experimental Kerr angle spectra of different Ni systems. The data shown in
panels (a-d) correspond to the electrical field distributions of the system at
the XY-monitor located right above the nanodots, as shown in (e). Panels (a,b)
correspond to the electric field distribution at the SPPs wavelength λ1 = 710
nm (a) and at the SLR wavelength λ2 = 955 nm (b). Similarly, panels (c,d)
show the electric field distribution contribution to the magneto-optical signal
at λ1 (c) and at λ2 (d). Panel (e) illustrates the position of the xy-monitor used
in the simulations. Panel (f) compares Kerr angle spectra of four different
systems made out of Ni: () a random distribution of Ni nanodots made on
glass, (•) a square array of Ni nanodots on glass, (N) a contrinuous Ni film,
and () a square array of Ni nanodots on a Au(150)/SiO2 (10) bilayer.

The simulated electric field distribution of the SPP-driven mode in Figure
4.12(a) shows an intense near-field along the y-direction. The near-field
at the SPPs wavelength thus resembles that of a standing wave, similarly
to that associate with SLRs [32, 86, 9, 166]. Looking closely at the nearfield of the Ni nanodots, for instance, along the horizontal line y = 0, the
near field of the nanodots seems to decrease at those points. In principle,
that could indicate that the nodes of the standing wave are located at the
center of the nanodots. In other words, the near-field shown in Figure
4.12(a) is similar to that of a dark mode that does not couple to far-field
radiation [14, 57]. The dark nature of the SPP-driven mode on the Ni
nanodots correlates with the strong reflectivity minima observed in the
measurements. The near-field of the SPP-driven mode that contributes
to the magneto-optical response (panel 4.12 (c)) shows the presence of
orthogonal p y dipoles on the Ni nanodots corroborating the experimental
findings of a resonantly enhanced MOKE signal. In contrast to the SPPdriven mode, the near-field of the SLR-like resonance (Figure 4.12(b))
resembles a typical bright mode [57]. For a SiO2 film thickness of 10 nm,

68

Results

the simulations show weaker induced electric dipoles than at the SPPs
wavelength, in agreement with the optical reflectivity measurements (4.10
(a)). The SPP-driven mode while inducing strong electric dipoles on the Ni
nanodots, renders high-Q resonances. In that sense, the SPP-driven mode
in the Ni nanodots circumvents the large optical losses of Ni nanodots
and is associated with a strong off-resonance driving motion of the free
electrons in Ni. Thus, the strong SPP-driven electric dipoles induces in the
Ni nanodots lead to high-Q intense optical and magneto-optical resonances.
Lastly, attained resonant enhancement of the Kerr angle at the SPPs
wavelength is put in perspective by comparing different Ni-based magnetoplasmonic systems. Figure 4.12 (f) shows the Kerr angle spectra of
four different structures: a square array of Ni nanodots patterned on a
Au(150)/SiO2 (10) bilayer, a square array of Ni nanodots on glass, a random
distribution of Ni nanodots with the same packing density as the square arrays on glass, and a continuous Ni film. The thickness of all Ni structures is
70 nm, all the nanodots have the same diameter, D = 200 nm, and the array
period of both arrays is 450 nm. The random distribution of Ni nanodots
shows an enhancement of the Kerr angle at the LSPR wavelength, whereas
the excitation of a SLR mode increases the Kerr angle of the Ni nanodot
array on glass. While the enhancement obtained through the excitation of
LSPRs is modest, the SLRs enlarge the Kerr angle considerably. Although
both systems produce smaller Kerr angle values than a continuous Ni
film, the packing density of both systems is only 15%. In that context, the
SPP-driven resonances in Ni nanodot arrays on Au(150)/SiO2 (10) yield
a large enhancement of the magneto-optical signal within a very narrow
wavelength range.
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4.2.1

Narrow magneto-optical resonances in Co/Pt nanodot
arrays

To illustrate the universality of the loss circumvention scheme presented
in the previous section, similar structures were fabricated replacing Ni
for Co/Pt nanodots. The same arrays of [Co/Pt] N nanodots whose properties on glass were described in section 4.1.1 are now patterned on a
Au(150)/SiO2 (20) bilayer. Here, the number of bilayers repeats, N , is varied between 3 and 20, since fewer repeats previously did not show a strong
plasmonic response and above N = 10 interface roughness started to decline
the magneto-optical response.
Figures 4.13 and 4.14 show optical reflectivity of [Co/Pt] N nanodot arrays
on Au(150)/SiO2 (20) as a function of the nanodot diameter, D , the number of
bilayer repeats, N , and the array period, P . The reflectivity measurements
were conducted with normal incident light, linearly polarized along the
x-direction. In Figures 4.13 and 4.14, the dashed, vertical lines denoted the
spectral position of the (0,±1) DOs, the downward-pointing arrows indicate
the position of the broad SLR-like modes, and the upward-pointing arrows
mark the position of the narrow SPP modes. Arrays of nanodots with
a diameter D = 100 nm show a weak plasmonic response. The optical
reflectivity spectra of larger [Co/Pt] N nanodots, on the other hand, clearly
exhibit narrow SPP and broad SLR-like modes. The optical response of the
[Co/Pt] N nanodot arrays patterned on a Au(150)/SiO2 (20) bilayer displays
similar trends with P as that of the Ni nanodot arrays discussed in the
previous section. In this study, the thickness of the nanodots (via N ) as
well as their diameter is varied. Tuning of the optical reflectivity spectra
as a function of these parameters is discussed next.
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Figure 4.13. Optical reflectivity spectra of square arrays of [Co/Pt] N nanodots on a
Au(150)/SiO2 (20) bilayer as a function of N . Panels (a-c) show data for arrays
with P = 400 nm and D = 200 nm (a), 150 nm (b), and 100 nm (c). The dashed
lines denote the position of the (0,±1) DOs, the downward-pointing arrows
mark the SLRs, and the upward-pointing arrows indicate the SPP-driven
resonance.

Figure 4.13 shows that thicker nanodots absorb the incoming light more
efficiently by the excitation of SPP and SLR-like modes. This is simply
due to an increase of the absorption cross-section of the nanodots with the
nanodot volume [22]. The same argument applies for the dependence of
the optical reflectivity on nanodot diameter. Similar trends were found
already for SLR excitations in Co/Pt nanodot arrays at the beginning of
this chapter.
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Figure 4.14. Optical reflectivity spectra of square arrays of [Co/Pt] N nanodots on a
Au(150)/SiO2 (20) bilayer as a function of P . Panels (a-c) show data for
arrays with N = 20 and D = 200 nm (a), 150 nm (b), and 100 nm (c).

71

Results

Figure 4.14 shows optical reflectivity spectra [Co/Pt] N nanodot arrays on
Au(150)/SiO2 (20) as a function of the array period. For D = 200 nm, the
SPP and SLR-like modes become narrower as the array period increases.
The narrowing of the modes agrees with the excitation of higher-Q SPPs as
the resonance is moved away from the interband transitions edge (500 nm)
[7, 34]. Similarly, for D = 150 nm, increasing the array period results in
narrower SPPs. However, as the array period increases the array packing
density decrease and so does the absorption of the array. For that reason,
the SPP modes for D = 150 nm weaken as the period increases. For
nanodots with D = 100 nm, the single-particle absorption cross-section is
too small to produce pronounced SLRs, independent of array period.
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Figure 4.15. Kerr angle spectra of square arrays of [Co/Pt] N structures on a
Au(150)/SiO2 (20) bilayer as a function of D , P , and N . Panels (a,b) show
data for arrays with N = 10 as a function of D (a) and P (b). Panel (c) shows
the Kerr angle spectra of arrays with P = 400 nm and D = 200 nm as a function of N . Panel (d) displays the Kerr angle spectra of continuous [Co/Pt] N
multilayers on glass as a function of N .

The polar Kerr angle spectra of the [Co/Pt] N nanodot arrays on a
Au(150)/SiO2 (20) bilayer is displayed in Figure 4.15. The resonant enhance-

72

Results

ment of the Kerr angle at the wavelengths of the SPP and SLR-like modes
are explained again by the excitation of electric dipoles in the [Co/Pt] N nanodots. The incident field induces electric dipoles along the direction of the
incident electric field as well as in the orthogonal direction via spin-orbit
coupling, as demonstrated by FDTD simulations of Ni nanodot arrays on
the same bilayers in section 4.2. The decrease of the Kerr angle spectra at
the SPP and SLR-like modes for smaller [Co/Pt]10 nanodot diameters correlates with the increase of optical reflectivity (Figure 4.13). The absorption
cross-section of smaller [Co/Pt]10 nanodots renders weaker induced electric dipoles in the [Co/Pt]10 nanodots and therefore, a smaller Kerr angle
values. The decrease of the Kerr angle maxima with the array period is
caused predominantly by a reduction of the nanodot packing density from
26% for P = 350 nm to 13% for P = 450 nm (Figure 4.15(b)). In Figure 4.15,
the magnitude of the Kerr angle at the SPP and SLR-like wavelengths
increase initially with the number of bilayer repeats before it saturates
at N = 10 - 20. A similar trend was already identified for SLRs excited in
[Co/Pt] N nanodot arrays on glass (section 4.1.1) and was associated with a
decrease of the magnetic moment in the upper Co layers as observed for
thick [Co/Pt] N multilayers continuous films in Figure 4.15(d).

4.3

Plasmonic lasing of magnetoplasmonic nanocavities

Plasmonic lasing arises from the interplay between surface plasmon excitations and a molecular organic medium [109, 140]. In plasmonic lasers,
surface plasmons represent a distributed feedback mechanism that enhances the stimulated emission of organic molecules [148, 109]. The efficiency of surface plasmon feedback is such that losses can be overcome
and low-intensity thresholds can be obtained. Lasing of plasmonic systems
has been observed in a wide variety of configurations ranging from dyedoped single nanoparticles [115], randomly distributed nanoparticles [133],
quasiperiodic nanoparticle arrays [134], and periodic nanoparticle arrays
[57, 163, 35, 66], among others. Lasing in periodic arrays of nanoparticles
is the most efficient type because of the excitation of high-Q SLRs [86, 9].
This section describes the results obtained on the lasing of magnetoplasmonic nanocavity lasers studied in this dissertation. Given the group’s
extensive experience in Ni magnetoplasmonics, the first magnetoplasmonic
laser consisted of square and rectangular arrays of Ni nanodots. The results reported in Publication IV demonstrate lasing using an organic dye
solution and SLRs of Ni nanodot arrays. These lasing results show how
even the low-Q SLRs of a magnetic array can enhance the stimulated
emission from dye molecules and make the system lase. No magnetic field
effects on lasing were observed in the experiments with Ni nanodot arrays.
After the Ni lasing experiments, new samples were designed based on the
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[Co/Pt]30 nanodots patterned on a Au(150)/SiO2 (20) bilayer. As discussed in
the previous section, the [Co/Pt] system supports high-Q magneto-optically
active surface plasmon modes. Using this [Co/Pt] system, magnetic field

control of lasing through magnetic circular dichroism was demonstrated
for the first time. Section 3.2.4 gives a detailed description of the lasing
measurement setup.

4.3.1

Lasing in Ni nanodot arrays

In Publication IV, the enhanced stimulated emission of Rhodamine 6G dye
molecules using SLRs in Ni nanodots arrays was shown to produce lasing.
Using e-beam lithography and e-beam evaporation, square and rectangular
Ni nanodot arrays were fabricated. The diameter and thickness of the Ni
nanodots was 60 nm. The square arrays had a period of 380 nm. In the
rectangular arrays, the period along the x-direction, P x , was kept constant
at 380 nm and the period along the y-direction, P y , was varied between
370 and 390 nm in 5 nm intervals. The choice of Ni nanodot aspect-ratio
and array periods guaranteed the excitation of SLRs within the absorption
spectrum of the dye allowing the SLRs to serve as the feedback mode.
Lasing was characterized through angle-resolved photoluminescence (PL)
measurements using a femtosecond pump laser with a wavelength of 500
nm, a pulse length of 100 fs, and a repetition rate of 1 kHz (see section
3.2.4). The Ni nanodots immersed in a R6G dye solution were pumped
at an angle of incidence of 45◦ with linearly polarized light along the xdirection. During the angle-resolved PL measurements, the Ni nanodots
were pumped at a given laser fluence for a certain amount of time and
the emitted light was collected using an x10 objective and analyzed with a
spectrometer. The spectrometer comprised a CCD camera that allowed 2D
imaging of the back focal plane of the objective. From the measurements,
the PL intensity as a function of the pump fluence as well as the FWHM of
the lasing mode were obtained. Figure 2 in Publication IV shows lasing
results for a square array of Ni nanodots. The PL curve displays the
characteristic non-linear increase in intensity above the lasing threshold
fluence as well as a narrowing of the lasing mode [57, 163, 149]. Below
the lasing threshold, the emission spectrum of the R6G dye has a FWHM
of 60 nm whereas above the lasing threshold it decreased to about 1 nm.
Therefore, even the lossy SLRs supported by the array of Ni nanodots can
sufficiently enhance stimulated emission from the R6G dye and trigger the
system into lasing.
When breaking the symmetry of the array, two lasing peaks were observed in the angle-resolved PL measurements. One of the lasing peaks
remained at the same position while the other one redshifted or blueshifted
depending on the value of P y . In rectangular arrays, SLRs of different
wavelengths are excited corresponding to the different array periods P x
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and P y . In the rectangular arrays, the two lasing peaks were found at λ ≈
nP x,y where n = 1.52 is the refractive index of dye solution [149]. For P y
< P x , one of the lasing peaks appeared at the same wavelength as for the
square array while the other was slightly blueshifted. For For P y = 370 nm,
a wavelength blueshift of 15 nm of the second lasing peak was found. This
blueshift agreed with the expected blueshift ∆λ = n(P x − P y ) for P y < P x .
However, for P y > P x only one lasing peak was observed corresponding to
the SLR associated with P x . The lack of the second lasing peak for P y > P x
was attributed to the lossy nature fo these SLRs and the diminishing
spectral overlap of the gain profile and the SLR mode. The findings on
lasing in organic dye overlaid Ni nanodot arrays were further corroborated
by numerical simulations.

4.3.2

Magnetic field control of lasing in Co/Pt nanodot arrays

The results reported in Publication IV demonstrated that a gain medium
can compensate for the large losses of magnetoplasmonic systems above
the lasing threshold. However, no magnetic field effects on lasing were
found. The magnetic field effects found on the samples consisting of
[Co/Pt]30 nanodots patterned on a Au(150)/SiO2 (20) bilayer are discussed
next. The system studied consisted of [Co/Pt] nanodots instead of Ni
nanodots to harness the strong PMA and non-volatility display by Co/Pt
bilayers [85, 114, 146]. The [Co/Pt]30 nanodot arrays were patterned on
a Au(150)/SiO2 (20) bilayer to employ the high-Q SPP-driven modes as a
feedback mechanism. This dark mode is therefore expected to provide a
similar feedback mechanism as the SLRs in noble metal nanodot arrays
[57, 163, 149].
The studied magnetoplasmonic system is depicted in Figure 4.16. A
500 µm × 500 µm array of [Co(1)/Pt(1)]30 nanodots was patterned on a
Au(150)/SiO2 (20) bilayer. The arrays were fabricated using e-beam lithography and magnetron sputtering while the Au film was grown using e-beam
evaporation and the SiO2 layer was grown using plasma-enhanced atomic
layer deposition. The gain medium consisted of an IR-140 dye solution
with a concentration of 12mM. In the dye solution, a combination of DMSO
and BA was used to achieve a refractive index n = 1.52. The diameter
of the [Co(1)/Pt(1)]30 nanodots was 220 nm and the array period was 590
nm. The [Co(1)/Pt(1)]30 nanodot array excite SPP modes with a Q-factor
of ≈ 56 within the absorption spectrum of the dye medium. During the
laser experiments, a Ti:Sapphire laser provided the excitation pump at 800
nm (1.55 eV). The repetition rate of the laser was 1 kHz, the pulse length
was 100 fs, and the pulses were linearly polarized along th x-axis of the
nanodot array. The measurements were performed at normal incidence.
The reflectivity spectrum of the [Co/Pt]30 nanodot array on Au(150)/SiO2 (20)
is shown in panel 4.16 (b). The spectrum presents several surface plasmon
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resonances and, to make this discussion easier, the modes involved in
the lasing process are shaded. The red and green shades correspond to
the SPP and SLR-like modes discussed in section 4.2.1. Additionally, the
position of SPP modes is marked by upward-pointing arrows while the
(±1,0) and (±1,±1) DOs are denoted with dashed and dotted vertical lines,
respectively.
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Figure 4.16. Illustration (a) and reflectivity spectrum (b) of the sample used for the lasing
experiments. The reflectivity spectrum corresponds to a square array of
[Co(1)/Pt(1)]30 nanodots on a Au(150)/SiO2 (20) bilayer. The nanodots have a
diameter of 220 nm and the array period is 590 nm. The dashed and dotted
vertical linea indicate the position of the (±1,0) and (±1,±1) DOs, respectively.
Whereas the upward-pointing arrows mark the position of the SPP-driven
modes. The spectral extension of relevant the SLR and SPP modes has been
shaded on green and red, respectively. These reflectivity measurements
were performed using the setup 3.4 and under the same conditions as the
angle-resolved PL, i.e., also using the dye solution as shown in 3.8.

Contrary to other plasmonic lasers utilizing square arrays of nanoparticles [163, 149, 57, 35], feedback in the system discussed here is not
provided by a SLR but the SPP-driven mode. Since the pump laser has an
energy of 1.55 eV, the absorption of the pump takes place within the broad
SLR-like resonance mode.
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Figure 4.17. Angle-resolved PL measurements and momentum images of the lasing
action. (a) PL intensity and FHWM as a function of the pump fluence.
The circles highlight the fluence values corresponding to the momentum
images in (c-e). (b) Average PL intensity plots as a function of the emission
energy and the pump fluence. (c-e) Momentum space images and zoom-ins
obtained close to the lasing threshold (c), above the lasing threshold in the
non-linear regime (d), and during stable lasing (e). The PL intensity data in
(a) corresponds to the single-pixel PL maximum at each pump fluence. In
panel (c) the PL intensity profiles correspond to the average PL intensity
within ±4 degrees.

Figure 4.17 shows the results of the lasing experiments on the [Co(1)/Pt(1)]30
nanodot array in the absence of an external magnetic field. The evolutions
of the PL intensity and linewidth as a function of the pump fluence are
shown in panels (a) and (b). Figure 4.17(a) clearly demonstrates the nonlinear PL intensity increase above the lasing threshold [163, 57, 149, 35].
The PL intensity increases by about two orders of magnitude. As shown in
more detail in the angle-resolved images, lasing takes place at 1.395 eV,
which corresponds to the energy of the SPP mode. The linewidth of the
lasing mode follows a trend that is different from that observed in other
plasmonic nanolasers [163, 57, 149, 35]. Below the lasing threshold, the
emission is negligible and, therefore, no FHWM data could be extracted.
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This effect is explained by the dark nature of the SPP mode. Note that the
FWHM data extracted from these measurements are experimentally resolution limited (±0.2 nm). Looking at the angle-resolved emission images,
below threshold 4.17(c), the dispersion branches corresponding to the SPP
mode are indeed not visible. Instead, the linear, crossing dispersion lines
of the (±1,0) DOs, the broad parabolical dispersion of the SLR-like mode,
and a flat cut through the DO dispersion curves at the energy of the SPP
modes are observed. The flat cut at the SPP modes energy corresponds to
the lasing peak. The dispersion curves of the SPP are only visible at higher
pumping fluences (Figure 4.17(e)). These images indicated a flat band
behavior of the SPP-driven mode at the crossing with the DOs [149, 163].
Additionally, the zoom-in in panel 4.17 (e) shows the appearance of a second laser peak. The two lasing peaks are more clearly seen in the 3D plots
of Figure 4.17(b). The difference in intensity of the two lasing peaks could
be caused by for instance, a small tilting of the sample. The occurrence of
two lasing peaks explains the linewidth broadening as a function of the
pump fluence (Figure 4.17(a)). Lastly, it is worth noting that the threshold
fluence for lasing in this hybrid magnetoplasmonic system is almost one
order of magnitude lower compared to those of other plasmonic systems in
literature for the same IR-140 dye solution [149, 35].
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Figure 4.18. Spatial coherence interference fringes with a linearly polarized pump and
a fluence of 23 µJ/cm2 . Here the first-order spatial degree of coherence
corresponds to the value given by equation 3.23.

To confirm lasing further, the spatial coherence of the emitted light was
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measured. The interference pattern shown in Figure 4.18 is obtained using
a linearly polarized pump with a fluence of 23 µJ/cm2 . This interference
pattern corresponds to the complex degree of spatial coherence of the light
emitted by the array (see equation 3.23). Experimentally this fringes
result from the overlap of the real space image of the array (G) and its
centrosymmetric image (G). The appearance of fringes corroborates the
spatial coherence of the emitted light above the lasing threshold. This
measurement show that degree of coherence, γ, is −1 < γ < 1 and thus the
light emitted by the array is only partially coherent. In fact, the fringes
are more pronounced towards the edges of the array and practically nonexisting in the center of the array (case of incoherent light). This was
previously observed in plasmonic lasing experiments were the feedback
mode was a dark SLR [57]. This again suggest that the SPP-driven mode
employed in this magnetoplasmonic system is a dark mode.
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Figure 4.19. Magnetic field dependence of the angle-resolved PL measurements for a
right-circularly polarized (a), a linearly polarized (b), and left-circularly
polarized pump pulses (c). The PL data correspond to the single-pixel PL
maximum value. Each measurement was performed three times and the
plotted results correspond to the average.

To explore magnetic field effects on plasmonic lasing, experiments with
linearly and right- and left-circularly polarized light were conducted. For
each of these configurations, angle-resolved PL measurements were performed in a perpendicularly applied magnetic field of + 500 mT and 500 mT. The applied magnetic field was provided by a permanent magnet placed a few millimeters behind the sample. The results of these
experiments are shown in Figure 4.19 for right-circularly (σ+ ) (a), linearly
(b), and left-circularly (σ− ) polarized light (c). While no magnetic field
effects on lasing are measured for linearly polarized pump pulses, the
lasing threshold fluence and the PL intensity (above the lasing threshold)
clearly depend on the applied magnetic field for circularly polarized pump
pulses. For a σ+ polarized pump, a negative magnetic field aligning the

79

Results

magnetization down, − M , yields a larger PL intensity than in a positive
magnetic field setting, + M . If the pump helicity is reversed, i.e., for a
σ− , the magnetic field dependence is also reversed. The magnetic field
modulation of the lasing intensity is most pronounced in the non-linear
regime, i.e., between the lasing threshold and saturation. The magnetic
field effects on lasing in [Co(1)/Pt(1)]30 nanodots on a Au(150)/SiO2 (20) can
be summarized as follows:
σ+

=⇒

P th (− M) < P th (+ M)

PLsat (− M) > PLsat (+ M)

σ−

=⇒

P th (− M) > P th (+ M)

PLsat (− M) < PLsat (+ M)

(4.7)

where P th (M) and PL(M) are the lasing threshold fluence and PL intensity for a given magnetization state M , respectively. To put these results in
perspective, at a laser fluence of 23 µJ/cm2 , i.e., in the stable lasing regime,
switching of the perpendicular magnetization of the [Co(1)/Pt(1)]30 nanodots changes the PL intensity by 40% and 30% for σ− - and σ+ -polarized
pumps, respectively. The fact that magnetic field effects of the PL intensity
are only found for circularly polarized light and the magnetic field changes
are odd-dependent on the sign of the applied field [170], point to magnetic
circular dichroism as the source of this effect.
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Figure 4.20. (a) Magnetic circular dichroism of [Co(1)/Pt(1)]30 nanodots on a
Au(150)/SiO2 (20) bilayer and the dye absorption spectra as a function of
the laser energy. The difference in absorption o of σ− circularly polarized
light produces the MCD effect. The dashed line marks the spectral position
of the pump laser in the PL measurements. (b) Illustration of the absorption
of σ− circularly polarized light for two nanodot states with reversed magnetization states. The magnetization reversal is performed applying an external
magnetic field.

Figure 4.20(a) shows the MCD spectra of the [Co(1)/Pt(1)]30 nanodots
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for positive and negative applied fields. Remember that reversing the
light helicity at constant magnetic field is equivalent to reversing the
perpendicularly applied magnetic field at constant helicity (section 2.3).
As illustrated in Figure 4.20(b), the reversal of the magnetic field (or
magnetization of the nanodots) induces frequency changes that modify
the dielectric function of the [Co(1)/Pt(1)]30 nanodots and consequently,
their polarizability (equatio (2.53)) [123, 76]. In Figure 4.20(a), the dashed
vertical line marks the position of the pump laser. At the pump energy,
the SLR-like mode yields a MCD effect of 1.2%. This is equivalent to say
that the absorption of σ− light is 1.2% stronger for the magnetization state
+ M than the − M . Therefore, the magnetic field modulates the amount of
light channeled to the feedback mode, the SPP mode, and modulates the
enhancement of the stimulated emission of the IR-140 dye. Through the
large non-linearity of lasing action, relatively small modulations in the
absorbed intensity renders pronounced effects in the lasing intensity.
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The results compiled in this dissertation range from basic research on
magnetoplasmonics to applications where magneto-optics and plasmonics are brought together to bring out the best of both fields. Four main
topics are explored. The excitation of surface plasmon modes in arrays of
Co/Pt nanodots, demagnetization and magnetic switching in magnetoplasmonic systems triggered by femtosecond laser pulses, loss circumvention
in metallic magnetoplasmonic systems, and lasing in magnetoplasmonic
nanocavities.
One of the main outputs of the research conducted here is the systematic
analysis of square arrays of Co/Pt multilayer nanodots as a magnetoplasmonic system. This material, although well-known in the magnetism and
spintronics community, had not been explored in the field of plasmonics
before. The attractive properties of Co/Pt arise from the interface nature of its perpendicular magnetic anisotropy, allowing it to be tailored
by variation of the Co layer thickness or interface chemistry. In combination with the Dzyaloshinskii-Moriya interaction, Co/Pt multilayer can be
used to stabilize chiral spin textures. More recently, all-optical magnetic
switching has been demonstrated in Co/Pt, which could lead to a new
ultrafast all-optical magnetic recording technology. Here, square arrays
consisting of Co/Pt multilayer nanodots are studied and the parameters
needed to excite surface lattice resonances are identified and discussed.
It is demonstrated that surface plasmon excitations tailor and resonantly
enhance the magneto-optical Kerr angle. For optimized plasmonic arrays,
the local enhancement of the magneto-optical Kerr effect signal can be up
to a factor 10 at the surface lattice resonance wavelength compared to that
of off-resonance conditions. For surface lattice resonances to render this
magneto-optical enhancement, a Co/Pt nanodot diameter of more than 100
nm and 10 - 20 Co/Pt bilayer repetitions are required. Because surface
lattice resonances arise from the interplay between diffracted orders and
single-particle resonances, their spectral position and linewidth are tuned
by variation of the multilayer thickness, the nanodot diameter, and the
array period.
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The use of surface plasmon excitations as a tool to tailor and enhance
optical and magneto-optical responses holds special promise for all-optical
magnetic switching and heat-assisted magnetic recording. In this dissertation, demagnetization and field-assisted magnetic switching in Ni nanodot
arrays through femtosecond laser irradiation is studied. As a key outcome,
it is demonstrated that surface lattice resonances lower the fluence needed
to fully demagnetize or switch the Ni nanodots. Both effects are explained
by a thermoplasmonic effect. At the wavelength of the surface lattice
resonance, the optical absorption of the Ni nanodots is increased rendering more efficient heating of the nanodots. The plasmon-enhanced effect
heats the Ni nanodots above their Curie temperature and, therefore, to a
fully demagnetized state. As thermoplasmonic heating of the Ni nanodots
partially or fully quenches their magnetization, it allows a small external
magnetic field (10% of the coercive field) to fully switch the Ni nanodots.
The correlation between the excitation of surface lattice resonances and the
laser-induced changes in magnetization are further corroborated through
model calculations.
Optical losses constitute one of the biggest limitations in the field of
plasmonics. Unfortunately, this limitation is inherent to the properties of
metals and becomes particularly problematic in magnetic materials. For
those reasons, a way to overcome optical losses is essential to harness
the full potential of surface plasmon excitations. Here, using Ni nanodot
arrays patterned on Au/SiO2 bilayers, it is shown that high-quality factor
plasmon resonances are supported by the Ni nanodot arrays. The periodic
array of Ni nanodots allows for the excitation of surface plasmon polaritons at the Au/SiO2 interface through grating coupling. At the surface
plasmon polariton wavelength, narrow optical resonances are measured
in optical reflectivity spectra regardless of whether an array of Ni nanodots or Au nanodots is used. The magneto-optical Kerr angle spectra of
Ni nanodot arrays display a large enhancement at the surface plasmon
polariton wavelength. The linewidths of the optical resonances are similar. The strong resonant enhancement of the Kerr angle is explained by
strong electric dipoles on the Ni nanodots driven by the surface plasmon
polariton near-field. Given the high-quality factor of the resonance, the
surface-plasmon-polariton-driven mode on the Ni nanodots is not affected
much by inherent optical losses. The origin of a strong magneto-optical
Kerr effect at the surface plasmon polariton wavelength is corroborated by
finite-difference time-domain simulations. For an optimized system, the
Kerr angle enhancement can be up to a factor 16 at the surface plasmon
polariton wavelength compared to off-resonance conditions. By varying the
thickness of the SiO2 layer and the period of the Ni nanodot arrays, tailoring of the linewidth of the optical and magneto-optical resonances down
to ≈25 nm is demonstrated. The universality of this loss circumvention
method is further demonstrated using arrays of Co/Pt multilayer nanodots.
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For the Co/Pt nanodot arrays on a Au/SiO2 bilayer, the same narrow optical
resonances, and intense Kerr angle enhancements are found.
The research presented in this dissertation includes some of the first
demonstrations of plasmonic lasing in magnetoplasmonic nanocavity systems. The plasmonic lasing system consists of arrays of magnetic nanodots
overlaid with an organic gain medium. Using surface lattice resonances
supported by square Ni nanodot arrays as feedback modes, lasing in a
high-loss Ni nanodot array is demonstrated. The lasing measurements
show a clear non-linear increase of the photoluminescence intensity above
the lasing threshold of three orders of magnitude and a narrowing of the
linewidth of the lasing mode from 60 nm below the threshold to 1 nm above
the threshold. By varying the array period along one of the directions,
multimode lasing in rectangular Ni nanodot arrays is observed. This effect
is explained by the excitation of two surface lattice resonances at different
wavelengths if the symmetry of the array is broken. No evidence for magnetic field control of lasing action in Ni nanodot arrays is found. Further
lasing experiments are conducted in square arrays of [Co/Pt]30 nanodots
patterned on a Au(150)/SiO2 (20) bilayer overlaid with an organic gain
medium. This Co/Pt system harnesses the loss-circumvention approach
discussed before and supports a surface plasmon resonance with a quality
factor of ≈56. Utilizing the high-quality factor mode as feedback, lasing
at low threshold pump fluences is observed. The lasing threshold in the
Co/Pt system is 10 times smaller compared to noble metal nanocavity
lasers based on surface lattice resonances with the same gain medium.
In addition to more efficient lasing, the Co/Pt system enables modulation
of the lasing intensity by an external magnetic field. In the stable lasing
regime, switching of the perpendicular magnetization of the Co/Pt nanodots changes the photoluminescence intensity by 28% when exciting the
system with circularly polarized laser pulses. In contrast, for linearly
polarized laser pulses no magnetic field modulation is found. Magnetic
field control of lasing is attributed to magnetic circular dichroism. Magnetic circular dichroism results in a 1.2% difference in optical absorption
upon magnetization switching in the Co/Pt nanodots. This small magnetic
modulation in the absorption of the pump laser shifts the lasing threshold
and produces a pronounced change in lasing intensity.
The research in this dissertation shows that loss circumvention in magnetoplasmonic systems enables the excitation of high-quality factor resonances in magnetoplasmonic systems. The excitation of high quality factor
resonances in magnetic nanostructures led to the realization of magnetic
field control of lasing action. Controlling the lasing intensity by a external
magnetic field could lead to a new generation of nanolasers whose intensity
can be fully controlled by means of a magnetic field. This could eliminate
the need of using optical components to attenuate the laser power which is
of particular interest when ultrashort laser pulses are needed. Magnetic
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field control of the lasing intensity could provide a way to tune the laser
power without the depolarization effects and pulse broadening associate
with the use of optical components. The use of magnetoplasmonic structures also holds particular interest from a fundamental level in all-optical
magnetic switching. Careful design of magnetic plasmonic structures could
allow the creation of magnetic nanostructures for which the inverse Faraday effect is maximized while magnetic circular dichroism is minimized,
potentially enabling a clear distinction between these two mechanisms.
The realization of high-quality factor resonances in magnetoplasmonic
systems further extends their applicability in other fields where plasmon
resonances are utilized. For instance, they further improve the figure-ofmerit of label-free phase-sensitive biosensors. Magnetoplasmonic systems
are also of interest for the realization of topological plasmonic systems
based on time-reversal symmetry breaking by an external magnetic field.
These are just a few examples of the prospects of magnetoplasmonics.
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