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Abstract

This thesis outlines work performed with the intention of producing a novel near-

field magneto-optical scanning microscope. This scanning microscope utilises a

near field probe, produced through modification of existing atomic force micro-

scopy (AFM) probes. In order to achieve the goal of strongly sub-wavelength res-

olution imaging of magneto-dynamics, studies of planar plasmonic structures, and

their interaction with magnetic materials were made. This was done in order to

gain a better understanding of the complex interaction between plasmonic anten-

nas, and magnetic materials. Investigations of planar systems, began with finite

element modelling of the magneto optical Kerr effect (MOKE) effect, and its in-

teraction with plasmonic structures. Initial modelling demonstrated the suitability

of the commercial finite element modelling software ”COMSOLMultiphysics R©”

for modelling magneto-optical effects. A series of plasmonic antennas were in-

troduced to this model. The simplest of these (a gold disc of 140nm diameter)

showed enhancement of the MOKE signal at resonance of up to 40x. A cut-

cross antenna (consisting of two crossed cavities of 20nm width, and variable

length and depth), which had been selected as a promising candidate for high

field confinement, showed a generally smaller enhancement. However the field

distribution from these structures was more suitable for the eventual near field

microscopy applications. Similar real world structures were fabricated in mul-

tilayer stacks consisting of Pt(3nm)/ 4x[Co(0.5nm)/ Pt(3nm)]/ Ta2O5(various)/
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Au(100nm) layers. This was accomplished by focussed ion beam lithography

(FIB) lithography through the gold layer. Magneto-optical characterisation of these

structures was not possible, and this was believed to be due to FIB induced gal-

lium poisoning of the magnetic layers. A gold floating technique was pursued

in order to circumvent the gallium poisoning. New structures fabricated on gold

films were shown to be resonant at optical wavelengths, through bright field trans-

mission spectroscopic characterisation. However the floating technique in com-

bination with the FIB beam produced capillaries that adhere to the underside of

the gold film, which again prevent magneto-optical characterisation. Concurrent

to the development of planar antenna structures, a platform for performing near

field optical measurements of magnetic materials utilising an AFM, and modified

probes was developed. This platform was used to obtain time resolved images

of permalloy elements with a spatial resolution comparable to that achieved with

a diffraction limited laser spot. A number of potential techniques for AFM probe

modification that could be used to produce strongly sub-wavelength resolution

time-resolved imaging have been explored.
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Chapter 1

Introduction

1.1 Introduction

As magnetic hard disk drive capacities increase and the realisation of practical

spintronic devices moves closer to being a reality [7, 8] it becomes increasingly

desirable to be able to observe the magneto-dynamic properties of materials at

higher spatial resolutions. Characterising magneto-dynamics on the time-scales

required to observe these dynamics is not trivial, with pico-second, or better time

resolution being needed. High spatial resolution techniques for imaging mag-

netisation through direct probing (such as magnetic force microscopy) exist, but

obtaining time resolution is not trivial.In addition, the use of a magnetic probe,

may lead to alterations to the magnetic topography of a sample. Time resolved

X-ray based techniques making use of x-ray magnetic circular dichroism (XMCD)

as a magnetic measurement mechanism, have been demonstrated [9, 10]. The

combination of XMCD and the high spatial resolution of photo-emission electron

microscopy (PEEM), has been used to obtain time resolved images with a high

spatial resolution, [11], however this technique requires specialist synchotron-

based facilities.
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Time resolved scanning Kerr microscopy (TRSKM), is a powerful technique for

characterising magnetisation dynamics [1, 12–14]. However the spatial resolu-

tion of the technique is limited because of the diffraction limit of light. Previous

work in the field of plasmonics, has demonstrated localisation of electro-magnetic

field to sub-wavelength regions of suitable structures [15–19]. What is required

therefore, is a plasmonic antenna capable of both sub-wavelength confinement

of the electro-magnetic field, and recovery of the polarisation change induced by

the magneto-optical Kerr effect (MOKE). In order to realise imaging with such an

antenna a suitable platform must be developed. This platform must allow fine

control of the positioning of the antenna with respect to a sample, and also allow

for the scanning of the probe over a sample in order to produce an image. Ex-

isting atomic force microscopy (AFM) systems exhibit highly controllable relative

positioning of a finely tapered tip and a sample. As such the proposed platform

for utilising a plasmonic antenna for sub-wavelength magneto optical imaging, is

an AFM with optical access to a plasmonic antenna, which is mounted to the tip

of the cantilever. Figure 1.1 shows a schematic of the proposed platform.

Such a system would be capable of high spatial, and temporal resolution imaging

of magneto-dynamics. This thesis outlines work towards realising such a system.

This begins with an exploration of planar plasmonic structures, and their interac-

tion with magnetic materials. In order to explore suitable structures for integration

with an AFM system, initial finite element modelling of planar plasmonic structures

interacting with magnetic materials was performed. These models showed prom-

ising enhancement of the MOKE signal was possible. This enhancement was

found in structures which confined the field into a sub-wavelength region. Similar

structures were fabricated in the real world, and showed strong resonant features

in transmission. However attempts to characterise the magneto-optical response

of such structures were hampered by fundamental fabrication challenges. Finally

AFM probes were modified in order to produce near field optical probes. These
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Figure 1.1: Schematic of the integrated AFM/SKM system. The AFM is designed
to be placed on an existing microscope turret. It replaces the microscope object-
ive from the standard scanning Kerr microscopy (SKM) set-up. Inset, a detailed
view of a modified AFM canitilever tip. An optical path has been made through the
tip, and a suitable aperture ensures a sub-wavelength diameter localised beam
spot.
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probes were used to demonstrate the suitability of the proposed platform, and

magnetic contrast images, and time resolved magnetic imaging was found to be

possible, through sub-wavelength sized apertures. The path to realising a near-

field magneto-optical microscope, had many steps. The following is an overview

of the work presented in this thesis.

In chapter 2 the background physics of relevance to the work shown in this thesis

is discussed, beginning with the origins of magnetism, and the magneto optical

Kerr effect, then proceeding to an explanation of the origins of plasmonic beha-

viour in metals. The excitation of small metallic structures by an external light

wave is considered. This culminates in a look at potential structure geometry,

and a justification for a "cut-cross" antenna, which forms the basis for the majority

of modelling and real world structures dealt with throughout this thesis. Finally a

brief overview of existing near-field optical microscopes is provided.

Chapter 3 outlines the experimental methodology used throughout the thesis, with

a focus on characterisation tools, and plasmonic device fabrication methods. The

working principles of the bespoke scanning Kerr microscope, and the time re-

solved scanning Kerr microscope, are outlined. The practical use of a dual-beam

system for fabrication and characterisation of structures is explained. Because

of the difficulty in analytically describing the interaction between a complex plas-

monic structure and a magnetic material, finite element modelling was performed.

The results of this modelling are shown in chapter 4. This chapter outlines the

evolution of the modelling. The models were created in ”COMSOLMultiphysics R©,

which was chosen because it allows for definitions of permittivity necessary for

modelling MOKE. Initial modelling focussed on ensuring correct representation
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of the MOKE signal from a thin magnetic film. Simple plasmonic structures

(gold discs of various diameters) were then introduced, which exhibited strong

enhancement of the MOKE signal. Initial modelling of cut-cross shaped anten-

nas showed enhancement of the magneto-optical signal, as well as strong field

confinement. Explorations of the parameter space, in order to guide real world

fabrication were made, resulting in an improved understanding of the response

of the system. Refinements of the model to more closely resemble real world

fabricated samples were made, and these more realistic models retain the salient

features of the earlier models (strong Kerr signal enhancement, and field confine-

ment).

In chapter 5 initial fabrication and characterisation of plasmonic structures is out-

lined. Initial fabrication was performed through FIB milling of the gold layer of a

Pt(3nm)/ 4x[Co(0.5nm)/ Pt(3nm)]/ Ta2O5(various)/ Au(100nm) thin film stack

structure. The intention was to mill cut-cross apertures (as in the modelling),

surrounded by circular gratings (to increase coupling to the cut cross aperture),

directly into the gold layer of the above stack structure. However before fabricat-

ing these structures, simple large apertures were fabricated. The magneto-optical

response through these large apertures was reduced relative to the magneto-op-

tical response of the magnetic film alone. This was eventually understood as

being caused be FIB induced gallium poisoning of the magnetic layer. In addition

problems were encountered when trying to measure devices surrounded by cir-

cular gratings, since these gratings exhibit linear dichroism.

Chapter 6 introduces a gold floating technique, used to avoid the previously men-

tioned gallium poisoning. The fabrication moved from cut-crosses surrounded by

gratings, to cut-cross arrays in order to avoid the issues with linear dichroism men-
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tioned above. The use of the gold floating technique allowed for sample fabrica-

tion on transparent substrates. This in turn allowed characterisation of samples

via bright field transmission spectroscopy. The transmission spectra from numer-

ous plasmonic device sets are shown. These spectra exhibit resonant features,

reinforcing the results seen in the modelling chapter. However the gold floating

technique introduces additional problems, in the form of capillaries beneath struc-

tures, which are currently unresolved.

The modification of AFM tips, and the results of scanning optical measurements

are dealt with in chapter 7. A variety of fabrication methods are outlined, modi-

fying different commercially available AFM probes, in order to produce near field

optical probes. Scanning images, and time resolved magneto-optical Kerr images

obtained through modified AFM probes are shown. This demonstrates the suitab-

ility of modified AFM probes as a platform for near field magneto-optical imaging.

Finally chapter 8 provides a summary of the work performed, and the results that

were obtained. In addition suggestions for future work in this field are made.
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Chapter 2

Background

2.1 Introduction

This chapter outlines the relevant background physics needed to understand the

material presented in subsequent chapters. It also provides an overview of the

current state of near field scanning probes, with an emphasis on optical tech-

niques that are novel, or directly related to this work. Electromagnetism is a

complex and broad discipline. The work on which this thesis is built, aimed to

exploit electro-magnetic phenomena from branches of the discipline which tend

not to overlap, in order to achieve the goal of sub-diffraction limited magneto-op-

tical imaging. This chapter will cover the origins of magnetism, and magnetic or-

der. It will then introduce the equations which define propagating electromagnetic

waves. This leads naturally to the magneto optical effects arising from interac-

tion between these electromagnetic waves and magnetic materials. This will be

followed by the introduction of plasmonics, and the additional control of electro-

magnetic oscillations that can be achieved in metallic media, through plasmonic

interactions. This leads into the various methods of coupling external radiation

into a sub-wavelength region, and separately, considerations of suitable optical
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antennas. Making use of all of this, a logical starting point for a plasmonic an-

tenna for probing magneto-optic interactions is suggested.

2.2 Magnetism

In this section a number of magnetic phenomena and the underlying physics be-

hind them, are outlined. There are broadly three macroscopic field quantities

used to describe the strength of a magnetic effect, the most fundamental being B

the total magnetic field field. This in turn can be thought of as a combination of, H

the external magnetic field (or magnetising field), and M the internal magnetisa-

tion (which is not present in vacuo). In SI units the three quantities are related by

the formula [20],

B = µ0(H + M) (2.1)

as well as more specific situational relationships which will be introduced as

needed below. This is somewhat of a simplification, with different definitions and

relationships between the above three parameters being common in the literat-

ure. As such some of the derivations below, may be altered from the original

source, in order to achieve consistency across the chapter.

The internal magnetisation M of a material results from quantum mechanical ef-

fects arising from the charge and angular momentum associated with electrons.

The origins of the internal magnetisation, and the associated macroscopic effects

of interest are outlined immediately below. The external magnetic field H results

from the movement of charges, or time varying electric fields, and is best under-

stood through Maxwell’s equations. These will be outlined further below in section

2.3.1. Since the spin of an electron is a fundamentally quantum mechanical effect,

40



CHAPTER 2. BACKGROUND 2.2. MAGNETISM

all magnetic effects outlined below are of a quantum mechanical nature. However

a full quantum mechanical description of magnetism, is beyond the scope of this

chapter. As such a semi-classical or classical view will be adopted when conveni-

ent (or more physically revealing). The simplest form of magnetisation, resulting

in the phenomena known as diamagnetism will be outlined immediately below.

2.2.1 Diamagnetism

Diamagnetism is property of most real materials, resulting from the charged nature

of electrons. It is generally the weakest of magnetic effects (in materials which

also exhibit paramagnetism or ferromagnetism) [21]. Below is brief semi-clas-

sical overview of diamagnetism, adapted from reference [22], in order to maintain

consistency with the rest of this chapter. Starting from the semi-classical view

of an electron orbiting an atom. The electron has charge and orbital angular

momentum and therefore has a magnetic moment described by,

m = −evr
2

n̂ = −eωr
2

2
n̂ (2.2)

where m is the magnetic moment of the electron, e is the charge the electron, r is

the radius of orbit, and ω is the angular velocity of the electron. By considering the

classical response of this system to a magnetic field B, and applying Lenz’s law

(the electrons act to counter the external influence), the change can be shown to

be,

∆m = −(er)2

4me

B (2.3)

where me is the mass of an electron, and all other symbols retain their meanings

above. A quantum mechanical expression is necessary to fully describe the mag-
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netic moment of an electron within an atom. This is because electrons in a bound

system only have certain allowed angular momentum states. It can be shown

that the quantum mechanical expression for the magnetic moment of an electron

orbiting an atom is,[20]

m = n

{
eh̄

2me

}
= nµB (2.4)

where, n is an integer quantum number associated with the electron, me is the

mass of the electron, µB is the Bohr magneton (µB ≈ 10−23Am2), and all other

symbols have their normal meaning.

By definition the ratio between the internal magnetisation arising from diamag-

netic nature of a material and the applied field is given by,

M = χdiaH (2.5)

where χdia is known as the magnetic susceptibility of a sample. All materials

exhibit diamagnetic behaviour, however in materials with other types of magnetic

order, the diamagnetic effect is generally masked by other magnetic effects [21].

An outline of the roots of these larger magnetic effects is presented below.

2.2.2 Semi-classical paramagnetism: Curie’s Law

Paramagnetism describes the internal alignment of a materials magnetisation

with an external field (this is opposed to the diamagnetic response). As was

shown above the electrons within an atom have a magnetic moment,

m = n

{
eh̄

2me

}
= nµB (2.6)
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A statistical mechanical treatment of the effect of introducing an external field,

shows that a fraction of the spins, f , will align with the field (in order to minimise

the the potential energy of the system). at a temperature T and in the limit of

small B f is given as [22],

f =
µ|B|
3kBT

(2.7)

where kB is Boltzmann’s constant, and T is the temperature of the system. The

resulting magnetisation of the material will be the sum of these moments (per unit

volume),

M =

(
Nµ2

3KbT

)
B (2.8)

where N is the number density of atoms. Defining a magnetic susceptibility ana-

logous to the diamagnetic susceptibility,

χpara =
|M|
|H|

=
µ0Nµ

2
B

3KBT
(2.9)

which is known as Curie’s Law. This model assumes that the paramagnetic ions

are non-interacting, and therefore ignores the effects of quantised band struc-

ture. It is therefore not suitable for describing the paramagnetic properties of

metals (this will be dealt with in section 2.2.6, however it is presented here as an

introduction the to the concept of paramagnetism.

2.2.3 The semi-classical origin of ferromagnetism

In 1907 Pierre Weiss noted that the response of certain materials magnetic re-

quired the existence of an internal field, even in the absence of an external field

[21, 23]. This field now known as the Wiess molecular field goes some way to
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explain spontaneous magnetisation (ferromagnetism). This internal field will be

proportional to the number density of atoms within a sample, and the magnetic

moment associated with these atoms (adapted from reference [21]),

BWeiss = γmN 〈µj↑〉 (2.10)

where γ is a constant of proportionality known as the molecular field coefficient, N

is the number of atoms per kilo of material and µj↑ is the mean magnetic moment

aligned with the field.

While the concept of the Weiss field is important in understanding spontaneous

magnetisation, it is a phenomenological model, which doesn’t satisfactorily ex-

plain the complex origins of the internal field. A full understanding of ferro-

magnetism requires understanding of the exchange interaction, which will be out-

lined below.

2.2.4 Hysteresis loops and magnetization reversal: the Stoner-

Wohlfarth model

When a paramagnetic or ferromagnetic material is subjected to an external mag-

netic field, the magnetisation of this field will align to some extent with the external

field. If this field is then reversed the magnetisation will attempt to realign to the

new field direction, however this process exhibits hysteresis (loss of energy). Fig-

ure 2.1 shows an idealised hysteresis loop, the important features of which are

marked. The coercive field is the field required before the internal magnetisation

begins to change, the saturation field is the field required to achieve magnetic

saturation of the material (i.e. the highest possible alignment between internal

magnetisation and external field), and the remnant magnetisation is the magnet-
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H 

M

Hc

Hs

Ms

MR

Figure 2.1: Idealised hysteresis loop, plotting magnetisation M against external
field H. HC is the coercive field HS is the saturation field, MR is the remnant
magnetisation, and MS the saturation magnetisation.

isation of the material in the absence of an external field.

In 1948 Stoner and Wolfharth [24] produced a theoretical model to explain the

switching behaviour of certain materials in the presence of an external field,

based on the magneto-crystalline anisotropy of the material. Due to the spin-

orbit interaction and the crystalline structure of a material there will be a crystal-

lographic axis which spins prefer to align to, known as the "easy axis", and an

axis which the spins are reluctant to align with, known as the "hard axis". The

spin orbit interaction will be dealt with in more detail further below. Considering
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M

H
 

M

HEasy axis

Figure 2.2: The Stoner-Wolfharth geometry and theoretical loops, adapted from
reference [23]. Left: The geometry of the system being considered, showing the
angles between the external H field and internal M field, and the easy axis of
an idealised magnetic particle. Right: theoretical hysteresis loops for a variety of
fixed H field orientations.

the simplest case of a magnetic particle (with no domains), and combining shape

and crystalline anisotropy into a single term, the energy of the system is given by

[23],

E = KV sin2(γ)−MVH cos(φ− γ) (2.11)

where K is the simplified anisotropy constant, and V is the volume of the particle.

The angles γ and φ are the angles between the easy axis, and the M and H

field directions respectively, as shown in figure 2.2. Fixing the external field φ

and solving the above equation analytically it is possible to produce theoretical

hysteresis loops. Figure 2.2 shows loops for φ = 0, π/4, and π/2.

The switching behaviour can be understood by considering the local minima in

equation 2.11. For all values of φ other than π/2, there exist two local energy

minima (wells), separated by a barrier. As H increases the energies of these

minima shift until there is no longer a barrier between them, and at this point

switching occurs. For the case of φ = π/2, there is only one energy minimum,
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with a position that is dependent on H, hence the smooth linear slope for this

orientation. The switching field HSW can be shown to be,

HSW =
M

2K
· 1[

sin2/3 φ+ cos2/3 φ
]3/2 (2.12)

where all symbols have the same meanings as in 2.11.

2.2.5 The microscopic origins of internal magnetisation

So far the magnetisation has been attributed to semi-classical electrons orbiting

atoms. However in reality, magnetic materials have periodic structure (crystal

structure), and electrons within atoms must obey quantum mechanical restric-

tions. These effects have a large impact on the magnetic properties of a material.

In order to understand the fundamental nature of these effects, an exploration of

the quantum mechanical interactions taking place must be made.

There are three fundamental interactions which give rise to the magnetic proper-

ties of materials, they are known as the exchange interaction, spin-orbit interac-

tion, and Zeeman interaction. The exchange interaction is responsible for spon-

taneous magnetic order within a system. The spin-orbit interaction is responsible

for coupling of electron spin to a materials crystallographic axes, giving rise to

magneto-crystalline anisotropy (the preference for the magnetisation of a mater-

ial to align in certain directions). The Zeeman interaction is responsible for the

sensitivity of the internal magnetisation to external magnetic fields (in combina-

tion with the spin-orbit interaction). These interactions ultimately give rise to the

macroscopic magnetic effects of interest to the work in this thesis, namely para-

magnetism and ferromagnetism, and through these, the magneto-optical Kerr ef-

fect.
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Spin-orbit interaction and the Zeeman interaction

The following description of electron orbit and spin angular momentum is adap-

ted from references [25, 26] Electrons within an atom have both an orbital angular

momentum, L associated with the spatial wave function (analogous to the clas-

sical idea of an electron orbiting a nucleus), and a spin angular momentum S

associated with the spin of the electron. These angular momentums have asso-

ciated magnetic moments (since electrons are charged). The total orbital angular

momentum is given by L = [l(l + 1)]
1
2 h̄, where l is known as the orbital angular

momentum number, and can have values 0 ≤ l < n, where n is the principle

quantum number, leading to a magnetic moment,

|µ| = µB[l(l + 1)]
1
2 h̄ (2.13)

with a projection along the direction of an applied field given by

µH = µz = µBmih̄ (2.14)

where µB is the Bohr magneton defined as µB = e
2mc

and mi is the magnetic

quantum number that can have integer values −l ≤ mi ≤ +l. The Spin an-

gular momentum is given by S = msh̄, where ms is the spin angular momentum

quantum number and has values of ±1
2
, leading to a magnetic spin moment along

the field direction of,

µs = gµB
h̄

2
(2.15)

where g (the spectroscopic splitting factor) is 2 in this case. In the absence of an

external magnetic field, the system is degenerate with respect to spin (i.e. there
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is no net energy difference between the ms = +1
2

and ms = −1
2

states).However

in the presence of an external field, H, the two states will be split, by a factor

of µsH, and the difference in energy between the two states will be given by

∆E = g|µB|H. This effect was first noticed in the splitting of emission spectra in

the presence of a magnetic field [27] and is now known as the Zeeman effect,

arising from the Zeeman interaction.

Considering the total angular momentum of the system, introduces the total an-

gular momentum quantum number j, and the total angular momentum observ-

able J. For a single electron J = L + S, and the total angular momentum of

the electron will be J = j(j + 1). J can have values bound by the relationship

(L− S) ≤ J ≤ (L+ S).

Through suitable vector addition of the previously shown angular momentum ob-

servables it can be shown that,

J2 = L2 + S2 + 2(L · S) (2.16)

The total spin of the system therefore favours a perpendicular alignment of angu-

lar and spin orbital momentum. In reality the spin of an electron is an inherently

relativistic effect, and a full description of the spin-orbit interaction requires the

Dirac equation [28].

The Exchange Interaction

The quantum mechanical microscopic origin of magnetic behaviour in materials

was suggested by Heisenberg working from the Hietler-London model of elec-

trons in a material [29] via [21].The derivations of the exchange interaction, and

two particle wavefunctions in this section are adapted from [25] and [26]. The

wave-function describing a two electron system must have certain properties,
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resulting from the indistinguishable nature of two electrons, and the Pauli exclu-

sion principle. By definition two indistinguishable particles must be identical when

the particles are interchanged.

〈
Â(1, 2)

〉
=
〈
Â(2, 1)

〉
(2.17)

where A is any operator. it follows from this that the wavefunction describing

the two body system is subject to the following condition ψ(1, 2) = ±ψ(2, 1) i.e.

the wavefunction must be symmetric or anti-symmetric with respect to particle

exchange. It can be shown that the anti-symmetric case describes fermions and

the symmetric case describes bosons [26]. If we now consider the Schrödinger

equation acting on a two particle system in an electric potential

[
− h̄2

2m
(∇2

1 +∇2
2) + V (q1) + V (q2)

]
ψ = Eψ (2.18)

we find that the solution is a two particle wavefunction which is a superposition of

two wavefunctions in which the particle coordinates have been exchanged.

ψSys =
1√
2

[ψa(1)ψb(2)− ψa(2)ψb(1)] (2.19)

It’s possible to express the wavefunction of a single electron as the combination

of a spatial wavefunction, and an orbital component ψ = φ(r̄)χ, where φ is the

spatial component and χ is the orbital or spinor component. There are a number

of arrangements that lead to a wavefunction that satisfies all the above conditions.

To satisfy the condition of an antisymmetric wavefunction, the general function

must be either, ψasym = φsymχasym or ψasym = φasymχsym where the former case

has one solution and the latter has three possible solutions. Firstly

50



CHAPTER 2. BACKGROUND 2.2. MAGNETISM

ψsinglet =
1√
2

[
φa(1,2)φ

b
(2,1) + φa(2,1)φ

b
(1,2)

]
·
[
χα(1,2)χ

β
(2,1) − χ

α
(2,1)χ

β
(1,2)

[
(2.20)

which is known as the singlet state, and

ψtriplet =
1√
2

[
φa(1,2)φ

b
(2,1) − φa(2,1)φb(1,2)

]
·


χα(1,2)χ

a
(2,1) + χα(2,1)χ

a
(1,2)

χα(1,2)χ
β
(2,1) + χα(2,1)χ

β
(1,2)

χβ(1,2)χ
β
(2,1) + χβ(2,1)χ

β
(1,2)

 (2.21)

which is known as the triplet state. The quantum numbers indicated by α and β

are spin quantum numbers corresponding to up and down spin states. As such

the singlet state above represents the case of 0 net spin, and the triplet state

represents quantum states with a net spin. By application of perturbation theory

to the interaction potential in a hydrogen molecule it is possible to show that the

energies of the singlet and triplet state are respectively,[26]

Esinglet = A2(K12 + J12) (2.22)

Etriplet = B2(K12 − J12) (2.23)

where K12 is the Coulomb interaction energy of the form,

K12 =

∫
φ?a(1,2)φ

?b
(2,1)H12φ

a
(1,2)φ

b
(2,1)dτ1dτ2 (2.24)

and J12 is known as the exchange integral and occurs as a result of the indistin-

guishable nature of the electrons.
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J12 =

∫
φ?a(1,2)φ

?b
(2,1)H12φ

a
(2,1)φ

b
(1,2)dτ1dτ2 (2.25)

The Hamiltonian in the above equations is given by the expression,

H12 = e2
[

1

rab
+

1

r12
− 1

r1b
− 1

r2a

]
(2.26)

where rab is the inter-nuclear spacing, r12 is the electron-electron spacing, and r1b

and r2a are the distances between an electron and the atom associated with the

other electron. The relationship between K and J can be thought of in terms of

a competition between an electrostatic potential in which the low energy state is

spatially close to the nucleus, and a purely quantum mechanical potential arising

from the indistinguishable nature of the particles.

In order to have a net spin (triplet state) J12 must be positive. This is favoured

when there is a strong overlap of the orbital wave functions of the two elec-

trons (
∫
φ?a(1,2)φ

?b
(2,1)φ

a
(2,1)φ

b
(1,2) is positive), and the Hamiltonian is positive. A positive

Hamiltonian is favoured by small inter-atomic and and electron-electron spacing.

The above conditions are most likely to be met in the d and f orbitals (n = 3 and

4), of atoms.

2.2.6 Pauli paramagnetism

In 1927 Wolfgang Pauli proposed a theoretical model of paramagnetism in metal-

lic structures [30] via [23]. Consider a metal with a parabolic energy density of

states. In the presence of a magnetic field the parabolic spin sub-bands will split

by an energy of 2µBH. The system will act to minimise the total energy, creating

a net spin imbalance, as outlined in figure 2.3, adapted from reference [23]. This

results in a net internal magnetic moment, proportional to the external field.
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Figure 2.3: Pauli paramagnetism in an idealised metal, with parabolic density of
states, adapted from reference [23]. The left most image shows the DOS in the
absence of an external field. When a field is applied the spin populations split
(middle). After a time period the system settles into a state with spin imbalance
(right), resulting in a net magnetisation.

2.2.7 Band theory of ferromagnetism

The band theory of electrons in a material, in which electrons are confined to

certain allowed energy distributions due to being bound with a periodic crystal

structure [31], must be taken into account when looking at the fundamental mag-

netic properties of a material. The Stoner formulation for a band model theory

of ferromagnetism, has 3 basic assumptions [32]. That the 3d orbital band is

parabolic, that the exchange interaction can be represented as a molecular field

(as in the Weiss model), and that electrons and holes obey Fermi-Dirac statist-

ics. Similar to the Pauli paramagnetism theory outlined above, rather than the

band splitting being caused by an external field, the energy split that occurs in the

Stoner model is due to the Weiss molecular field, the effect of this internal field

is to alter the relative density of states between the two possible spin values by

shifting the energy levels of the two states with respect to the Fermi Level [23].

Leading to a greater density of states of one spin orientation with respect to the

other, as is shown in figure 2.4.

The magnetisation of the sample will be given by the total spin imbalance, multi-
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Figure 2.4: Density of states diagram for a the 3d band within the Stoner model,
adapted from [23]. The splitting here is not due to external field, but rather an
internal Weiss field due to an exchange interaction.

plied by the Bohr magneton. The total spin imbalance being found by integration

over the relevant densities of state [23]

M = µB

∫ ∞
0

D(E)

[
e
E−η±
kBT + 1

]−1
(2.27)

While the Stoner model successfully explains magnetic aspects of magnetic be-

haviour in rare earth elements, it fails to accurately predict the Curie temperature

of such systems [23]. For certain atomic configurations the electrons in the sys-

tem will have a ground state such that net spin is positive due to the exchange

interaction, these electron spins are associated with a magnetic moment, and are

coupled to the orbital angular momentum of the system, the orbital angular mo-

mentum is in turn locked into certain crystallographic axis, and the spin therefore

has preferred orientation, this leads to magneto-crystalline anisotropy [23].

54



CHAPTER 2. BACKGROUND 2.3. ELECTRO-MAGNETISM

2.2.8 Summary

Electrons are charged particles, which have an intrinsic angular momentum called

spin, and (in materials) an orbital angular momentum. Because of this they there-

fore have an associated magnetic moment. Some materials have a net imbalance

of spins, due to their band structure, and the presence of the exchange interac-

tion, these can exhibit ferromagnetic behaviour. Some materials will undergo a

transition to an imbalance of spin when subject to an external field, which occurs

because the final electron energy state is split (Zeeman splitting) despite being

degenerate normally. Because of the crystal structure and the spin orbit interac-

tion, the effects of an external magnetic field, on the internal magnetisation, will

depend on the relative angle between the crystallographic axes, and the external

field.

2.3 Electro-magnetism

2.3.1 Maxwell’s Equations

The optical effects described in thesis can be described through the solutions

Maxwell’s equations, first formulated in 1865. All of the physical phenomena out-

lined below are the natural result of solving Maxwell’s equations in a variety of

systems, with appropriate boundary conditions. The four fundamental equations
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describing electro-magnetism in free space are [33],

∇ · E =
ρ

ε0
(2.28a)

∇ · B = 0 (2.28b)

∇∧ E = −∂B
∂t

(2.28c)

∇∧ B = µ0

(
J + ε0

∂E
∂t

)
(2.28d)

where E and B are the electric and magnetic fields respectively, and ρ and J are

charge and current densities respectively. By suitable manipulation we can obtain

wave equations describing E and B

1

c2
∂2E
∂t2
−∇2E = 0 (2.29a)

1

c2
∂2B
∂t2
−∇2B = 0 (2.29b)

where c is the speed of light in a vacuum. The general form of a wave that satisfies

the above equations, and which by convention is propagating in the ẑ direction is,

E = Ex · exp{−j(kz · z − ωt− φ)}x̂+ Ey · exp
{
−j(kz · z − ωt− φ

′
)
}
ŷ (2.30)

A similar equation can be found for the magnetic field, and describes a plane

wave propagating in a direction perpendicular to the direction of oscillation of the

electric and magnetic fields, travelling at speed c i.e. a light wave. The terms

φ and φ
′ are to account for a possible difference in phase between the two field

components. By considering different phase relationships between the x and y
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components of the electric field, we can construct different “polarisation” states of

the light wave.

Linear polarised light is light in which the phase factors are 0 and the x and y

components of E-field oscillate in phase, and the direction of polarisation, is given

by the ratio of magnitudes of the x and y components of field. If Ex and Ey are

equal we will get light polarised at 45O from the x direction. If Ex is finite and Ey

is 0 then we will get linearly polarised light with the E-field oscillation bound to the

x-z plane. Elliptically polarised light arises from non zero φ factors, creating an

effective rotation of the plane of light, with circular polarised light being a special

case for which |Ex| = |Ey| and φ− φ′ = 45o.

In all the above treatment the use of the E-field to characterise the wave is a mat-

ter of convention, and it can be shown that there will be a B field perpendicular

to the E field, (also propagating in the z direction) and that this can also be po-

larised in any state, but by convention we define polarisation by the electric field

components.

Jones Matrices

In 1941 R Clark Jones formulated a mathematical description of the optical prop-

erties of a system consisting of arbitrary polarisers, rotators, and retarding plates.[34,

35]. The derivation in this section is adapted from these papers. Consider

light waves propagating in the z direction with electric field components Ex =

Axexp[i(εx + 2πυt] and Ey = Ayexp[i(εy + 2πυt], that are functionally identical to

the wave solution for light in vacuo derived above. Here the factor εi takes into ac-

count spatial phase information, and therefore the situation εx−εy = nπ describes

linear polarised light and for any other situation elliptically polarised light. It is then

possible to define a new set of coordinate axes x′,y′corresponding to the principle
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axes of an optical cell (polariser or retarding plate) and construct an equation de-

scribing light that has passed through a cell, Ex′ i = Ex′ i−1exp[i(
2πd
λ

)(nx′ − ikx′)],

and Ey′ i = Ey′ i−1exp[i(
2πd
λ

)(ny′ − iky′)] in which the i subscript indicates the i′th

optical cell in the system, d is the thickness of the cell, n is the principle index

of refraction, and k is the principle extinction coefficient. For kx′ 6= ky′ the cell

described exhibits dichroism, and for nx′ 6= ny′ the cell described is birefringent.

For convenience we choose to replace the exponential part of the above equa-

tion with a suitably subscripted N i.e. Ex′ i = Ex′ i−1Nx′ i.Now if we define φ as

the angle between the positive x axis and positive x
′axis we can express the

incident primed electric field Ex′ purely as components of the original wave i.e.

Ex′ = Excos(γ) + Eysin(γ) and similarly for Ey′ .

We can then define a matrix of elements that describe the transformation of elec-

tric fields in and out of an optical cell

M =

 m1 m3

m4 m2

 =

 Nx
′
cos2φ+Ny

′
sin2φ (Nx

′ −Ny′)sinφcosφ

(Nx
′ −Ny′)sinφcosφ Nx

′
sin2φ+Ny

′
cos2φ


 Exi+1

Eyi+1

 = M

 Exi

Eyi


.

By introducing a matrix of the exponential part of the primed field equation

N ≡

 Nx′ 0

0 Ny′

 (2.31)

and considering the effect of the rotation matrix
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S =

 cosφ −sinφ

sinφ cosφ

 (2.32)

we can express M = S(φ)NS(−φ) purely as a product of rotation and the wave

portion of our optical element.The above equation enables a simple description

of polarising and retarding optical cells. By appropriate choices of M we can

mathematically describe a wide range of optical cells in terms of the relationship

between incoming and outgoing wave.

2.3.2 Magneto-Optical Effects

Magneto-optical Kerr effect

First observed by John Kerr and published in 1877-1878 [36, 37] via [38], the

magneto-optical Kerr effect describes the change in the polarisation state of light

when reflected from a magnetic material. The effect can be thought of as arising

from an effective Lorentz force acting upon the oscillating electrons are they are

driven by the incoming electromagnetic wave. In general the effect will alter both

the angle of the plane of polarisation and the ellipticity of the incident light. In

Jones notation,

M =

 rss rsp

rps rpp


 ERef

s

ERef
p

 =

 rss rsp

rps rpp


 EInc

s

EInc
p

, (Adapted from [39, 40]),

where rij are the reflection coefficients, the subscripts s & p refer to light with per-

pendicular and parallel electric field, with respect to the plane of polarisation, and

the “Ref ” and “Inc” superscripts represent reflected and incident light respect-

ively. The off diagonal elements are related to the rotation and ellipticity induced

by the Kerr effect, and in the absence of an internal magnetisation the off diagonal

elements are null. The values of the reflection coefficients are given to first order
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with respect to the magnetic-optical (Voigt) constant Q as shown in reference [41]

via [42]

rss =
n0cos(φ0)− n1cos(φ1)

n0cos(φ0) + n1cos(φ1)

rpp =
n1cos(φ0)− n0cos(φ1)

n1cos(φ0) + n0cos(φ1)
+

2iQn1n0cos(φ0)sin(φ1)uy
(n1cos(φ0) + n0cos(φ1))2

rps = − iQn1n0cos(φ0) [sin(φ1)ux − cos(φ1)uz]

cos(φ1) [n0cos(φ0) + n1cos(φ1)] [n1cos(φ0) + n0cos(φ1)]

rsp =
iQn1n0cos(φ0) [sin(φ1)ux + cos(φ1)uz]

cos(φ1) [n0cos(φ0) + n1cos(φ1)] [n1cos(φ0) + n0cos(φ1)]

The Kerr ellipticity ε and rotation θ are given by the expressions [40]

θp = −Re
{
rsp
rpp

}

εp = Re

{
rsp
rpp

}

for p-polarised light, and

θs = Re

{
rps
rss

}

εs = Re

{
rps
rss

}

for s-polarised light.
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Polar Longitudinal Transverse

Figure 2.5: Schematic of the three Kerr geometries, and the possible effects on
the polarisation state of the incident light.

In general we can describe three Kerr geometries, defined by the different pos-

sible components of magnetisation relative to the plane of incidence and of the

sample.The three distinct geometries known as longitudinal,transverse and po-

lar, can be used to describe any angle of internal magnetisation. The polar Kerr

geometry corresponds to magnetisation normal to the surface of the sample. The

longitudinal and transverse Kerr geometries corresponding to in-plane magnetisa-

tion, with the magnetisation lying parallel (perpendicular) to the plane of incidence

of the optical path for the longitudinal (transverse) case. These geometries are

outlined in 2.5 adapted from reference [40]. The polar and longitudinal effects

give rise to changes in the rotation and/or ellipticity, while the transverse effect

alters the amplitude of the light wave oscillation.

The Magneto-optical Faraday effect

Polarisation rotation due to magnetic effects also occurs in transmission, this ef-

fect is known as the magneto-optical Faraday effect. When light passes through

a material in the presence of an external magnetic field, the plane of polarisation

of the light will be rotated. With the angle of rotation given by the formula [43] via

[44].
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θ = B · V · d (2.33)

where B is the magnetic flux density in the direction of propagation, V is the

Verdet Constant (a material property) and d is the distance of propagation. This

effect was first observed by Faraday in 1854 and is mentioned within his diaries, a

recreation of the original publication can be found in reference [45]. The magneto-

optical Faraday affect can be thought of as similar to the magneto optical Kerr

effect but is used for measurements of magnetisation in transmission. While this

process was not a target of study in the work presented in later chapters, it is

the likely cause of linear backgrounds in some data sets, occurring due to the

positioning of lenses in large magnetic fields.

2.4 Plasmon physics

A plasmon is an oscillating electric field mode contained within a metallic medium.

Most relevant to this project, are plasmons that can be excited by external oscil-

lating electro-magnetic fields, in the visible or near visible spectrum. Plasmonics

is a broad discipline, and there are numerous excellent review articles, of which

[46–48] have been of enormous help to the author. There are numerous types

of plasmon response, with a broad split between localised surface plasmon res-

onance (LSPR) and surface plasmon polariton (SPP). Localised surface plasmon

resonances, are plasmon modes confined to small structures, through suitable

geometrical design. SPP’s are travelling waves which move along the surface

of a metallic film. In this section, the relevant background physics to understand

these plasmon resonances is outlined. Of primary interest to this work is the abil-

ity of plasmons to allow control of light at sub-wavelength length scales, through

suitable structuring of metallic materials.
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The Drude model

The Drude model of electrons in a metal, in which electrons essentially exist as

a free gas or plasma, is suitable for describing most of the fundamental physics

that occurs in the propagation of plasmons. Electrons within a metal that are

subject to an external field will experience a Coulomb force, if the external field is

oscillatory such as in a light wave, the electrons in the material will also oscillate.

Considering a single classical electron in the presence of a sinusoidal external

field. εω the frequency dependant permittivity, can be shown to be [31],

ε(ω) = 1− ne2

ε0mω2
= 1−

ω2
p

ω2
(2.34)

where n is the electron concentration, e and m are the charge and mass of an

electron respectively, and ωp is known as the plasma frequency and is defined as

ωp ≡ ne2

ε0m
. The plasma frequency defines the frequency response of a material

to excitation. If the frequency of the excitation is less than the plasma frequency

then the wave does not propagate in the bulk material, and will generally either

tunnel through or be totally reflected from a thin film, depending on its thickness.

However if the frequency of the excitation is greater than the plasma frequency

then the material will support propagation of the excitation, behaving as a dielec-

tric. Plasmonic effects occur when the real part of the permittivity is negative (i.e.

in a metallic material). In this regime surface propagating modes are possible, as

outlined below.

Surface plasmon polaritons

A surface plasmon polariton can be thought of as being analogous to a light wave

propagating along the surface of a metal. With an electric field described by the
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formula [49],

E = E±0 exp[i(kxx+ kzz − ωt] (2.35)

where the kz component is imaginary, corresponding to a strongly decaying field

in the z direction. By considering Maxwell’s equations for electric fields at the

interface between a dielectric region and a metallic region, and applying appro-

priate boundary conditions it can be shown that the wave within the metallic region

will have a wave-vector given by

kmetal = kair

√
εairεmetal
εair + εmetal

=
ω

c

√
εairεmetal
εair + εmetal

(2.36)

In general εmetal is complex, with the imaginary component responsible for a decay

of the field within the medium. Therefore more correctly the equation for the wave-

vector of the SPP in the metallic region is,

kmetal = kair

√
εair(εreal + iεimag)

εair + εreal + iεimag
(2.37)

where, εreal and εimag are respectively, the real and imaginary permittivity com-

ponents of the metal. The conditions for a SPP to propagate through a medium

are that, εmetal is negative, and |εmetal| > εair [47].

However, while the condition for propagation applies to most metals, coupling

external radiation into internal SPP modes is problematic. This is clear if we

compare the dispersion relations for light in air,

kxair =
ω

c
(2.38)
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Light in free space

Figure 2.6: Dispersion relation for a variety of electro-magnetic oscillating solu-
tions, adapted from reference [49]. The light line (A wave propagating in a va-
cuum) is linear, and does not overlap with either the plasma or plasmon solution.
The plasma solution approaches the light line asymptotically for large ω, however
the plasmon solution diverges. The physical importance of this divergence is that
under normal circumstances, external radiation will never satisfy the boundary
conditions for excitation of a surface propagating wave in a metal (SPP).

and SPP modes within a metal,

kxspp =
ω

c

√
εairεmetal
εair + εmetal

=
εair
c

√
εairεmetal
εair + εmetal

(2.39)

The additional term in the dispersion of the SPP kx is such that for any (non-zero)

frequency, the allowed wave momentum component in the x direction for a metal

will always be greater than that for air. Figure 2.6, adapted from reference [49],

outlines the relevant dispersion relationships.

Since external radiation will always have a lower kx component than the SPP

mode for a given frequency, coupling into this mode will not normally occur.

However through suitable optical and/or geometric manipulation, it is possible

to provide incident light with a greater kx value than would be normally possible.

Some of the methods of overcoming the coupling issue are outlined below.
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Figure 2.7: The fundamental prism coupling geometries, adapted from [47]
Left: Otto geometry
Right: The Krietschmann-Raether geometry

2.4.1 Coupling Geometries

The value of kx in the second medium is (under the conditions required for exciting

a plasmon) greater than value of the kx possible in the first medium, where k1 =

√
ε1k0 ≥ k1x. Therefore it is not possible for plane incident light to couple to a

plasmon in a second medium that would support a plasmon, and some method

of increasing kx, is necessary, which can be achieved through suitable use of a

prism, or diffraction grating.

Prism coupling

The two simplest geometries for prism coupling are the Otto and Kretschmann-

Raether geometries outlined in figure 2.7. In the Otto geometry [50], when light is

incident at an angle such that total internal reflection occurs, the air gap is unable

to support the propagation of the wave due to the mis-match of kx outlined above.

However the evanescent decaying wave within the gap may be able couple to the

surface of the second (metal) interface, the gap and angle of incidence can be

varied allowing tuning of kx such that a surface plasmon can be excited. However

this technique is limited by the need to control the size of the air gap to a high

degree of accuracy [47] (although this may be practically realised through use
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of an AFM. The Kretschmann-Reather geometry works via a similar principle,

but with the decaying wave passing through the metal, and the coupled SPP

propagating on the far side of the metal surface. By varying the angle of incidence

and thickness of the metallic layer kx can be tuned to allow coupling. These

conditions are more readily achievable thanks to advances in thin film fabrication.

Grating coupling

It is also possible to couple light to a surface plasmon by use of a suitable dif-

fraction grating, or periodic structure (a detailed view of various grating coupling

systems is found in [49]. Assuming a simple case of a periodic array with different

period in the x and y directions [51],

k0sinθ ± iGx ± jGy = kmode

Where k0 and kmode are the wavevectors of the incident light and coupled mode

respectively, and Gx and Gy are Bragg Vectors associated with the periodicity of

the array, and θ is the angle of incidence. This geometry therefore can support

surface plasmon modes even at normal incidence. This form of coupling is the

form pursued throughout the work in this thesis. This is primarily for practical

reasons, since it allows the creation of structures which couple SPP’s without

additional prism elements, and therefore structures which are on an appropriate

length scale for laser excitation. The ability of grating structures to couple to both

external radiation, and to re-radiate electromagnetic fields on the far side of a

sub-wavelength aperture, is also of importance, and this it outlined below.
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2.4.2 Nearfield optics

The coupling of light to surface plasmons, and the ability to manipulate the result-

ing surface plasmon polariton, has lead to advancements in the field of near-field

optics. Several interesting physical phenomena can be observed when light is

incident on suitable meta-materials (materials with a structure on the scale of the

wavelength of interest, which gives them extraordinary properties). Of particular

interest to the current investigation is the effect known as extraordinary optical

transmission (EOT).

In 1944 Bethe proposed a model for light passing through a single aperture with

a radius comparable to the wavelength [52] which predicts a transmission propor-

tional to the inverse square of the wavelength,ηb = 64(kr)4

27π2 ∝
(
r
λ

)4[18], where ηb is

the transmission efficiency normalised to the aperture area, r is the radius of the

aperture, and k and λ are the wavenumber and wavelength of incident light re-

spectively. It is clear from the above formula that the transmission should decline

rapidly as r becomes less than λ. However when light is incident on a suitable

array of sub-wavelength holes the transmission through the arrays is greater than

suggested by the above formula, and in fact the flux out of a given hole is greater

than the incident flux on a given hole [16]. This because the array of holes acts

as both a grating allowing SPP coupling, and the induced SPP’s can recombine

with the light within each hole. This leads naturally to the idea of using some

form of coupling and a single sub-wavelength aperture, to allow a greater trans-

mission through a sub-wavelength aperture, thereby producing enhanced electric

field intensity in a region smaller than the diffraction limit.
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2.4.3 Single Aperture Extraordinary Optical Transmission

A simple Bullseye structure consisting of a central sub wavelength hole surroun-

ded by concentric rings has been shown to also exhibit extraordinary optical trans-

mission [17]. The rings act as a grating, allowing light to couple to surface plas-

mons, which in turn can re-combine with the light in the sub-wavelength aperture.

The relatively complex parametrisation of this structure with respect to transmis-

sion is outlined in reference [19]. Since many of the parameters are interlinked

the full parametrisation is fairly complicated. However the choice of wavelength

allows the selection of the pitch, groove width, and number of grooves to be set,

and the aperture size is selected based on the specific use of the system (high

total transmission, or high efficiency of coupling). However there is some sug-

gestion that transmission through the system does not correspond directly to field

enhancement in the region of the aperture on the far side of the structure [17] so

the implication is that some form of resonant cavity on the far side of the structure

could be used to increase the localised field in this region.

Since it has been shown that sub-wavelength enhanced optical transmission

can be achieved, through a suitable combination of a circular grating and sub-

wavelength aperture, what is now sought is an ideal aperture for localisation and

enhancement of the magneto-optical Kerr effect. The theoretical optimisation of

this type of antenna can be found by considering the localised plasmon reson-

ances for small structures.

2.4.4 Localised surface plasmon resonances

When an oscillating electric field is incident on a metal nano-particle, it will induce

a dipole in the metal due to electron drift. This dipole will in turn create a restoring

field that will oppose the external field, this system is analogous to a linear oscil-

69



2.4. PLASMON PHYSICS CHAPTER 2. BACKGROUND

lator with a restoring force proportional- to displacement [31]. This system has

a strong frequency dependant resonance, and will resonate with a characteristic

frequency after the removal of the external field, and will also preferentially be

excited by fields with this characteristic frequency.

Mie scattering

Consider light incident on a spherical particle, there are two mechanisms through

which light will be prevented from being transmitted through the particle, absorp-

tion and scattering. An exact solution for scattering from spherical nano-particles

was proposed by Gustav Mie [53] via [48]. The extinction cross section, (the ef-

fective light blocking area of a particle, due to scattering and absorption), can be

shown to be,

σex =
2π

|k2|

∞∑
L=1

(2L+ 1) ·Re [aL + bL] (2.40)

where,

aL =
mΨL(m|k| ·R) ·mΨ

′
L(|k| ·R)−Ψ

′
L(m|k| ·R) ·ΨL(|k| ·R)

mΨL(m|k| ·R) · η′L(|k| ·R)−Ψ
′
L(m|k| ·R) · ηL(|k| ·R)

, (2.41a)

bL =
ΨL(m|k| ·R) ·mΨ

′
L(|k| ·R)−mΨ

′
L(m|k| ·R) ·ΨL(|k| ·R)

ΨL(m|k| ·R) · η′L(|k| ·R)−mΨ
′
L(m|k| ·R) · ηL(|k| ·R)

, (2.41b)

and k is the wavevector in the medium surrounding the nano-particle, R is the

radius of the nano-particle, and m is the ratio of the refractive indices of the metal

and surrounding medium. ΨL and ηL are the cylindrical Bessel–Riccati functions,

the manipulation of which is non-trivial. For nano-particles much smaller than the

external field wavelength, the above formula can be approximated to,

70



CHAPTER 2. BACKGROUND 2.4. PLASMON PHYSICS

σext =
24π2R3ε

3/2
medium

λ

εmetal imag
(εmetal real + 2εmedium)2 + ε2metal imag

(2.42)

This is known as the dipole approximation, and is only valid for particles small

enough, that the internal field is approximately homogeneous across the struc-

ture [48]. For larger nano-particles higher order terms (quadrupole, octopole etc)

may dominate. Nano-sphere antennas have shown promise as near field probes

however the dipole resonance produces two electric field hotspots. When com-

bined with the typical size required for optical enhancement, the resolution of a

nano-sphere antenna would be limited.

Gans extension of Mie theory

In the Gans extension of Mie theory, the extinction cross section for an arbitrary

nano-rod ensemble is expressed as [54] via [55, 56],

Cext =
2πV

3λ
ε3/2m

∑
j

(
1/P 2

j ε2
)(

ε1 +
1−Pj
Pj

εm

)2
+ ε22

(2.43)

where V is the volume of a rod, Pj are the depolarization factors for the 3 com-

ponents of the rod size (width, height, and length). These depolarisation factors

are given as,

PA =
ξ−2

1− ξ−2

[
1

2
√

1− ξ−2
ln

(
1 +

√
1− ξ−2

1−
√

1− ξ−2

)
− 1

]
(2.44)

PB = PC =
1− PA

2
(2.45)

where ξ is the aspect ratio of the rods. This formula is to some extent a historic

artefact of practical fabrication techniques, since randomly aligned nano-rod en-

71



2.4. PLASMON PHYSICS CHAPTER 2. BACKGROUND

sembles are easier to produce than individual nano-rods, or arrays of oriented

nano-rods. Considering an individual nano-rod, rather than an ensemble it’s clear

that there are two distinct situations. The rod can be excited with light polarised

orthogonally to the long axis, or parallel. These two situations will excite different

modes within the structure [57, 58].

Using this fundamental idea of using light to induce resonant fields within metallic

nano-structures to create resonant structures, has lead to numerous optical an-

tenna geometries. Of interest to this work are those structures which increase

the electric field in a particular region, while confining the field to a strongly sub-

wavelength length scale in the near field. A large number of possible plasmonic

antennas can be envisioned (see reference [59]). For example simple dipole

antennas (two nano-wires separated by a gap) show strong resonant field en-

hancement within the gap [60, 61]. Two split ring antennas with facing open ends

have been shown to exhibit a strong field enhancement [62] in the gap region.

However these structures tend to be asymmetric with regard to polarisation, and

so are not suitable for recovery of the MOKE signal. Moving back to nano-rods,

it has been shown through both modelling and experiment that nano-rods exhibit

dipole field enhancements, and can be considered analagous to Fabry-Perot like

resonators [63]. The lowest order mode supports electric field enhancements at

the edges of the rod. This structure is unsuitable (polarisation sensitivity, and two

hot spots rather than one so reduced spatial resolution). However following the

work found in [64–66], applying inversion principles, it can be shown that a cavity

(an inverted nano-rod) will support a mode with electric field enhancement at the

centre of the structure. This structure will still be polarisation sensitive, but by

combining two orthogonal cavities, a structure which should enhance the electric

field in a small confined region, while preserving the MOKE signal, is produced.

This crossed cavity geometry also has the advantage of allowing the exploita-

tion of grating coupling into the central region (as in section 2.4.3). An analytical
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model for describing this structure would be nearly impossible, and so finite ele-

ment modelling was pursued. The promising results of this modelling are shown

in the next chapter.

2.5 Review of existing near field scanning plasmonic

antennas

Previous work has been performed making use of plasmonic structures (anten-

nas) as scanning near field probes, and reviews of plasmonic near field tech-

niques can be found in references [67, 68]. Generally these techniques utilise

structures which would not exhibit MOKE sensitivity (due to a strong structural

polarisation preference). For example reference [69], utilised a 2-side gold coated

pyramidal structure, for near field scanning. This configuration relies on the incid-

ent light being correctly oriented, and would have no way to measure orthogon-

ally polarised light generated through the MOKE interaction. These structures

also tend not to be used in a reflection microscopy geometry, instead relying on

excitation of a particle (and far field capture of the result of this excitation), or

collection of a small signal. For example in reference [70], the authors exploit a

nano-sphere plasmonic antenna, on the end of a fine point, to selectively excite

luminescent dye molecules, with the signal from the molecules recovered in the

far field. The device utilized by Specht [71], makes novel use of surface plasmon

polaritons (prism coupled from below a sample), in combination with a fine tung-

sten tip. The tip alters the surface plasmon mode, through the evanescent wave

interaction. However Specht’s geometry requires a substrate capable of prism

coupling, and would not be suitable for most samples of interest.
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2.6 Conclusion

Considering a nano-rod exhibiting a dipole resonance, it will have two electric field

hotspots at the far ends, and a central magnetic hotspot. If we consider the com-

plimentary structure of a cavity, it will have the electric field hotspot at its centre.

However this enhanced electric field would lead to enhancement of only one po-

larisation component. Since recovery of the magneto-optical Kerr effect requires

sensitivity to orthogonal polarisation states, a single cavity will act to suppress the

effect. However by combining two overlapping and orthogonal cavities, a polar-

isation insensitive system is created. This system allows excitation of plasmonic

modes by light of both the incident polarisation, and a magneto-optically induced

orthogonal polarisation. A circular grating surrounding this "cut-cross" aperture,

could further improve coupling efficiency.
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Chapter 3

Experimental methodology

3.1 Introduction

A broad range of experimental techniques were employed in this work, the follow-

ing chapter aims to outline these techniques, and to explore their advantages and

limitations.

3.2 Scanning Kerr microscopy

As outlined in section 2.3.2, the magneto-optical Kerr effect is a physical effect in

which light incident on a magnetic material undergoes a change in the polarisa-

tion state, potentially affecting both the angle of the plane of polarisation, and the

ellipticity. This change is proportional to the surface magnetisation of any given

material. Therefore by measuring the change of polarisation of a beam incid-

ent on a magnetic sample under changing field, it is possible to directly measure

the change in surface magnetisation. In addition by measuring the polarisation

change of light incident on a sample with spatially varying magnetism, it is pos-
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sible to directly image magnetic features (such as domain structures). In this

subsection, an outline of the bespoke scanning Kerr microscope (SKM) is given,

along with information relevant to the understanding of later material in this thesis.

What follows is a brief overview of the experimental set-up, followed by more de-

tailed examination of the more complex aspects of the practical use of scanning

Kerr microscopy. An electro-optically stabilised laser, is used as the primary probe

beam. This ensures a monochromatic, polarised, and coherent light source. A

sample is mounted on a three axis piezo-electric stage, and the beam is focussed

onto this sample through a microscope objective. The reflected beam is collected

via the same objective lens, and through a suitable optical path, brought to bear

on a polarisation sensitive detector. The change in the polarisation of the light, in-

duced by the magnetic material, is directly proportional to the surface magnetism

(of a given sample). By continuously measuring the polarisation state, while ras-

ter scanning the sample with respect to the incident beam, an image of the direct

surface magnetisation of the sample can be produced. A full schematic of the ba-

sic set-up outlined above is shown in fig. 3.1 on the facing page. The source beam

is a 633 nm wavelength helium neon laser (He:Ne). The beam is attenuated by a

neutral density filter at source, and then enters an electro-optical amplitude sta-

bilisation process. The He:Ne source beam should be linearly polarised, however

the beam leaving the stabilisation cell is not guaranteed to be, and will have had

the plane of polarisation altered by the electro optic cell. As such an additional

calcite polariser is placed immediately after the stabilisation optics. This ensures

strongly linear polarised light. The beam then passes through a beam expander,

increasing the diameter to ≈ 1 cm, and then through an adjustable aperture, set

to allow the central ≈ 3mm diameter portion of the beam to pass through. This

process allows the full backfilling of the final objective lens, and ensures a well

collimated beam. It also reduces the difficulty of aligning the vector bridge, ex-

plained below. The expanded beam passes through a periscope arrangement of
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Figure 3.1: The basic scanning Kerr micrscopy set-up, showing a stylised version
of the optical path, and relevent stages for sample and objective manipulation.

mirrors, bringing the beam out of the plane defined by the optical bench. This

beam is then reflected downwards through a beam splitter towards the sample,

at normal incidence. A z-stage adjustable mechanical mount, holds an objective

lens, and the beam passes through this. By altering the height of this objective

through adjusting the aforementioned mechanical z-stage controller, the beam

can be focussed. The beam reflects from the sample, and is collected through

the focussing objective (acting as both condenser and collecting objective). The

beam splitter configuration between the periscope and objective, is such that this

reflected beam alone is incident on a polarisation sensitive detector. Two further

stages can be used for sample manipulation, a mechanical x & y stage for rough

sample positioning, and a 3-axis piezo-electric stage for scanning, fine focussing,

and fine sample location.

There are two types of polarisation detector used in the SKM. The first is known

as a "simple" or "polar" bridge detector, a schematic of which can be seen in
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Figure 3.2: Schematic of the simple bridge detector, showing the optical path and
photo-diode positions.The detector is mounted via a rotary micrometer actuator,
to allow fine rotation around the optical axis. A Glan-Thompson polarising beam
splitter lies along this optical axis. The two seperated components of light (with
orthogonal polarisation) are then incident on photo-diodes (via final focussing
lenses, designed to reduce the beam-spot to the size of the photo-diode element).

fig. 3.2.

This is used to detect the polar MOKE signal only. The detector contains a polar-

ising beam splitter (Glan-Thompson), with exit windows for both the ordinary and

extra-ordinary beam, a schematic of which is shown in fig. 3.3 on the facing page,

adapted from reference.40 In this schematic the orientation of the incident light is

equivalent to that of horizontally polarised light, incident on a bridge detector that

has been rotated about the optical axis by 45◦. In this configuration equal propor-

tions of light escape from the ordinary and extra-ordinary exit regions. However a

MOKE induced rotation of the polarisation plane of the incident light will alter the

ratio.
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Figure 3.3: Schematic of Glan-Thompson beam splitter. The orientation of the
incident light is equivalent to that of horizontally light, incident on a bridge detector
that has been rotated about the optical axis by 45◦.

The two beams are incident on separate photo-diodes labelled “A” and “B” via

focussing lenses. A series of op-amps amplify, and combine the photo-current to

produce four separate output signals, “A”, “B”, “A+B”, and “A-B”. “A” and “B” are

voltages corresponding to the current light level on the relevant photo-diode. The

detector has been calibrated such that equal light corresponds to equal voltage

from a given output. “A+B” outputs a voltage proportional to the total light incident

on the detector, scaled in order to avoid hitting the voltage rail. “A-B” is a scaled

output giving the difference between the light levels on the photo-diodes. It is

essentially a measure of the current polarisation of the beam. With horizontally

incident light, and a detector at 45◦ to vertical, “A-B” outputs 0 volts. Because the

variation in polarisation from MOKE is small the “A-B” signal is amplified. The

zeroing of the system is necessary to ensure that the voltage doesn’t exceed

the voltage limits of the amplifying circuit. The detector is mounted on a manual

rotary stage, with a micrometer screw for fine adjustment of the angle. After zero-

ing the detector the change in output signal should scale linearly with the change
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in the polarisation rotation of the beam. Because of this linearity, the true rotation

corresponding to the current “A-B” voltage can be calculated, by measuring the

change in signal when the detector is rotated through a known (small) angle. This

calibration tends to be performed over 0.5 mDeg, which is greater than any typ-

ical MOKE induced rotation, but still within the range of linearity. This change in

rotation is directly proportional to the change in surface magnetisation for a given

sample. The advantages of measuring the change in polarisation in this manner

(as opposed to a single photo-diode behind an analyser) are numerous. Changes

in laser intensity will affect the “A” and “B” signal equally, and so will not affect the

“A-B” signal (common mode rejection). The measurement angle, and zeroing

of the detector, allow for direct amplification of photo-diode signals, without ex-

ceeding the voltage limits of the circuitry. In addition this detector angle allows

measuring of the signal in the linear region of the cos2 term in the formula which

describes the relationship between transmitted intensity and polaroid angle, i.e.

Mallus’ law. While also producing a near signal centred close to zero, from which

it is easier to process and analyse data.

In addition to the "simple" bridge, a "vector" bridge is also available. The op-

tical path is similar to the simple bridge, however rather than single panel photo-

diodes, quadrant photo-diodes are used. Through suitable subtraction and ad-

dition of individual quadrants all components of magnetisation can be simultan-

eously measured, through the three different MOKE geometries outlined in sec-

tion 2.3.2. In general normal incident light would not experience a change of

rotation from in plane magnetisation, since there is a lack of a crossed compon-

ent of the polarisation with respect to magnetisation. However by considering the

shape of a collimated beam passing through a condenser, the outer region of the

beam can be thought of as being composed of non-normal incidence rays, as

can be seen in fig. 3.4 on the next page adapted from reference.14 In general,

the symmetry of the system ensures that no net change in polarisation will be
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Figure 3.4: Schematic of beam passing through condenser, showing the effect-
ively non-normal beam paths.

produced by these non-normal paths (rotation from light propagating down one

path will be cancelled by the opposite path). However by selectively sampling the

beam with quadrant photo-diodes and appropriately processing the signal, this

symmetry can effectively be broken. This allows measurement of in-plane mag-

netisation. This detector is less sensitive to polarisation changes than the simple

bridge, and was therefore not used in the characterisation of samples explored in

this thesis.

Regardless of the specific detector used, the scanning protocol, and data acquis-

ition is unchanged. A sample is loaded beneath the objective lens (which acts

as both condenser and collector), on a combined mechanical and piezo-electric
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stage. The mechanical stage has a travel range in both planar axes of ≈ 1 cm,

and is used to roughly position the probe beam onto a region of interest. The

piezo-electric stage has 3-axis freedom of movement, with 300µm of travel in all

directions. A sample is roughly positioned under the laser spot using the mech-

anical stage, and then a raster scan of the piezo stage is performed, while all

bridge detector channels are measured simultaneously. The measurement of the

signal from the channels is accomplished by a National Instruments DAQ card,

allowing simultaneous measurement of all channels (as well as control of electro-

magnets outlined below). This produces an initial image of the sample, with the

"A+B" channel providing a reflectivity image, and the "A-B" channel producing a

rotation/magnetic contrast image. At this point it may be necessary to perform a

focus scan, in which a line scan over a feature is performed, while varying the

z-axis of the piezo-stage, with focus being achieved when the minimum line width

is found.

In some cases the image produced is of primary importance. However for the

work presented in the thesis the scanning protocol was used primarily for sample

location. The common usage being to use the scanning microscope to position a

beam on a sample of interest, and then measure the Kerr signal from this region,

while varying an external magnetic field. A quadrupole electro-magnet surrounds

the entire sample mount and piezo-electric stage, and this can be used to apply

an in plane field. This was omitted from the initial schematic for clarity, but is

shown in fig. 3.5 on the facing page.

However this in-plane field is not overly useful when using the polar bridge de-

tector, so a fifth pole piece was developed. This fifth pole piece was designed to

allow an out of plane magnetic field to be produced. It consists of a large bridge of

iron, designed to slot into the existing quadrupole magnet. A hole is defined in the

bridge to allow access to the microscope objective, and this region of the bridge
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Figure 3.5: Simplified schematic of SKM set-up, with quadrapole electro-magnet.
The optical path has mostly been removed for clarity. Shown in profile (left) and
topdown (right) views.

is tapered to increase out of plane flux. A schematic of the standard quadrupole

magnet, and the additional 5th pole is provided in fig. 3.6 on the next page. A Hall

probe is fixed to the end of a pole piece, and through appropriate calibration with

a Lakeshore Gauss meter, the field through a given sample can be measured.

With the addition of this fifth pole, polar MOKE hysteresis loops can be obtained.

This is accomplished by focussing and positioning the laser spot on a sample,

in the manner described previously. The sample is then fixed in position, and a

swept current applied to the electro-magnets. Continuous measurement of the

bridge detector channels are made, as well as the Hall probe. A plot of "A-B"

voltage against Hall probe voltage is produced. This can then be converted into

a plot of rotation against field through suitable calibrations that have been pre-

viously outlined. The resulting plot for a paramagnetic or ferromagnetic material

will exhibit hysteresis, due to effects outlined in section 2.2.4. These hysteresis

loops are used to characterise the magnetic properties of the sample. The 5th

pole surrounds the microscope objective of the system, and as a result a Faraday
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Figure 3.6: Simplified schematic of SKM set-up, with quadrapole electro-magnet,
and newly developed 5th pole. Again the optical path has mostly been removed
for clarity. Shown in profile (left) and topdown (right) views.

rotation (due to the field in the dielectric material of the microscope lens) was

seen in all loops obtained. This rotation produced a linear slope on all measured

hysteresis loops. This slope has been subtracted from all presented loops in this

thesis for the purpose of clarity.

In addition to the scanning microscopy, a wide field optical path was developed,

with the intention of eventually creating a wide field MOKE system. However

the primary use of this additional optical path was rough sample location, and

beam alignment. A schematic of the modified optical path is shown in figure 3.7.

The images produced in this manner are far from optimal, however they proved

useful in finding bespoke samples with limited alignment markers. In addition it

was found that this wide field path could be used to produce wide field MOKE

images, of strongly polar samples such as garnet. However the wide field MOKE

lacked the sensitivity of either bridge detector, lacking as it did, any common

mode rejection, or increased polarisation sensitivity from the rotated geometry, of

bridge detectors.
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Figure 3.7: Simplified schematic of SKM set-up, with an additional wide field op-
tical path. The reflected wide field image is captured via a charge coupled device
(CCD) camera, and both live (video) and static imaging are possible. Through
suitable arrangment of the beamsplitters, it is possible to image the laser directly
on the surface of a sample.
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3.2.1 Time resolved scanning Kerr microscopy

Time resolved scanning Kerr microscopy (TRSKM), is a stroboscopic measure-

ment technique, closely related to SKM. The optical path, scanning protocols, and

detectors remain largely unchanged from SKM.In brief, a pulsed laser is incident

on a sample, and MOKE measurements are made. Concurrent to this, the sample

is magnetically excited (usually through electrically pulsing a wave-guide under

the sample). The laser pulses and the excitement source are synchronised to a

common frequency, with a variable delay between the arrival of the optical pulse

and the excitation. By repeated measurement of the sample, and by varying the

delay, time dependent magnetisation measurements can be made. By combining

this this process with scanning protocols used in SKM, time dependent "movies"

of magnetisation dynamics can be produced. Because of the stroboscopic nature

of the experiment, it is required that samples relax to a repeatable state between

pulses, and that the induced dynamics of the system are repeatable.

A schematic of a typical time-resolved scanning Kerr microscopy (TRSKM) ex-

periment is shown in fig. 3.8 on the facing page, adapted from.2 The pulsed laser

source is a Ti:Saph "Tsunami" laser, outputting at 800 nm wavelength, and with

a pulse frequency of 80MHz. Because of the frequency limits of other compon-

ents in the system, and to ensure that the sample relaxes into its ground state, a

pulse picker is used to reduce the repetition rate to 1MHz. The beam is passed

through a 90:10 beam-splitter, and the less intense beam is incident on a ref-

erence fast photo-diode. The signal from this photo-diode is passed to a TTL

(transistor transistor logic) converter, so that it can be used to trigger a delay

generator. This delay generator triggers a pulse generator and therefore dictates

the delay between the laser pulse and the excitation pulse. The pulse generator,

passes an electrical signal to a wave-guide, via a set of pico-probes. The current

passing along the wave-guide, in turn generates a magnetic field, which acts as
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Figure 3.8: Simplified schematic of a typical TRSKM set-up. Showing a reduced
optical path, and box diagram of the complex signal generation and timing elec-
tronics.

the magnetic excitation for the sample.

The remaining beam is brought to a sample via a similar optical path to that

shown previously for SKM measurements. This sample is mounted on a piezo-

stage, which is itself mounted on a mechanical stage, again similar to those used

for SKM. For clarity these have been omitted from fig. 3.8. The back reflected

light from the sample is monitored by a bridge detector as in the SKM system. In

order to improve the signal to noise ratio of the system a pair of lock-in amplifiers

are used. The reference rate of the lock-in amplifiers, is set such that it is not

a multiple of the laser rep-rate, or the 50Hz frequency of mains electricity. The

excitation pulse is then modulated or set at the frequency of the lock-in, so that

any measured signal is the result of the excitation alone.
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3.3 Atomic force microscopy

AFM is an imaging technique in which a physical probe is raster scanned over

a sample, in order to produce (generally) a full map of the topography of the

sample. The probe ends in a very fine needle tip, with a very fine radius of

curvature ≤ 10 nm, and the technique can be thought of as similar to a nano-

scale record player. A standard AFM works by monitoring the movement of a

laser beam, reflected from a rapidly vibrating cantilever. The reflected laser spot

is incident on a quadrant photo-diode, and by monitoring the ratio of signal from

the different quadrants, the movement of the cantilever can be calculated. AFM

is primarily used as a topographical imaging tool, granting information about the

3-dimensional topography of a given sample, however through appropriate probe

choice, other imaging modalities can be achieved. For example when fitted with

a hard magnetic tip, it is possible to measure the stray field above a magnetic

sample. However this project aimed to combine the bespoke SKM with a modi-

fied AFM cantilever, in order to make MOKE measurements. This was intended

to allow direct measurement of magnetisation, and through suitable plasmonic

structures, a better than diffraction limited spatial resolution. The fabrication of

modified AFM probes is dealt with in some depth in chapter 7. This project aimed

to produce an antenna mounted on the tip of an AFM cantilever, and make optical

measurements through the end of this modified cantilever. A "NanoSurf" brand

"LensAFM" system was found to be most suitable for this work. It consists of a

standard AFM system, with an optical path and objective lens, designed to allow

imaging of the AFM cantilever while it is in active use. The system is intended to

be mounted onto an existing wide field optical microscope column, to enable rapid

sample location (through optical observation). However with minimal modification

it was possible to mount this system onto the bespoke objective lens mount of

the SKM and TRSKM microscopes outlined above. Because this system was not
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Figure 3.9: Schematic of the integrated AFM/SKM system. The LensAFM is
designed to be placed on an existing microscope turret. It replaces the objective
microscope from the standard SKM set-up. Inset, a detailed view of a modified
AFM canitilever tip. An optical path has been made through the tip, and a suitable
aperture ensures a sub-wavelength diameter localised beam spot.

designed for use in a scanning laser microscope (but instead a traditional op-

tical microscope), some modifications were required. A band pass filter had to

be installed between the cantilever, and the in-built deflection laser measurement

photo-diodes. This was done to prevent stray light from the SKM probe laser,

from interfering with the signal from the AFM detection optics. In addition, the off

the shelf LensAFM has a safety filter installed, which had to be removed. This

filter was designed to prevent stray light from the AFM deflection from entering

a microscope user’s eye. However since the bespoke SKM microscope relies on

back reflected laser light being incident on a bridge detector, this safety filter had

to be removed. A schematic of the LensAFM integrated into the existing SKM is

shown in fig. 3.9.

This combined AFM and TRSKM microscopy system, allows measurement of

89



3.4. OPTICAL MICRO-SPECTROSCOPY CHAPTER 3. METHODOLOGY

magnetisation dynamics in the near field (with suitably modified AFM probes).

3.4 Optical micro-spectroscopy

Throughout this research various practical issues with fabrication, led to a com-

plete lack of magneto-optical signal from plasmonic antennas. As such an al-

ternative characterisation tool, that would allow the investigation and optimisa-

tion of the resonance of these structures, was needed. To this end, a micro-

spectroscope was employed, in order to obtain spectroscopic information from

various devices. The spectra presented in later chapters, were obtained from

a "Spectrapro 2500i" spectroscope. That is essentially an optical microscope,

which feeds into a wavelength spectrometer. The microscope allows for both

transmission and reflection microscopy, through separate light paths. The beam

is then passed through an adjustable mechanical slit, into an enclosed spectro-

scope system. This system contains a selection of blaze gratings and a CCD

array camera. All spectra in this thesis were produced with a 700 nm pitch blaze.

A schematic of the most commonly used configuration (bright field transmission

microscopy), is shown in figure 3.10.

A variety of pre spectroscope optical set-ups are possible with the major differ-

ences being transmission or reflection measurements and bright field or dark field

condensers. As mentioned previously, the primary mode of operation for the work

shown in this thesis was bright field transmission, the schematic for which was

shown in figure 3.10. Light is loosely focussed on a sample via a long working

distance condenser with an unknown but low numerical aperture (spot size is 5

mm and focal distance is 10 cm). This light is then collected from the far side of

the sample by a higher numerical aperture microscope objective, typically a 40x

objective with a numerical aperture of 0.60. From here the light passes into the slit
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Figure 3.10: Simplified schematic micro-spectroscope, showing the bright field
transmission geometry. This was the most commonly used configuration. Light
from a broad spectrum lamp is weakly focussed on a sample. The transmitted
light is collected through a microscope objective, and brought to a mechanical
adjustable slit. This slit is used to minimise the light going to the spectroscope
that lies outside a region of interest. The light is then split into a spectrum via a
blazed grating. Finally a CCD array captures the light.
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and spectroscope described above. Clearly this technique requires transparent

samples or devices, and there is some difficulty in obtaining spectra from optically

opaque films with low throughput structures. However this technique minimises

the effect of lamp breakthrough. Alternatively the initial condenser can be re-

placed with a dark field condenser, in order to measure dark field transmission.

The sample is again placed between the path of the incident light and a collecting

microscope objective. The dark field condenser blocks out the central region of

the incident light, creating an annulus of light. The angle of incidence of this light

is such that it would not naturally be incident on the collecting objective, however

light scattered by the sample will (in some cases) be incident on the collecting

objective. This produces a transmission which is strongly sensitive to scattering

effects. A schematic for this configuration is shown in figure 3.11.

In theory this scattered light sensitivity would provide interesting spectral inform-

ation. However in practice since a great number of the structures dealt with in

this thesis are designed specifically to be excited by light at normal incidence, the

information from the dark field was not useful in aiding design of structures. This

will be made clear in chapter 6. As well as the transmission microscopy configura-

tions, there are reflection configurations which make use of microscope objectives

with a circular light path surrounding the objective. These are positioned beneath

the sample, and a schematic is shown in figure 3.12 This geometry can be useful

for completely opaque samples (such as gratings without apertures). However in

practice they again suffer from the non-normal incidence of the source light, and

as such were not found to be suitable for this work. A schematic of the reflection

bright field configuration is shown in figure 3.12 for completeness.

Regardless of the configuration, the light that has interacted with the sample will

end up passing through the adjustable slit, and into the spectroscopic portion of

the apparatus. Here there are broadly two ways to measure the light signal from a
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Figure 3.11: Simplified schematic of the micro-spectroscope, showing the dark
field transmission geometry. Light from a broad spectrum lamp is passed through
a dark field condenser. This condenser acts to both focus the light, and create
a circular annulus of light. This light is incident on a sample, and (for suitable
sample) transmission occurs. However due to the extreme angle of incidence,
this light is not directly collected through the microscope objective, on the far
side. Instead only light scattered from the sample is incident on the collecting
objective. This scattered light is brought to a mechanical adjustable slit. As with
the bright field transmission geometry, this slit is used to minimise the light going
to the spectroscope that lies outside a region of interest. The light is then split
into a spectra via a blazed grating. Finally a CCD array captures the light.
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Figure 3.12: Simplified schematic of the micro-spectroscope, in reflection bright
field configuration. Light is brought into the outer sheath of a reflection objective
(an objective microscope column with an open ring around it). The reflected
light is then captured by the central region (a normal microscope objective), and
follows a similar path to other configurations.

given sample, with or without the blazed grating. With the blazed grating removed,

the CCD array acts as a camera, producing a 2-d image of a region of interest.

This mode is used for final sample location, and judging of focus. With the blazed

grating in place, one of the CCD dimensions will be spatially suppressed, and

replaced with the spectra created by the blazed grating. Here the mechanical slit

can be used to define a region of interest. By positioning a sample in the centre

of the field of view of the CCD, and then shuttering out all other features, the

region of interest is the only region from which spectral information is gathered.

Figure 3.13 shows the fully spatial use of the CCD, used for focus and sample

positioning. The lower image shows the raw spectral information. The spatial x

component has effectively been compressed into a single strip, and due to the

grating induced spectrum incident on the array in this dimension, replaced with a

spectrum.

The spectral information can then be further reduced by binning data across the

y dimension of the CCD. This ensure that only spectral features from the region

of interest are collected, and provides a more easily interpretable representation
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Figure 3.13: Comparison of focus scan (no blaze grating), and spectral scan (with
blaze grating).Top: Image of a cross array ≈ 10µm across. Both CCD axes are
spatial, and the scale is arbitrary (but comparable across samples if using the
same microscope objective). The vertical lighter blue region directly around the
feature of interest is due to the adjustable slit. It has been partially closed around
the cross array, in order to remove any other features. In this imaging mode
features can be centred, and brought into focus.
Lower: A raw spectral scan. The blaze grating now splits the light along the X
axis of the CCD. The Y axis still represents spatial information, allowing future
spectral extraction from only the feature of interest. In general this also allows
multiple features of interest to be measured simultaneously if they are aligned
along the slit (although in this image there is only a single feature of interest).
The large difference in the relative scale of the CCD count for each image is due
to the shorter exposure, and single accumulation used for the top (spatial) image,
compared to those used when obtaining spectra.
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Figure 3.14: A raw binned spectra, obtained from the structure shown in figure
3.13. This has been produced by summing spectral information from only the
region of interest.

of the data. An example of a binned raw spectra is shown in figure 3.14.

In addition to the spectra obtained from regions of interest a number of normal-

isation spectra can be obtained. These will vary depending on the configuration

of the microscope, but the intent is to remove effects arising from things other

than the sample of interest. The lamp is the most obvious source of these ef-

fects, since the lamp itself has a strong spectrum. A raw un-binned, and binned

spectra from a typical lamp are shown in figures 3.15 and 3.16 respectively. In

addition to the lamp, it was found that a dark count (the CCD response with a fully

closed shutter) should be obtained. This not only allows a true zero point to be

established, but was also found to be crucial to normalising data meaningfully. A

typical un-binned and binned dark count is shown in figure 3.18 and figure 3.17.
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Figure 3.15: The full raw spectra typical of the lamp.
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Figure 3.16: The full binned raw spectrum from the full region shown in figure
3.15. As can be seen the lamp strongly outputs wavelengths from 650 nm to
720 nm, and almost entirely drops off for wavelengths below 450 nm and above
920 nm.
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Figure 3.17: The full raw spectrum of a dark count. It consists of mostly random
noise, as would be expected. However there is a noticeable change in behaviour
for shorter wavelengths.
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Figure 3.18: The full binned raw spectrum from the full region shown in figure
3.17. Since there is no light incident on the detector one would expect a com-
pletely full spectrum. However this is clearly not the case for lower wavelengths,
in which noise dominates.
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Experiments with a "reference" spectra were made. These were spectra ob-

tained from untouched regions of thin films, similar to the lamp spectra. It was

hoped that these could be used to normalise out effects arising from the thin

film material itself (spectral peaks corresponding to inter-band transmission in

gold for example). However for obvious reasons these "reference" spectra could

not be obtained from optically opaque films, and so were not broadly applicable.

Through numerous experimental runs, it was found that the most suitable method

of normalising the data (and reducing lamp breakthrough), was to remove the

dark count from both, the raw spectrum from a device, and the lamp spectrum,

before dividing the (modified) device spectrum by the (modified) lamp spectrum.

A comparison of the raw binned spectra from a set of devices, and the "(signal -

dark count)/(lamp - dark count)" normalised spectra from these same devices, is

shown in fig. 3.19 on the next page.

3.5 Scanning electron microscopy & focussed ion

beam lithography

SEM is an imaging technique that exploits the potentially shorter wavelength of

free electrons, as compared to photons, in order to image below the diffraction

limit of optical microscopes. There are several steps to producing an SEM image,

a concise summary of which is presented immediately below. An electron source

generates free electrons, these are then accelerated through an adjustable po-

tential (typically 5-10 kV for surface imaging). A series of electro-magnetic lenses

shape and focus the beam. Additional electro-magnets are used to translate the

beam, these can be rapidly adjusted in order to produce a raster scan of the beam

over a sample. While the focussed electron beam is being raster scanned across

the sample, one of two detectors measures electron activity. These detectors
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Figure 3.19: Comparison of the raw and normalised bright field spectra from a
series of cross arrays . The normalised spectra have been normalised using the
formula (signal - dark count)/(lamp- dark count). The 140nm device produced a
clearly anomalous spectrum in the raw data, and was removed from the normal-
isation in order to more clearly show the remaining spectra. The name "PSS D"
in the title corresponds to a specific film and the naming convention will become
apparent in later chapters.
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amplify the signal, and through hardware and software manipulation an image is

formed.

There are several possible detection methods that can be employed, in order to

generate an image. These differing detection methods are outlined in more de-

tail below. The Nova600 dual-beam has two in built detectors, the through lens

detector (TLD) which is physically located within the column, and the Everhart

Thornley detector (ETD) which is offset but above the sample. Two imaging mod-

alities exist, which correspond loosely to the different detectors. The primary

mode of operation throughout this thesis is secondary electrons (SE), corres-

ponding to primarily to the ETD (however this can also be measured with the TLD

as well). In this modality a field is used to extract secondary electrons that are

generated by the incident electron beam. Since these secondary electrons tend

to be produced close to the sample surface SE SEM images tend to show sur-

face topography well. The back scatter electrons (BSE) mode, corresponding to

the TLD, measures electrons "reflecting" from within the sample, and as such it

is more sensitive to the physical properties of the sample. This makes is more

suited for distinguishing differences in material within a sample. While the ETD

and TLD are physically separate detectors, the differences between SE and BSE

are more subtle. Differentiating between the two is done via adjustable extraction

voltages, and as such it is possible to image a combination of both "types" of

electrons produced. In general images presented in this thesis were taken with

the ETD, with an extraction voltage suitable to measure SE, since this was found

to produce the clearest images of features of interest. Regardless of detector,

electron type, or beam conditions the image will be a grey scale map of electron

events. Since the majority of SEM images throughout this thesis were obtained

from SE, the brightness of regions within an image broadly correspond to the

geometric features, as well as the electrical conductivity (dark regions are either

being shadowed or are less conductive than bright regions).
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3.5.1 Scanning electron microscopy

While the theoretical underpinnings are relatively simple the practical use of an

SEM is not trivial. Here I will attempt to outline some of the advantages and

limitations of the technique, as well as subtleties which may aid with interpretation

of images throughout this thesis.

As alluded to previously, a range of e-beam voltages and currents are avail-

able, with different combinations proving suitable for different samples. The beam

voltage affects the the penetration depth of the electrons into a given sample, and

the yield of secondary or backscatter electrons produced. As such low voltages

are most suitable for surface imaging. Higher voltages can be used to look at fea-

tures buried beneath coatings, or samples with a deeper structure. The choice of

a suitable voltage will also depend on the ease with which electrons are gener-

ated in the sample. For the majority of work in this thesis, gold structures were

being imaged, and the surface characteristics were of most interest, and as such

a voltage of 5 kV was found to be most suitable. In addition to voltage, the beam

current can be set. The beam current directly affects the amount of generated

signal, and so it might be thought that a high current would generally be prefer-

able. However in practical terms the lower the current of the beam, the higher

the potential resolution. This leads to a balance between finding a current high

enough to give a strong signal, while maintaining as low a current as possible.

Since gold films produce a relatively strong signal, it was possible to use a low

current for the majority of imaging presented in this thesis, with 98 pA found to

give the best balance between resolution and signal.

Once suitable current and voltage for a given sample has been found, the day to

day task of improving the beam profile must be performed. The quality of an SEM

image is hugely dependent on the beam profile, with similar possible beam ab-

errations as those found in optical microscopes (with the exception of chromatic
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aberration, since the incident beam is mono-chromatic in nature). First order cor-

rections to the focus of the beam, are produced by altering the voltage of the

focussing magnetic lens. In addition corrections for tilt, astigmatism, and aper-

ture alignment need to be made, while also ensuring the beam passes centrally

through it’s aperture. This beam conditioning therefore requires an iterative pro-

cess, as adjustments designed to reduce one type of aberration will tend to cause

increases to other forms of aberration.

Since the SEM imaging technique involves bombarding a sample with electrons,

any ungrounded samples will begin to charge. This charging produces unwanted

artefacts in images, and where possible samples should be grounded to avoid

this. Examples of charging are shown in figure fig. 3.20 on the following page,

and throughout later chapters. However these static images do not reveal the full

extent of the issue. Charging regions manifest as continuously moving ripples,

and alter the nature of the electron beam passing near them, creating further

image distortion.

3.5.2 Focussed ion beam lithography

Both SEM and FIB operate in a similar manner, by raster scanning a beam across

a sample, and measuring a resulting effect, in order to produce an image. How-

ever in the case of FIB the beam consists of ions as opposed to electrons. In the

case of the Nova600 ion column, the ions used are gallium ions. The interaction

of these ions with a given sample, are similar to those of a sputter coater. How-

ever the energy of the gallium ions incident on a sample during FIB scanning, is

such that material is (generally) removed from the sample rather than embedded

in the sample. While FIB can be used for imaging, its destructive nature makes it

more suited to lithography. This is the principle use of FIB throughout this thesis.
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Figure 3.20: SEM micrograph of charging particle on a conductive background.
The highlighted region is a non-conductive particle, which has begun to charge,
causing large variations in grey-level, that do not correspond to topography. The
conductive substrate (a thin gold film) shows a uniform grey level.
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Figure 3.21: Schematic of the relative positions of the SEM and FIB columns at
eucentric height.

In practical terms, the advantage of the dual-beam system is that non-destructive

SEM imaging can be used alongside FIB patterning. Allowing rapid prototyping

and visual inspection of patterned regions. The ion column is offset relative to the

e-beam column, and rotated 52◦. A schematic of the relevant positions is shown

in fig. 3.21.

In order to use the two beams concurrently it is of great importance that the

sample height is such that they are coincident on the sample. This condition

is met when the stage is raised to the “eucentric” height. This is accomplished

by positioning a feature under a central cross hair, tilting the stage to the angle

parallel to the axis of the ion column (in our system this angle is 52◦), and then

adjusting the height of the stage in order to reposition the feature of interest under
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the cross hair again. Since the distance between the final magnetic lens and the

sample has a large effect on the focal conditions of the beam, all beam condi-

tioning should be done at the eucentric height. In practice an iterative process

is used. The SEM beam is roughly focused, this roughly focussed beam is used

to locate the eucentric height, and then re-focused once this has been achieved.

At this point the FIB beam can be focussed using a similar method to that used

to focus the SEM. This is made more challenging because of the destruction of

the sample during the focussing. To avoid this, a sacrificial sample can be loaded

into the chamber (ideally a material with a low milling rate). Focussing the FIB

beam at the eucentric height can be performed on this sample. The sacrificial

sample is removed, and the intended sample loaded into the chamber. The work-

ing distance and focal depth of the FIB beam is such that, when this new sample

is brought to the eucentric height, the FIB will be in focus.

Once a well focussed FIB and SEM beam have been achieved, and eucentric

height has been correctly established, patterning can be performed. The fun-

damental patterning system of the dual-beam consists of a patterning grid of

4096x4096 pixels. This grid is over-layed at the current magnification of the FIB,

so the real-world size of each pixel scales with magnification. Each of these pixels

represents a point that the FIB beam can be sent to, and as such, patterning res-

olution is a product of the width of the FIB beam and the current physical size of

a pixel. The depth of patterning is then defined by the amount of time that the

beam spends on each pixel (the “dwell”), and then number of times the beam is

incident on a given pixel (“passes”). A variety of patterning options are available

in the dual-beam. The inbuilt software (xTserver) that runs the microscope also

has a basic in-built CAD (computer aided design) software package. This allows

milling of basic geometric patterns (lines, rectangles, circles, and arbitrary poly-

gons), with suggested calibration guides to dictate depth of milling. The milling of

shapes in this manner is somewhat limited by the available scan options (raster
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and serpentine scans for all shapes, and additional spiral milling for circles), as

such there is no direct control of the way in which the beam scans across the

sample. In addition to the lack of direct beam path control, the software bases the

patterning resolution on the current FIB beam width alone, defaulting to a resol-

ution of twice the beam width, although this can be altered. The dwell time, and

number of passes for a given pattern can be set, in order to control the depth of

milling. However there is no way to address individual pattern point dwell times,

and as such gradients, and other non-uniform patterns cannot be defined.

The inbuilt microscope software also supports the importing of any 24 bit bitmap

image (.bmp) file. Here each pixel is treated as a potential pattern point, with

the colour of the pixel dictating the behaviour of the beam at this point. The red

channel is null, a green value of 0 indicates a blanked beam, and any other value

an open beam. The blue channel dictates the per pixel dwell, using the following

algorithm "If blue is set to 0 the dwell time of a pixel will be 100 ns. If blue is

set to 255 the maximum UI dwell time is used".72 With the UI dwell time referring

to a base time set in the user interface of the software. The dwell time for the

pixels in between these values is linearly interpolated based on the blue com-

ponent value according to available documentation “between the 100ns and the

maximum UI value and than rounded to the value from a (fixed) dwell time table

with 124 entries".72 This allows individual points to be patterned with different

dwells (making gradients possible). However the maximum image resolution that

could be imported without crashing the personal computer (PC) was well below

the 4096x4096 theoretical maximum (approximately 1000x1000 pixels appeared

to be the upper limit for reliable patterning). In addition to issues with loading high

resolution images, the method of scaling the bitmap to the full patterning grid, was

not known. This had the potential to distort patterns. In addition to these basic

patterns some pre-set cross sectioning patterns are available. The use of these

will be outlined below.

107



3.5. SEM & FIB LITHOGRAPHY CHAPTER 3. METHODOLOGY

While the above patterning methods are suitable for milling of simple structures,

they were found to be unsuitable for the more complex structures, that this work

required. Fortunately the software supports an additional file-type known as

stream files (“*.str”). This file-type allows direct control of the patterning, although

files must be generated in external software. Because of the specialist require-

ments of the patterning for this work, suitable software was not commercially

available, and as such new software was produced. Stream files consist of a

standard header containing the letter "s", a nominal number of passes, and the

line count of the full stream file. This header is followed by a series of three val-

ues dictating the dwell per pixel, and x and y coordinates. The beam will move

to each defined coordinate in order, remaining there for the time dictated by the

dwell value. Rather than nominal real world coordinates, the x and y values in

the stream file are the direct values in terms of the 4096x4096 patterning grid. As

such, stream files allow direct access to the internal patterning parameters of the

dual-beam. Because the real world size of each patterning point scales with the

current magnification of the FIB, careful consideration of scaling must be made

when defining these patterns. A selection of patterns defined in a variety of ways

are shown in fig. 3.22 on the facing page

3.5.3 Cross sectioning

One of the most useful techniques for basic sample characterisation is cross sec-

tioning. A region of interest (typically a region in which a structure has been

milled) is selected. A protective layer of platinum is deposited in situ, via the plat-

inum gas gun. This deposition is usually performed with the e-beam in order to

create a less conductive (and therefore higher contrast with respect to the gold)

layer. The platinum fills in the structure, and provides protection from the FIB

beam, thus preserving, and highlighting the structure of interest. A rough cut is
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Figure 3.22: SEM micrographs of various FIB patterned structures, demonstrat-
ing the flexibility of this powerful fabrication technique. Top left, a "smiley" face
milled with the in-built computer aided design (CAD) software, designed to test
the high resolution limits of the system for surface patterning. Top right, a bit-
map defined image, showing that even complex arbitary patterns can easily be
milled through importing of bitmap images. Lower left, an array of crosses (nom-
inal cross length 200 nm). This array was defined via a stream file, because of
the complex and repetitive nature of the pattern. Lower right, A circular grating
surrounding a 200 nm cross aperture.
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made near this platinum region with the FIB, exposing a "cliff" face of material.

This rough face is then polished with the in built "cleaning cross section" pattern.

The cleaning cross section, performs a repeated, long dwell, series of single line

cuts. Each cut designed to fully mill through all relevant layers. These cuts are

repeated from the exposed region towards the platinum coated region. This is

done until the region of interest is exposed, the process is outlined in figure 3.23.

Due to the 52◦ tilt of the SEM relative to the FIB, the clean flat "cliff" face, is view-

able in the SEM. fig. 3.24 on page 112, shows the final process schematic, and

examples of real world cross sections.

Using this technique it is possible to measure the true thickness of films, and

determine the correct milling parameters to achieve "breakthrough" (the point at

which a pattern has milled through the entire gold film). The cross section shown

in fig. 3.24 on page 112 D), is taken through a milled straight line section. The

slope of the profile is an unavoidable product of FIB milling. A clearer example of

this FIB induced slope is shown in fig. 3.25 on page 113.

3.6 Gold floating

As will be shown in chapter 5, it eventually became clear that direct FIB pat-

terning of magnetic and gold multi-layers caused damage to the magneto optical

properties of the magnetic layer. As such we began to employ a gold floating

technique that would allow us to mill structures into gold, without damage to any

under-layers. The technique was adapted from work in reference [73] A sacrificial

substrate is coated with “Poly(4-styrenesulfonic) acid” (PSS), via spin coating.

PSS is a water soluble polymer, which when suitably applied and dried, forms

a relatively flat stable bass onto which gold (or any other material) can be de-

posited. This PSS/Au film can then be patterned using FIB lithography (or any
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Gold
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Figure 3.23: A schematic of the cross sectioning process. 1) patterning of a
structure is performed using the FIB beam. 2) a protective layer of platinum is
deposited via the SEM beam. 3) a rough cross section is performed, and a large
viewing window is cut. 4) a cleaning cross section is performed (fine line by line
removal of material). This process leaves a polished flat surface veiwable via the
SEM due to it’s tilt relative to the FIB beam.
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Figure 3.24: A continuation of the cross sectioning process, showing both schem-
atics, and SEM micrographs of typical cross sections. A) schematic of the result
of a succesful cleaning cross section, with stylised optical colours for the various
layers. B) schematic of the view of a cross section from the SEM point of view,
showing both stylised real colours (top), and the grey scale SEM that would be
typical of an SEM micrograph. Note the dielectric layers are much darker than the
metallic layers, and appear near identical. C) & D) actual SEM images of typical
cross sections, at various stages of the cleaning cross section, through a cross
array.
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Figure 3.25: SEM micrographs of spherical features that have been sliced with
the FIB beam. The width of the slice increases towards the top of the structure.
This slope is typical of FIB milling.

destructive fabrication method). This patterned PSS/Au film is then placed into a

water bath, where the PSS is allowed to dissolve. The gold film will then float to

the surface of the water bath, at which point a clean magnetic substrate (in our

case a magnetic film with a dielectric spacer layer) is introduced to the water bath.

Through careful manipulation of the clean substrate, and free floating gold film,

the film can be positioned over the substrate and removed from the water bath.

The freshly removed film contains many large trapped water bubbles, and so is

placed vertically on a surface to allow gravity drying.

The gold floating process involves several steps, an outline of which is shown in

fig. 3.26 on page 115. A plane glass slide is coated in ≈ 450µL of PSS, and then

loaded into a spin-coater. The spinner is set to spin for 12 s at 700 rpm, then 60 s

at 2000 rpm, and finally 12 s at 500 rpm. The films are then air dried for a few

hours. Gold is then deposited on the PSS coated film to a required thickness

using available fabrication tools (thermal evaporation at Queen’s, sputter coating

at Exeter). The films can then be loaded into the dual-beam system and appropri-

ate patterning performed. At this point the film is ready to be floated, best results
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occur when the gold is deposited through a mask, so the edges are free to lift.

This reduces the amount of wrinkles in the resulting film. The gold coated slide

is placed into DI water at room temperature, and the gold film slowly begins to

disassociate from glass. It was found that ≈ 10min was long enough to fully float

the film, and the best results occurred when a minimum of agitation was applied

to the water. When the gold is fully free floating, a clean magnetic substrate can

be positioned beneath it, and the gold film placed on the substrate, either through

draining of excess water via pipette, or through catching the gold on the edge of

the slide, and removing it. The magnetic material with gold film is then placed

vertically to facilitate air and gravity drying of the trapped water. During this pro-

cess the water runs out of the sample leaving narrow sluices, and a minimum of

damaged or creased film area. The result is a clean patterned gold film on an

undamaged magnetic substrate. However there are always some creases, so it

is important to produce several sets of duplicated devices to increase the final

yield of usable devices, and ensure complete sample sets. An outline of the full

process is shown in figure 3.26.
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Figure 3.26: Schematic of the full float process. 1) PSS is spun coated onto a
clean glass slide, and allowed to cure. 2) Gold is deposited onto the dried PSS
coated film. 3) FIB milling is performed on the gold, and damage will be done to
the PSS layer. 4) The entire film is placed in a deionised water bath, and the gold
allowed to float to the surface. 5) A new clean substrate with a magnetic film (and
dielectric spacer layer) is placed beneath the gold film. 6) The gold film is lowered
onto the new substrate, and allowed to dry.
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Chapter 4

Finite element modelling of the

magneto optical Kerr effect in

plasmonic systems

4.1 Introduction

The complexity of a plasmonic antenna interacting with a magnetic material is

such that traditional mathematical approaches are not viable, especially for non

trivial plasmonic structures. However a suitable finite element modelling program

allows modelling of (almost) arbitrarily complex structures. There are a number

of finite element modelling packages available. A commercial software package

known as COMSOLTMMultiphysics (from here on known as COMSOL) was used

because of a number of attractive features. The most vital of these was the ability

to define material permittivity as a tensor with off diagonal elements, the import-

ance of which will be made clear below.
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4.1.1 Modelling challenges and considerations

Finite element modelling software works by breaking complex geometries into a

series of smaller regions, and solving equations within these regions. In COM-

SOL this can be performed with direct (simultaneous) solving, or through iterative

solving, with the former being more computationally intensive (specifically con-

suming a larger amount of available RAM). The final aim of both methods is to

find a solution for all elements which is self consistent across the model. The

complex geometry of a given model, is defined through an inbuilt CAD interface,

and then a "meshing" process defines the breakdown into the smaller regions

(from here "mesh elements" or "elements"). The meshing process is controllable,

allowing regions of the model to have a higher density of elements (known as the

"fineness" of the mesh), and the size of the elements has a large impact on the

model. Coarser meshes require fewer computational resources (since there are

less equations being solved), however they can fail to capture the physics of a

system accurately. As such a balancing act is required, refining the mesh of the

model such that it produces meaningful results, while keeping the mesh coarse

enough that the model can be solved with the available computing power. As a

rule of thumb [74], when modelling optical systems a mesh element size of 1/10th

the free space wavelength of the EM field should be used. This is adequate in

the regions of the model representing air, however in gold and dielectric layers

(where the wavelength is lower than that of free space) the mesh elements must

be reduced in size to accurately model the field distribution. In addition to the

reduced wavelength in non-air regions, the geometry defining the antenna should

also be given a sufficiently fine mesh so as to avoid/reduce artefacts arising from

an inaccurately meshed structure. As an example, a circle will never truly repres-

ent a perfect circle, since the mesh is made of many small triangles, but as long

as the shape represented by the mesh approximates a circle at the length scales
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of interest the resulting model should be meaningful.

In a real world experiment with a semi-infinite air region around any optical ele-

ment, we can (usually) ignore the effects of stray radiation, back reflections, mul-

tiple reflection standing waves, etc. However because of the fineness of mesh

required to resolve optical phenomena, the physical size of a model geometry

must be severely limited. Consider a hypothetical model of an experiment 1m3 in

size, and a fairly coarse mesh (for resolving optical effects) of 100 nm3, this would

contain ≈ 1021 mesh elements. This would be far beyond practical computing

power. As such careful attention must be paid to the boundaries of the model, to

avoid unwanted effects dominating the solution.

We therefore define our model using two sets of matching periodic boundary

conditions along the long faces (the faces orthogonal to the plane of the antenna

structure). This ensures that any field incident on these faces will be replicated

exactly on the opposite face. Thus these models can be thought of as repres-

enting an infinite array with the model schematics shown below representing a

single unit cell. For a model with no antenna, this would correspond to an infin-

ite thin film. At the far ends of the model it is desirable to minimise the chance

of reflection from the boundary. COMSOL offers two methods of creating a non

reflecting boundary (in the optical regime), perfectly matched layers (PML) and

scattering boundaries (these are designed to be transparent to any scattered ra-

diation, however they have stringent requirements [74]). The PML condition is

applied to a region ideally thicker than the wavelength of the light wave being

modelled.The difference in the effectiveness of the two methods didn’t seem to

impact models (models run with PML’s and with scattering conditions both pro-

duced results without standing wave artefacts). In order to further reduce the

possibility of artefacts arising from standing waves in the air region of the model,
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a slightly lossy air permittivity was defined i.e. εair = 1 − 0.01i where the negat-

ive imaginary component is lossy, due to the manner in which COMSOL treats

complex permittivity.

4.2 Defining materials and boundaries in order to

model MOKE and plasmonics

COMSOL models allow the physical properties of different geometries to be defined

in a number of ways. For simple materials there is a built in library of proper-

ties that can be applied, however the property of primary interest for modelling

magneto-optical and plasmonic effects is the material permittivity. In order to pro-

duce magneto-optical effects we define the total permittivity of the magnetic layer

εMO as a complex tensor as in reference [75],

εMO = ε0εr


1 iBxQ −iByQ

−iBxQ 1 iBzQ

iByQ −iBzQ 1

 (4.1)

where ε0 is the permittivity of free space, and εr is the relative permittivity of the

material in the absence of magnetisation. This is generally a complex and fre-

quency dependent relative permittivity for any metallic magnetic material. Bi is

the direction cosine of the magnetisation along the i’th axis, and Q is the Voigt

constant (a property of a specific magnetic material). Since the primary concern

of modelling was exploration of the wavelength dependence of the plasmonic

element, εMO was treated as being constant in frequency/wavelength space (al-

though this is not physically true of any standard magnetic material), and for most

models presented below, it has values typical of permalloy when illuminated at
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800 nm incident wavelength, obtained from reference [76]. The plasmonic effects

are introduced by defining a frequency (wavelength) dependent complex permit-

tivity (for gold). This was accomplished by interpolating the gold permittivity data

found in reference [77], using COMSOL’s inbuilt interpolation algorithms.

4.3 Initial modelling results

Initial modelling was focussed on successfully recreating the MOKE response of

a thin film, to ensure consistency with analytical expressions before more com-

plex plasmonic interactions were added. To this end a complex magneto-optical

permittivity was defined utilising material properties for permalloy at 800nm from

[76]. A conscious decision to not allow the permittivity to vary with frequency

was made, in order to avoid introducing secondary plasmonic effects into the

model. The model geometry is shown in figure 4.1. The model is excited by an

electro-magnetic wave which is plane polarised in the x̂ direction. The amplitude

of this wave was 1V m−1, for convenience, and this is consistent across all models

presented in this chapter. The wavelength of the exciting wavelength was 800 nm

in this case. The air region of the model is 3.387µm in length, this is several times

longer than the wavelength of the incident light, in order to allow recovery in the

far-field. The length was also chosen to not be an exact multiple of the incident

light wavelength, to avoid potential standing wave modes. The magnetic (permal-

loy) layer thickness was chosen as 300 nm, as a compromise between reducing

potential transmission to a minimum, and keeping model size, and therefore the

number of mesh elements practicably small. The model solves for the resulting

full field, from which the "relative" field components can be extracted. The relative

field components represent the full resulting field with the initial field subtracted.

These field components can then be resolved into rotation and ellipticity. Since
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the excitation wave is linearly polarised and not rotated (with respect to the x dir-

ection), the rotation and ellipticity recovered are a result of the interaction with the

magnetic layer. These components are extracted through integration across one

of the three barriers visible in the air region, which act as detectors. The decision

to place multiple detector planes in the model was to ensure that any effects seen

did not vary spatially. This was done in response to initial coarse mesh mod-

els which indeed showed varying rotation across the different detectors. A mesh

of maximum element size 45 nm, was found to strike the right balance between

computational requirement, and spatially consistent rotation and ellipticity.

A formulation for the expected MOKE response for an infinite thin film of a material

with given magneto-optical parameters (Voigt constant and complex permittivity),

found in [42], was used for comparison with modelling results. Parameter val-

ues for permalloy at 800 nm obtained from [76], were n = 2.25 + i ∗ 3.7&Q =

0.006 − i ∗ 0.011. Since the modelling geometry only supported light at normal

incidence to the magnetic material plane, the direction cosine of magnetisation

was chosen such that it represented an out of plane saturated film. With these

values, according to the above mentioned theory for an infinite thin film, the polar

MOKE response (at normal incidence) should be Rotation = 74.726 mDeg, El-

lipticity = -24.669 mDeg. Initial models using these parameters produced MOKE

responses of rotation ellipticity different from the calculated values, namely Ro-

tation = -61 mDeg, Ellipticity = 49 mDeg. After a variety of tests using different

parameters, it was found that the sign convention in COMSOL is different than the

assumed sign convention used in the thin film calculation. COMSOL treats a neg-

ative complex component of permittivity as lossy (as mentioned as above), and

this affects the magneto-optical effects in a complicated way. After allowing the

sign of the real part of the Voigt constant to flip relative to the values used in the

analytical calculation, we recover the expected MOKE signal. The complexity of

correctly matching sign conventions is not surprising, reference [78] provides an
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y
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Magnetic layer

"Detector" planes

Ai

Figure 4.1: Top:A schematic of the geometry used in the initial simple MOKE
models, the air layer is 3.387µm long, the magnetic layer is 300 nm thick. The 3
layers towards the left hand side of the air layer allow for recovery of the integrated
complex components of the field, and act as detectors for MOKE signal. Middle:
The total solved amplitude of the x component of the full field. Lower: The total
solved amplitude of the y component of the relative field.
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introduction the two common sign conventions for magneto-optical interactions.

This complexity, necessitated a brute force method, to ensure sensible output, in

which models and analytical calculations were performed with all permutations of

sign.

Tables 4.1, and 4.2 show the relationships between the signs of the complex per-

mittivity component and resulting MOKE signal for COMSOL and the analytical

models respectively.

As shown in the below table 4.1, the signs and absolute values of the MOKE sig-

nal from the film are dependent on the choice of signs of the real and imaginary

components of both ε and Q. There are 2 amplitudes of MOKE signal corres-

ponding to asymmetry in the signs of the components. If the signs of the real

and imaginary components of the Voigt constant are the same and the signs of

the real and imaginary components of the permittivity different, one magnitude

is observed. If however both components are of the same sign, or of oppos-

ing signs, a different magnitude is observed. Having studied the effect, and un-

derstanding the possible relations, a choice was made to select positive Voigt

components, and negative permittivity components for modelling. The negative

permittivity components correspond to a lossy metal, and therefore are the most

physically meaningful. The positive Voigt constant choice is arbitrary, but ensures

Qreal Qimag εreal εimag Rotation(mDeg) Ellipticity(mDeg)
− − − − −74.8 +24.7
− − − + −61.0 −49.5
− + − − −61.2 +49.6
− + − + −74.6 −24.6
+ − − + +74.9 +24.5
+ + − − +74.6 −24.7
+ + − + +61.3 +49.5
+ − − − +61.1 −49.6

Table 4.1: Modelled Kerr signals with different signs of the complex parameters
defining the permittivity tensor of the magnetic layer.
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different signs of rotation and ellipticity. This convention was followed for all mod-

els presented below, and so the response of all models in the absence of a gold

structure should be on the order of 75 mDeg of rotation and -25 mDeg of ellipticity.

4.3.1 Cylindrical geometry:Modelling the longitudanal MOKE

response

The above model geometry only considered light of normal incidence, which re-

stricted it to the polar MOKE geometry, since the expected longitudinal MOKE

response for normal incidence would be 0 mDeg of Kerr rotation and ellipticity. A

series of models exploring more a complex geometry were run. These necessit-

ated larger total model sizes since they could not exploit the periodic boundary

conditions of the previous model. As such these models proved unsuitable for

antenna modelling, however they served to further establish the suitability of the

model to accurately recreate magneto-optical effects.The most promising of these

new models is outlined below. This model consisted of a cylinder with a bisect-

ing plane, defining the interface between the air side and the magnetic layer. A

central box was defined that would rotate with the model, in a standard θ : 2θ

configuration. The entire model rotated, rather than the incident beam, in order

to simplify the recovery and analysis of data. The model schematic is shown in

Qreal Qimag εreal εimag Rotation(mDeg) Ellipticity(mDeg)
− − − − −74.7 −24.7
− − − + −61.1 +49.6
− + − − −61.1 −49.6
− + − + −74.7 +24.7
+ − − + +74.7 −24.7
+ + − − +74.7 −24.7
+ + − + +61.1 −49.6
+ − − − +61.1 +49.6

Table 4.2: Theoretical Kerr signals with different signs of the complex parameters
defining the permittivity tensor of the magnetic layer.

125



4.3. INITIAL MODELLING RESULTS CHAPTER 4. MODELLING

Figure 4.2: A schematic of the angular modelling geometry, the central bisection
separates the air region from the magnetic region. The thick outer cylinder is a
non-reflecting perfectly matched layer. The central rectangle serves as a detector
(rotating by twice the angle of the magnetic layer).

Figure 4.3: Resultant field from angular geometry model, after solving. The strong
Ex field in the magnetic region (left image), is due to the subtraction of the incident
field.

figure 4.2. The resulting fields from excitation of this model are shown in figure

4.3.

It was found that the model achieved good agreement with the calculated theoret-

ical longitudinal MOKE response, for angles up to ≈ 60◦, at which point the model

geometry breaks down (due to the detector region entering the magnetic layer).

The comparison of the modelling and calculated values is shown in figure 4.4.
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Comparison of Modelled and Analytical MOKE Angular
dependance
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Figure 4.4: Graph of comparison of modelled and theoretical longitudinal MOKE
response from the angular geometry model. Agreement between the COMSOL
and analytical results appears to be good.

4.4 Results from introduction of simple plasmonic

structures

Having demonstrated that a finite element model could accurately replicate the

MOKE response, the next step was the introduction of plasmonic effects. One of

the simplest plasmonic systems to model in the periodic model outlined above is

a metal disc with a diameter less than the wavelength of incident light. The lowest

order resonance of this system should be a dipole resonance with two electric

field hotspots, as outlined in 2.4.4 . This can be thought of as a limiting case

of a nano-rod/nano-sphere system. Gold was chosen as the metal that would

support the plasmon mode, due to its relatively high negative εreal and low εimag

in the optical wavelength range. This corresponds to a high electron mobility and

low loss respectively. The complex frequency dependent gold permittivity was

introduced via interpolation of existing data, as was previously outlined.

The model consisted of a gold disc of height 50 nm, with disc diameter that was

127



4.4. GOLD DISC MODEL CHAPTER 4. MODELLING

Magnetic material 

(Permalloy)

Gold Disc

Air Region

Magnetic material 

(Permalloy)

Gold Disc

Figure 4.5: A schematic of the geometry used for the initial gold disc model. The
disc is spaced 10nm from the magnetic material, and is suspended in air. Light
is incident from the left side of the model in the lower image. Top left: Side on
image focussed on the disc with 10nm gap between disc and magnetic material
clearly visible. Top right: Top down image of the model. Lower: A 3D rendering
of the model, in order to give a sense of the scale of the air region.
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allowed to vary between models (80 nm to 140 nm in 20 nm steps). The disc was

suspended in air, with a 10 nm gap between it and the magnetic layer. The in plane

period of the model was 200 nm, in order to avoid generation of modes associated

with a pitch comparable to or greater than the incident wavelengths used. A

schematic of the final model geometry (with extended air region as explained

below) is shown in figure 4.5.

Initial models showed promising enhancement of the Kerr signal, however the

magnitude of the resulting Kerr rotation varied spatially across the model. It was

also found that the models would show a non zero polarisation rotation even when

the modelled magnetism was null (βx,y,z = 0). These problems were thought to

be due to the length of the model and mesh quality respectively. By lengthening

the model in the z direction (along the axis of propagation), it was possible to

recover spatially insensitive Kerr rotation. Increasing the fineness of the mesh

served to reduce (but not eliminate) the polarisation rotation seen in the absence

of magnetism. This non zero rotation may be due to a lack of perfect symmetry

inherent in the meshing process, the effect of which was amplified by the periodic

nature of the model.

After these alterations were made, the model showed clear wavelength depend-

ent enhancement of the MOKE signal. Figure 4.6, shows a comparison of the

exciting field and resulting field for the 100 nm diameter disc. The colour scale of

the Ey plot has been altered in order to highlight the wave like nature in the far

field (the field near the gold disc is of far greater intensity, and therefore dominates

the raw data).

The Kerr signals recovered from the full set of gold disc diameters, and wavelengths,

is shown in figure 4.7. The rotation and ellipticity signal alternate between uni-

polar and bi-polar response, this is common to the majority of modelling shown in

this chapter. As a matter of convenience an "absolute Kerr signal" figure of merit

129



4.4. GOLD DISC MODEL CHAPTER 4. MODELLING
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Figure 4.6: Full field plots for the 100 nm diameter disk. Top: The Ex and Ey
excitation field. Lower: The relative resulting field (the total field with the initial
field subtracted).

is used to judge the resonant wavelengths of structures throughout this chapter

this is simply the square root of the combined squares of the rotation and ellipti-

city.

The normalised total E field distribution in the near field region, for the 100 nm disc

is shown in figure 4.8. This field plot is taken at 4.73 · 1014Hz corresponding to a

wavelength of 636nm, the resonant wavelength for this disc diameter. The dipolar

nature of the resonance is clear from the top-down view. The side view shows the

extreme localisation of the field around the bottom corners of the disc.

Figure 4.9 shows the individual electric field components of the system (again

at the resonant wavelength of 636nm). The Ex field distribution is a dipolar with

two strong hotspots. The MOKE induced Ey dipolar field appears rotated by 45

degrees. This appears to be consistent across all models in this chapter.

At this point the MOKE response of the model has been shown to produce sens-

ible results, and the introduction of plasmonic gold structures have shown prom-
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Re ected Kerr signal from gold disc antenna arrays
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Figure 4.7: Graphs of Kerr rotation, ellipticity, and absolute Kerr signal, for a
range of gold disc diameters. A broad trend of red shifting of the resonance with
increased diameter is observed.

Figure 4.8: Normalised electric field distribution in the near field of a 100nm gold
disc, at resonance, showing the dipolar response. Left: Top down view of the field
half way between the gold disc and the magnetic layer. Right: Profile view of the
field through the centre of the gold disc.
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Ex

Ey

Figure 4.9: Electric field components in the near field of a 100nm gold disc, show-
ing the relative x and y components of the electric field. As in figure 4.8 fields are
shown for the resonant wavelength of the disc. The Ex field distribution is dipolar,
and mirrors the previously shown normalised field. However the MOKE induced
Ey field appears rotated.
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ising enhancement of the Kerr signal. Previous modelling of cut cross structures

had been performed in house, and showed strong localisation and enhancement.

This modelling had been performed by Prof Euan Hendry, before my involvement

with the project began (chronologically these results were obtained before any of

the other results presented in this chapter, however they are presented here to

provide greater clarity of narrative). The model geometry is shown in figure 4.10,

consisting of a cut cross structure (two overlapping cavities), above an arbitrary

magnetic layer with a 10nm air gap between the gold layer, and the magnetic

layer. The geometry is excited, and solved as in the above models.

Figure 4.11, shows the resulting field distribution at resonance (for a 50nm thick

cross), and a graph of the Kerr rotation from two different thicknesses of cross

layer. The electric field is highly confined to the centre of the cross structure

corresponding to a high spatial resolution. The rotation of the thicker cross is

(at resonance) approximately the same as the response from the magnetic layer

alone, despite interaction with a smaller region of the magnetic film.

This model showed a large thickness dependence of both the size of the en-

hancement, and the resonant wavelength. This large thickness dependence led

to alterations to the modelling geometry discussed below.

4.5 Modelling results from more realistic geomet-

ries

At this point concern was raised over the thickness of the gold films and the diffi-

culty of practically realising the perfect cross structures. As shown in the experi-

mental methodology chapter, FIB fabrication produces a sloped cross profile. For

very thin films ≈ 50 nm thick this approximates to a flat wall, however initial model-
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Figure 4.10: Initial cut cross modelling geometry. A gold layer with a cross struc-
ture (two overlapping cavities, as outlined in 2.4.4, sits above a magnetic material.
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Figure 4.11: Initial cut cross Kerr response and field distribution for two different
cross layer thicknesses. The discrepancy between the reference rotation in this
model and in other models, is due to different choice of Voigt constants.

ling performed by Euan Hendry suggested that thicker films exhibited larger Kerr

signal at wavelengths of interest. They also showed that the "hotspot" (the re-

gion of maximum field) was pushed into the antenna as the separation between

antennas and magnetic film was reduced. This effect was most prominent in

thin antenna. To address these concerns a number of potentially more suitable

fabrication techniques were explored. However the majority of nano-lithography

techniques are binary (all material is removed/added) and this precludes the in-

troduction of grating structures. Also etching processes associated with alternate

fabrication techniques also produce slopes (inverted with respect to the FIB in-

duced slope, because of the eroding nature of etch processes). Therefore a move

to models which would more closely resemble those produced through FIB litho-

graphy was made. The first step of this was a move to a sloped cross geometry,

as shown in figure 4.12. The air gap between the gold and magnetic region is now

defined as a dielectric with a relative permittivity of 2 (in order to more closely re-

semble the real world structures, in which a dielectric spacer was required to

control antenna/magnetic film separation)
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Figure 4.12: A schematic of the initial sloped cut cross geometry model. The
slope through the gold layer (from the air region towards the dielectric spacer), is
designed to mimic FIB induced slope.
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These new models again showed wavelength dependent enhancement of the

MOKE response. At this point confidence in the modelling was high, and so a

broad exploration of the parameter space was made. The magnitude of the en-

hancement, and resonant wavelength could be altered through several factors,

cross length being the most obvious. In addition to varying the cross length, the

thickness of the gold layer and the dielectric layer were varied. In total mod-

els were run with all combinations of; cross length 150 nm to 200 nm in 4 steps,

dielectric thickness 30 nm to 70 nm in 10 nm steps, and gold thickness 150 nm to

200 nm in 4 steps. The resulting data set is large, and analysis was complicated

by the interplay between various parameters. In addition some combinations of

parameters resulted in resonance outside the range of wavelengths explored. In

general cross length correlated with resonant wavelength in a linear manner (and

this has been true of all subsequent models). Figure 4.13 shows example Kerr

signal against wavelength plots, for two arbitrary data sets, showing the red-shift

in resonance, with increasing cross length. Figure 4.14 shows two typical sweeps

of dielectric thickness with other parameters held constant. Dielectric thickness

had a more complicated effect, with the size of the peak Kerr signal, tending

to increase, and the resonant wavelength tending to decrease as the dielectric

thickness increased. This is somewhat unintuitive, but may be due to the spread

of the near-field hotspot increasing as the thickness increases, and as such a

greater region of the magnetic material is sampled. Varying gold thickness exhib-

ited no clear trend over the ranges observed, with changes in thickness producing

semi-random shifts in resonant wavelength, and size of the Kerr signal. This may

be due to the limited range of gold thicknesses explored, since later parameter

sweeps would show a clear trend for changing gold thickness. The field distribu-

tions in the near field of the cross with 166nm length, 150nm gold thickness, and

50nm dielectric layer thickness (The green curve on the left hand set of graphs

in figures 4.13 and 4.14) are shown in figure 4.15. There are two things of note
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Figure 4.13: Selected collections of fixed gold thickness and dielectric spacer
thickness, with varying cross length. The models were from the initial sloped
geometry (no edge filleting), with fixed 50nm dielectric thickness. Left: Fixed
150nm thick gold, with varying cross lengths. Right: Fixed 200nm gold thickness
with varying cross length.

in these field plots, the strong enhancement around the edges of the cross (most

noticeable in the top left most image), which will be dealt with below. The field

plots once again show the rotation of the y component of electric field. In addition

the field spread is large, and localisation near the magnetic layer is poor. Because

of this these structures would not be suitable for high spatial resolution imaging.

4.6 Sloped filleted geometry

With some greater understanding of the parameter space, and subsequent pro-

gress with fabrication of similar real world structures, a move was made to further

refine the model. The remaining geometric discrepancy between these models

and real world structures was the perfectly sharp edges defining them. This was

thought to be the cause of the extreme localisation of the hotspot to the sharp

corners of the cross structures. It was feared that the large Kerr enhancements

might be the result of artificial structure sharpness. Therefore a new set of models

were defined, with a filleted edge geometry (filleting here refers to the transform-

ation of a corner, into a circle segment). This new geometry shown in figure 4.16
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Dielectric sweep at 200nm thick
gold 166nm long cross
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Figure 4.14: Selected collections of fixed gold thickness and cross length, with
varying dielectric spacer thickness. The models were from the initial sloped geo-
metry (no edge filleting), with fixed 166nm cross length. Left: Fixed 150nm thick
gold, with varying dielectric spacer thickness. Right: Fixed 200nm gold thickness
with varying dielectric spacer thickness.

Figure 4.15: Electric field distribution in the near field of the initial sloped cross
antenna model. The fields are shown for a variety of geometries, and compon-
ents. From left to right, the normalised total field, the relative x component of the
field, and the relative y component of the field are shown. The plane shown in
the lowest set of images, is positioned at the centre of the dielectric region (25nm
from the antenna tip, and magnetic layer), the other planes are centred.
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still had some sharp edges, but no perfect corners. Also of note, an upgrade to

the modelling PC was made at this point, which was needed to allow consist-

ent solving of this more complex geometry. Since the aim of these models was

to more closely resemble real world fabrication, a dielectric thickness of 50 nm

was used. This matched the median thickness of the dielectric coating of real

world magnetic films that were used. The filleting radius of curvature was set as

10 nm and was designed to mirror the assumed width of FIB fabrication (20 nm

diameter). In moving to a smooth edged filleted geometry a problem with the

algorithm used for scaling was encountered. While the scaled extrusion had pre-

viously produced a clean sloped cross with a profile of continuous aspect ratio,

when this method was applied to a filleted structure, it produced a fundamentally

misshapen structure. This was because the filleted cross could not be defined as

two overlapping rectangles, and instead had to be defined as a single polygon.

This was necessary in order to fillet all edges since the corners created from two

overlapping shapes could not be selected. For the filleted geometry, the scaling

in both x and y is defined as 1 +
2∗Authick∗tan π

12

L
, where L is the length of the cross

arm. This is in contrast to the separate scaling of components for previous mod-

els with x width scaling as 1 + (Authick ∗ tan(π/12)/G), and y width scaling as

1 + (Authick ∗ tan(π/12)/L). Here G refers to the "gap", or width of a cross arm.

The factor of π/12 is due to the approximately 15 degree slope profile of the FIB.

The initial scaling produced a more pronounced slope, with the ratio of the cross

size on the air side to the gold side, larger than it should have been.

Using this new sloped filleted geometry, a sweep of different cross lengths was

performed, with a fixed gold thickness of 300 nm, and a dielectric spacer with

thickness of 50 nm and a relative permittivity of 2. Graphs of the rotation and

ellipticity for a range of cross lengths are shown in figure 4.17. Taking the absolute

Kerr response, and extracting peak positions, a linear trend in the peak Kerr signal

wavelength is observed, as can be see in figure 4.18. The field distribution from
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this new geometry is shown in 4.19.

There was some concern that the changes observed were not due to the filleting

(or sloping) and were in fact due to changes in COMSOL (updated numerous

times), or other aspects of the models (small tweaks to meshes and solvers as

more RAM was added to the modelling PC). To explore this possibility a set of

models without slopes and/or filleting, but with all other settings as in the new

sloped filleted model, were run. Figure 4.20 shows the absolute Kerr response

(with varying wavelength), for a series of different cross lengths, for models with

identical settings as those in figure 4.18, but with the alterations to geometry

sequentially removed. In general the non filleted geometry models show a larger

total Kerr signal (especially for 100nm cross length, where the non-filleted but

sloped model shows a Kerr signal of more than 4000mDeg). This suggests that

the fear of artefacts was warranted.

The non-sloped geometry exhibits resonance at shorter wavelengths when com-

pared to the sloped models for a given cross length. This is unsurprising, since

the quoted cross lengths are defined as the cross length on the smallest side

of the cross. This means that the sloped crosses are effectively larger than the

non-sloped equivalent. The blue shift in resonance of the filleted sloped model,

as compared to the non-filleted but sloped model is also not surprising, since fil-

leting should also act to effectively decrease the cross length. The gradient of the

relationship between resonance and cross length is within error for the sloped non

filleted model, and the non sloped and non filleted model, but not for the model

representing the step between these models (sloped, but non filleted).

A series of models with the new sloped filleted geometry were run, with geometry

set to overlap with those real world structures which had shown the clearest res-

onance experimentally . The models were all run with a 50 nm dielectric spacer,

and varying cross lengths. The gold thickness was varied (300 nm to 400 nm in
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Figure 4.16: Schematic of the sloped filleted cross model. The sharp corners of
the previous model geometry have now been smoothed. In addition the slope
profile has been corrected, to more closely resemble FIB induced slope.

142



CHAPTER 4. MODELLING 4.6. SLOPED FILLETED GEOMETRY

Back re ected Kerr rotation, from
300nm thick Au cross arrays
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Figure 4.17: Kerr rotation and ellipticity from initial filleted and sloped cross geo-
metry model. Again the alternate bipolar/monopolar behaviour of the rotation and
ellipticity is observed.
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Figure 4.18: Absolute Kerr signal and extracted peak positions for initial sloped
filleted cross geometry models. A clear linear trend in resonant wavelength and
peak Kerr signal is seen.
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Figure 4.19: Electric field distribution in the near field of the filleted sloped cross
antenna model. These were obtained (as in previous field plots) at the reson-
ant frequency of the antenna shown. The antenna shown has a cross length of
120nm and the gold thickness is 300nm. The dielectric spacer is 50nm thick, with
a permittivity of 2.
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Comparison of peak positions between 300nm thick gold models
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Figure 4.20: Comparison of peak positions against cross length, for the three
cross geometries.
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Figure 4.21: Absolute Kerr signal against wavelength, with varying cross length
and gold thickness.
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Figure 4.22: Comparison of peak positions against cross length, for the three
gold thicknesses. These results are taken from models using the sloped filleted
geometry.

50 nm steps) in order to allow comparison with real world results, which will be

shown later in chapter 6. The graphs of absolute Kerr rotation against wavelength,

for all set of cross lengths and gold thickness’s are shown in figure 4.21. There

are anomalous peaks for the smallest two cross lengths, which may be due to

modes not seen for longer cross lengths. Extracted peak positions are shown in

figure 4.22, with the anomalous results trimmed from the right image, in order to

produce a linear fit.

Having now gained an understanding of the parameter space, a final model was

desired, with a thinner dielectric spacer layer. This was to ensure that the spread-

ing of the electric field in the dielectric region could be reduced, through decreas-

ing the dielectric layer thickness. This model had a 120nm cross length, 260nm

thick gold layer, and 20nm dielectric spacer layer. The model showed enhanced
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120nm long cross, 260nm thick AU,
20nm dielectric spacer
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Figure 4.23: Graph of absolute Kerr signal against wavelength for the final re-
duced dielectric thickness filleted sloped model. The cross length for this model
is 120nm, the gold thickness is 260nm, and the dielectric spacer layer reduced
(from previous models) to 20nm thickness. The bottom row of images show field
distribution at a slice taken through the centre of the 20nm dielectric spacer.

Kerr signal, as can be seen in figure 4.23. This is despite the previous parameter

sweeps showing reduction of signal with thinning of the dielectric layer. The field

distribution for this model is shown in figure 4.24. The field hotspot is confined to a

greater degree than in previous models, due to the reduction in distance between

the antenna and magnetic layer.

147



4.6. SLOPED FILLETED GEOMETRY CHAPTER 4. MODELLING

Figure 4.24: Field distribution for the thin dielectric sloped filleted cross geometry.
The hotspot appears mostly unperturbed by the decreased dielectric thickness.
The z-plane is through the centre of the dielectric region, and therefore 10nm
from the magnetic material, and gold antenna.
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4.7 Conclusion

Finite element modelling of the MOKE effect is possible, in both the polar and

longitudinal geometries. In addition the introduction of simple gold structures can

be shown to increase the recovered Kerr signal, due to an enhancement of the

electric field in the near field of a magnetic material. The flexibility of the model

allows the introduction of arbitrary antenna geometries. A cut cross antenna se-

lected for its properties as outlined in the previous chapter was found to give Kerr

signal comparable to that for a plane film, despite localising the electric field to

a small region of the film’s area. Changes to the antenna design intended to

more closely resemble the possibilities of practical fabrication show strong en-

hancement, and localisation. The complex parameter space of this system was

explored, and an understanding of how to best tune these antennas was gained.

It is possible to design an antenna such that the total Kerr response is increased,

while the region of interaction with a magnetic material is reduced to a fraction of

the incident wavelength. The general dimensions of real-world structures shown

in later chapters were influenced by modelling results shown in this chapter. In

general for resonance in the optical regime, cross lengths of 100nm to 300nm

are required. The exact cross length required to achieve resonance at a spe-

cific wavelength is also dependent on the thickness of the gold, thickness and

permittivity of the spacer layer. Models provide some evidence that thinner gold

films tend to produce larger Kerr signals, and shift resonances towards lower

wavelengths. However practical issue necessitated a shift to thicker films as will

be shown in chapter 6. Modelling also suggests larger dielectric spacer layers,

may result in higher Kerr signal. However, when considering the practical use

of an optical near field probe, the sample tip distance will affect the final resolu-

tion of the system, and so a large separation may not be desirable. In chapter 6

real world structures similar to those modelled in this chapter are shown, and the
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spectra compared. These real world structures show qualitatively similar beha-

viour to those modelled.
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Chapter 5

Initial fabrication and

characterisation of multilayer

stacks

5.0.1 Introduction

In previous chapters it has been shown that a suitable plasmonic antenna pro-

duces enhanced Kerr signal, and high field confinement in finite element mod-

elling. Realising similar structures in the real world is an important step toward

producing a near field scanning probe technique capable of sub-wavelength res-

olution MOKE imaging. This chapter aims to outline exploratory work towards

the realisation of this goal, beginning with basic characterisation of FIB fabric-

ated structures in thin metal films. Attempts to recover MOKE signal through

structures patterned into multilayer gold/dielectric/magnetic material stacks, will

be described. Issues arising from gallium implantation through FIB milling are

discussed, and the solution is presented in the following chapter. Attempts to

introduce circular gratings into the plasmonic system, and the difficulties arising
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from attempts to measure a change in rotation from such a grating are also dis-

cussed.

5.0.2 Initial FIB milling: Bethe apertures

Planar thin film gold was deposited on glass slides, to a nominal depth of 100nm,

via thermal evaporation. These gold films were used as a test bed for FIB fab-

rication. A series of apertures were milled into these films, with a range of sub-

wavelength diameters (a He:Ne laser was used for these initial experiments, with

a wavelength of 633 nm). Figure 5.1 shows SEM micrographs of a series of sub-

wavelength apertures. The top row are nominally 70nm to 100nm diameter in-

creasing in 10nm steps. The series then jumps in 50nm steps until the final two

apertures which are nominally 633nm and 650nm in diameter respectively. In

reality the sizes of the apertures varied from the nominal sizes, with the discrep-

ancy greatest for the largest diameter apertures. Figure 5.4 shows the measured

diameters for nominally 150nm and 650nm diameter apertures. These actual dia-

meters are used when graphing the response of the apertures. These apertures

were placed into the scanning Kerr microscope, and imaged using the wide field

path, to confirm the rough positioning, as can be seen in figure 5.2. The array

was then imaged using the scanning stage of the SKM, and the reflection and

transmitted signal were recorded, see figure 5.3. The transmission signal is ob-

tained through a photo-diode mounted in the piezo stage of the SKM. Line scans

through the scanned transmission image were obtained, and the normalised in-

tensity of transmitted light for real aperture diameters (not nominal) is shown in

figure 5.5. Plotting transmitted intensity against
(
radius
λ

)4, we see the linear rela-

tionship predicted by the Bethe model, for the strongly sub-wavelength diameter

apertures 2.4.2.
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Figure 5.1: SEM micrograph of an early aperture series. A series of sub-
wavelength apertures were defined in a thin gold film, the left image showing
a cluster of similar sample sets, and some calibration patterning. Right: Higher
magnification image of the series of apertures.

5.1 FIB milling of magnetic multi-layers

Initially multilayer stacks consisting of Pt(500nm) / 4 × [Co(0.6nm) / Pt(1.5nm)] /

Ta2O5(xnm) / Au(100nm)

, were fabricated by collaborators at Queen’s university Belfast. The intention was

to mill structures into the gold layer of these stacks, and measure the Kerr signal in

reflection, in a manner directly comparable to the modelling presented in previous

chapters. A series of exploratory structures were milled, including large windows

(2µm to 10µm, with the intention of learning the proper milling FIB technique, and

performing simple measurements and characterisation of the magnetic properties

of the underlying film. When attempting to mill these large windows, it became

clear that the FIB selectively etched samples, resulting in "webbing", strands of

remaining gold, on otherwise milled regions. Typical webbing effects are shown

in figure 5.6.

Initial measurement of the Kerr signal through the large apertures showed a

markedly lower rotation than for the magnetic layer alone. At first this webbing
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Figure 5.2: Wide field images of a series of sub-wavelength diameter apertures
in a gold film. The image shows the same sample region as in the previous SEM
micrograph (with a similar magnification). However due to sample mounting, and
the optical configuration, the image shows a rotated mirror image. The green
rectangle is a guide to the eye, indicating the region containing the apertures
highlighted in figure 5.1. The image contrast has been adjusted in post processing
to increase the clarity of the region of interest.
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Figure 5.3: Scanning images of a series of sub-wavelength diameter apertures.
The right image showing the reflection from the sample (due to detector config-
uration low reflectivity corresponds to brighter regions). The left image shows
the transmission signal, obtained via a photo-diode mounted beneath the sample
(bright regions correspond to high transmission).

633nm 650nm 150nm

Figure 5.4: Comparison of nominal diameter of apertures to actual diameter, for
a selection of apertures. The red label indicates the nominal diameter, the green
label corresponds to the internal measurement software of the dual-beam system.

155



5.1. MAGNETIC MULTI-LAYERS CHAPTER 5. INITIAL FABRICATION

Figure 5.5: Graphs of normalised transmitted intensity for a series of sub-
wavelength diameter apertures. Left: Normalised transmitted intensity against
aperture diameter. Right: Normalised transmitted intensity plotted against(
radius
λ

)4, for which the Bethe model predicts a linear relationship (The radii are
taken as half the actual diameter, and λ is assumed to be 633 nm).

was thought to be at least partially responsible for this reduced signal. The mech-

anism was believed to be residual gold remaining in some regions causing light

to reflect without interacting with the magnetic material below. Attempts at calib-

rating the milling depth of these windows in order to increase the magneto-optical

signal failed to show any clear depth dependence to the reduction in signal. In

addition it was believed that the voltage used to mill these regions may have

caused gallium penetration beneath a given layer. The highest available voltage

of the system (30kV), is generally used for patterning, because it produces the

highest quality structures. However it is the most penetrating beam (since gallium

ions with more energy will travel further into a material). A 5kV beam is how-

ever suitable for milling structures of this size (10µm). Figure 5.7 shows SEM

micrograph of large apertures milled to different depths, and with different beam

voltages. The depths labelling the figure refer to the in-built gold calibration of

the FIB. This calibration does not fully compensate for the differences in voltages.

This produces an apparent discrepancy in the milling depth between the two set

of apertures. Various attempts to characterise the effect, through altering milling
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Figure 5.6: SEM micrographs of typical webbing effects, due to FIB milling of
large regions. The majority of a given layer has been removed, but there is still
some material remaining. This is visible in the contrast differences within a given
square.
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100nm

170nm

110nm

120nm 130nm

140nm 150nm

160nm

Milled at 30kV Milled at 5kV

Figure 5.7: SEM micrographs of large square apertures, milled to different depths,
and at different FIB voltages. Left: Apertures milled at 30kV. Right: Apertures
milled at 5kV. The quoted depths, are the depths given by the in-built gold cal-
ibration of the dual-beam software. This calibration doesn’t fully compensate for
the difference in milling rate of different voltages. This is the cause of the dis-
cprepency between the sets, in the amount of milling for a given quoted depth.

times or voltages, resulted again in unclear relationships. Essentially, the act of

milling a region for any amount of time, and with any voltage would reduce the

signal by ≈ 90%. Eventually the Kerr rotation would disappear completely. A

comparison of loops obtained through windows of different depth, and milled at

two different FIB voltages, are shown in figure 5.8, along with a comparison loop

obtained from an exposed region of the magnetic film. The loops shown in im-

age 5.8 and throughout this chapter have had a linear subtraction performed in

order to remove a background effect arising from Faraday rotation in the objective

lenses.

It later became clear that the cause was gallium implantation in the magnetic ma-

terial, which has been shown previously to alter the magneto-optical response

of magnetic materials [79]. In addition, for some depths the magnetic layer had

clearly been completely removed. This problem would be exacerbated by at-
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Figure 5.8: Comparison of the mangeto-optical response from FIB milled aper-
tures, for a range of depths and voltages. The unmilled loop shows the response
of the magnetic film alone.
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tempts to mill cross structures into the gold (as per the modelling), since these

structures would require milling through a central region twice. In the next chapter

a gold floating technique employed to avoid gallium poisoning, is outlined, and the

results of this technique explored.

5.1.1 Initial bullseye grating structures

The initial plan of surrounding a plasmonic antenna with a circular grating (bull-

seye nano-antenna (BNA) or bullseye grating from here on), in order to increase

plasmonic coupling, proved challenging. Many bullseye gratings were fabricated

with a variety of parameters varied. In the next chapter spectroscopic results

from bullseye gratings are shown. However below the focus is on the inherent

difficulty in measuring the Kerr signal from any bullseye based structure, in the

static regime.

Figure 5.9 shows SEM images of a series of bullseye gratings intended to be

used for parametric characterisation of the MOKE response. These structures

were fabricated in a 100nm thick gold film (on the dielectric/magnetic material

stack outlined previously). The thinness of the film prevented optimisation of the

groove depth (which was shown in reference [19] to occur for depths comparable

to λ/4). No clear MOKE signal was obtained for any of the above structures for

reasons which have been outlined above (the gallium poisoning effect was not

understood when the following work was performed). Figure 5.10 shows a rough

scanning image, and wide field image of the bullseye grating set. Finer scanning

microscopy was performed on the right most device in the central row (greatest

aperture depth, median grating depth). The scan showed a large spatial variance

in the reflectivity and rotation channels of the detector. This is consistent with

the expected linear dichroism of the grating. Figure 5.11 shows several scanning

images of this device, with the plane of polarisation of the incident light being

160



CHAPTER 5. INITIAL FABRICATION 5.1. MAGNETIC MULTI-LAYERS

Increasing grating 

depth

Increasing 

aperture 

depth

Figure 5.9: SEM micrograph of early bullseye structures with central cut cross
aperture. The gold film is 100nm thick, and the gratings have a nominal pitch of
600nm.

rotated by the stated angle. As mentioned above the gold film was too thin to

mill optimal grating depths, in this regime it is expected that increasing the grating

depth would lead to improved coupling. Figure 5.12 shows profiles of gratings

with decreasing groove depth, the largest dip in reflected intensity is seen for the

device with the deepest grooves, as would be expected.

Attempts to take MOKE hysteresis loops through these bullseye grating structures

were made. This was despite the presence of gallium poisoning and poorly optim-

ised structures (neither of which was fully understood when these attempts were

made). The resulting "loop" shown in figure 5.13 does however reveal the prob-

lem with static Kerr measurements of circular gratings. The large quadratic signal

in the reflection channel is indicative of sample motion due to the applied field.

Because the rotation varies spatially across the grating (not because of magneto-

optical effects, but because of polarisation selective coupling/absorption), this

motion causes a large rotation signal that is independent of the polar Kerr in-

duced rotation.

161



5.1. MAGNETIC MULTI-LAYERS CHAPTER 5. INITIAL FABRICATION

Increasing 

grating 

depth

Increasing aperture 

depth

SKM 

re ectivity

Figure 5.10: Scanning and wide field images of the initial BNA series.

5.1.2 Conclusion

Initial attempts to observe resonant magneto-optical behaviour of cross structures

in real world experiments were hampered by two main factors. The first was the

destruction of, and gallium implantation into, the magnetic layer of multi-layer thin

film stacks, causing a large reduction of Kerr signal. The second was the spatial

variance of rotation across bullseye gratings, "washing out" any potential Kerr sig-

nal. These factors were resolved by adoption of a gold floating technique outlined

in the next chapter, and the move towards more spatially homogeneous cross ar-

ray structures, also shown in the next chapter. In addition, many of the techniques

needed to produce and characterise these complex plasmonic structures, were

still new to the author. This resulted in structures which would still not be likely

to produce strong resonances, or magneto-optical signal, even in the absence of

the aforementioned fundamental issues, because of improper milling technique,

and poor characterisation of the geometry of the structures.
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Figure 5.11: Scanning images of bullseye grating for different angle of incident
polarisation. The grating is the right most device on the middle row of the series
shown in previous images. The apparent discrepency in the rotation angle (reflec-
tion features rotate 90◦ as opposed to the rotation channel features, which appear
to only rotate through 45◦) may be due the optical configuration.

Re ection

channel

voltage

Figure 5.12: Line scans through a column of bullseye gratings, with decreasing
groove depth. The decrease in reflectivity as the groove depths is increased is
consistent with theory. These devices were milled into a 100nm thick film, and
therefore producing optimal groove depths (≈ 150nm) was not possible.
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Figure 5.13: Left: Attempted MOKE hysteresis loop at the centre of a bullseye
structure. Due to the aforementioned gallium poisoning effects (unknown at the
time this data was obtained) aquisition of a magneto-optical signal was very un-
likely. However a strong change in the observed rotation is seen.The likely cause
of the observed signal is sample motion across the sample. This sample motion
produces a strong signal in the rotation channel, due to the spatial variation in the
rotation across the sample, due to dichroism of the grating. This strong spatial
variation in signal makes calibration difficult, so the figure of merit plotted is the
subtractive/rotation channel divided by the additive/reflected channel (as outlined
in the experimental methodology). This can then be compared to the reploted
140 mDeg hysterisis loop from figure 5.8. The variation in signal for the bullseye
structure is roughly three times the full signal from the unpatterned film.
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Chapter 6

Gold floated fabrication and

characterisation

6.1 Introduction

It became clear that Gallium poisoning was an unavoidable aspect of the FIB fab-

rication process, and had some impact on the magnetic properties of our mag-

netic substrates. Additionally, since the most promising structure (a cut cross

aperture) required double milling of its central region, which would mill completely

through a magnetic substrate under most conditions, it was deemed desirable

to change fabrication technique. Alternative nano-fabrication techniques were

considered (wet or dry etching through masks fabricated through electron beam

lithography) but non were deemed suitable, since they would also damage under-

layers. In addition most nano-lithography techniques are binary, they remove all

or none of a given layer, so it would would not have been possible to fabricate par-

tial grating structures (gratings in which the grooves have a depth less than the

thickness of the layer in which they are defined). Partial gratings would be neces-

sary for high resolution imaging applications of any final antenna, since gratings
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that were defined through the entire gold layer would have a transmission and

diffraction associated with them. Eventually a technique adapted from reference

[73], on floating thin gold films presented an alternative method of utilising the

FIB, without damaging the substrate. Our adapted technique has already been

outlined in chapter 3. This chapter deals with structures fabricated in this way, the

results of characterisation of these structures, and the unexpected challenges

introduced by gold floating.
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6.2 Gold floating

The initial batch of gold float samples were fabricated during a trip to collabor-

ators at Queen’s University Belfast, the primary aim of this trip was transfer of

knowledge of the fabrication technique, however some patterned samples were

fabricated during this period. Unfortunately these initial floated films did not show

any clear MOKE signal. As a brief reminder, the gold floating process involves

several steps, an outline of which is shown in figure 6.1. A plane glass slide is

coated in ≈ 450µL of PSS (Poly(4-styrenesulfonic acid), and then loaded into a

spin-coater. Films are spin coated with settings outlined in 3.6. The films are

then air dried for a few hours. Gold is then deposited on the PSS coated film

to a required thickness using available fabrication tools (thermal evaporation at

Queen’s, magnetron sputtering at Exeter). The films can then be loaded into the

dual-beam system and appropriate patterning performed. At this point the film is

ready to be floated. The gold coated slide is placed into DI water at room temper-

ature, and the gold film slowly begins to disassociate from the glass. When the

gold is fully free floating, a clean magnetic substrate can be positioned beneath

it, and the gold film placed on the substrate, either through draining of excess

water via pipette, or through catching the gold on the edge of the substrate chip,

and removing this. The magnetic material with gold film is then placed vertically

to facilitate air and gravity drying of the trapped water, during this process the

water runs out of the sample leaving narrow sluices, and hopefully a minimum of

damaged or creased film area. The result is a clean patterned gold film on an

undamaged magnetic substrate. An outline of the full process is shown in figure

6.1.

Initial films were patterned with a variety of test structures, including bullseye

apertures with crosses, and larger apertures for testing of Kerr signal. The full

MOKE signal was recovered through a 5µm aperture. A comparison of the hys-
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Figure 6.1: Schematic of the full float process. 1) PSS is spin coated onto a clean
glass slide, and allowed to cure. 2) Gold is deposited onto the dried PSS coated
film. 3) FIB milling is performed on the gold, and damage will be done to the
PSS layer. 4) The entire film is placed in a deionised water bath, and the gold
allowed to float to the surface. 5) A new clean substrate with a magnetic film (and
dielectric spacer layer) is placed beneath the gold film. 6) The gold film is lowered
onto the new substrate, and allowed to dry.

teresis loop obtained through apertures milled before and after the gold film was

floated, is shown in figure 6.2.

No clear signal was observed for any of the bullseye structures. As was seen

in chapter 5 there is a large spatial variation in rotation caused by the bullseye

grating. And this rotation dwarfs any potential MOKE signal.
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Signal from window milled after oat

Signal from window milled before oat

Comparison of signal from windows milled before, 

and after gold oating process

Figure 6.2: A comparison of the hysteresis loop obtained through apertures milled
before and after the gold film was floated.
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6.3 Move to cross arrays

Due to the lack of an unambiguous signal from bullseye structures, and the belief

that this might have been due to sample drift, a move to arrays of cross struc-

tures was made. By creating an array comparable or larger than the spot size of

the probe beam the effects of drift would be minimised. In addition, since the ar-

ray would be homogeneous the strong spatial variance of polarisation associated

with a circular grating would be avoided. This new type of sample set required

a move towards new types of pattern definition, and therefore new software was

developed to allow rapid creation of these new file types. As outlined in chapter 3,

there are a number of patterning methods available in the dual-beam system. For

large arrays stream files proved to be most suitable since they can be generated

programmatically. In addition, since stream files directly address the parameters

used by the internal dual-beam patterning, and therefore ensure a known pattern-

ing algorithm, they were found to generally produce more consistent structures.

A stream file consists of a header containing a number of passes, and total pat-

terning points, followed by a list of coordinates and dwell times. For patterning

purposes the dual-beam superimposes a 4096x4096 grid over the current view-

ing region, so careful scaling of the patterns must be performed. Initial stream

files consisted of arrays of crosses oriented with the arms along the cardinal dir-

ections associated with the viewing region. A fixed minimum dwell was used,

so the only parameter that controlled milling depth was the number of passes.

The resolution of the defined patterns was set to the maximum allowed (every

pixel in a given structure would be milled with no skipping). The array patterns

were defined for a magnification of 24000x corresponding to a horizontal field

width of 9.8µm, and therefore each pixel represented 2.4 nm. These initial pattern

files suffered from integer rounding errors, and other issues caused by the pro-

totype nature of the software used to define them, leading to unintentionally long
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cross lengths. Initial cross arrays were milled on a film labelled "PSS 06", which

was found to be 200 nm ± 10 nm thick as can be seen in figure 6.3. A parameter

sweep of varying cross lengths was fabricated with nominal arm length of 120 nm

to 220 nm in 20 nm increments, however due to the aforementioned problems with

stream file coding, the actual crosses are longer as can be seen for a selection

of cross sections shown in figure 6.3. For the sake of consistency and to avoid

confusion the nominal lengths will be used throughout this chapter.

Corresponding top-down views of the cross arrays cross sectioned in figure 6.3

are shown in figure 6.4. They exhibit warping of the outermost crosses, especially

those in the top left hand corner. This warping is due to limitations of the dual-

beam at the extreme edges of the patterning window, and was eliminated in future

sets by defining a smaller patterning region.

Another advantage of the gold floating technique is that transmission micro-spec-

troscopy can be used as a characterisation technique (since both PSS and the

glass substrate are transparent). The technique is fully outlined in chapter 3, sec-

tion 3.4. Micro-spectroscopy was performed on these cross arrays, using both

bright field and dark field transmission geometries. The resulting raw spectra

(binned CCD count) are shown in figure 6.5 . A reference spectrum was taken

through a non-gold coated region of the glass slide, so that the effects of the lamp

spectra could be accounted for, and removed. The result of this normalisation

(raw signal/lamp spectra) is shown in figure 6.6. The more refined normalisa-

tion technique used on later samples was not possible because, at the time the

measurements were taken, no appropriate background spectra were obtained.

The spectra (both dark and bright field) show a broad peak shifting trend, with

longer crosses corresponding to longer resonant wavelengths. Also the spec-

tra show generally greater transmission for larger cross structures, which is not

entirely unexpected since the larger crosses would have a larger aperture area.
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Figure 6.3: SEM micrographs of cross sections through cross arrays on "PSS
06". These cross sections have milled through to the centre of the crosses, and
show the length of the horizontal arm. Cross lengths should be 120 nm to 220 nm
in 20 nm increments. However because of issues in patterning the crosses are
much longer than expected.
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Figure 6.4: SEM micrographs of cross arrays patterned into the film "PSS 06".
The region in the bottom right corner of each cross array is where cross sectioning
shown in figure 6.3 has been performed. Also of note, the top left most cross
and nearest neighbours exhibit odd warping, due to milling at the limits of the
patterning window.
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Figure 6.5: Raw spectra (CCD count) obtained from arrays milled with the same
settings as those shown in figure 6.4.
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Figure 6.6: Normalised spectra (signal/lamp) obtained from arrays milled with the
same settings as those shown in figure 6.4. The "lamp" was the transmission
response through the film itself, in a non gold coated region.

The position of the resonant peak was manually extracted, and a plot of this peak

position against nominal cross length is shown in figure 6.7. The shift in peak

position between the bright and dark field spectra is likely due to the non-normal

angle of incidence associated with the dark field geometry.

These samples were floated, and like the initial devices, produced no magneto-

optical signal. At the time the reason for this was unclear. There was some

evidence of float induced damage as can be seen in figure 6.8, and some belief

that the devices were not well optimised. It was later understood that both prob-

lems with the float, and poorly optimised devices could be responsible for the lack

of signal.
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Figure 6.7: Peak positions from normalised bright field spectra against nominal
cross lengths. Showing a linear relationship between the nominal cross length
and the resonant wavelength.
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a) b)

c) d)

Figure 6.8: SEM micrographs of post floated film "PSS 06". Image a) shows
typical large scale "bubbling" associated with sets that had been cross sectioned.
Image b) showing residue on a cross array. Images c) and d) show cross arrays
with no previous cross section, they appear less warped than the array in a),
however c) still exhibits clear bubbling. The green circle in c) is highlighting a
clear bubble.
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6.4 Array patterning improvements

Due to the repeated lack of magneto optical signal, and inconclusive spectra,

a temporary switch to micro-spectroscopy as primary characterisation tool was

made. With the hope of optimising the spectral response before returning to the

challenging float technique. Improvements to the array patterning were needed,

as well as attempts to improve total throughput. This was partially motivated

by new modelling results that showed large Kerr signal even through realistically

smoothed and sloped crosses, which have been shown previously in section 4.6.

The previously mentioned scaling problems with the patterning software were

fixed, and new stream files were used to fabricate test structures on a scrap gold

on PSS sample labelled "broken PSS". Cross sections of these cross arrays,

with defined cross lengths of 100 nm and 200 nm are shown in figure 6.9. The

base of these structures more closely matches those defined in the patterning

software, with discrepancies of the order ≈ 10 nm unavoidable since these are in

the range of the resolution of the FIB. The larger discrepancy between the top of

the fabricated crosses and the defined length (due to FIB induced slope) is also

unavoidable, however in order to help comparison, all sloped cross models are

defined in terms of the base cross length, to match real world devices. In addition

to the fixes to patterning software a switch to rotated cross arrays was made, such

that the cross arms would be at 45◦ to the spacing of the crosses. This allows a

greater areal density of crosses, and therefore increased throughput.

Because cross sections of newer structures showed a closer relationship between

actual cross length and the nominal values defined in stream files, and because

taking cross sections on rotated crosses proved challenging and time consuming,

a reduction in the number of cross sections was made. The focus of cross sec-

tioning shifted towards ensuring full milling of a given cross length, and it was then
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Figure 6.9: Tilted SEM micrographs of cross sections through cross arrays milled
with newer (correctly scaled) stream files. The issues with scaling and integer
conversion have been resolved, and so the cross sections more closely match
the intended values (at the base of the structure). The crosses are intended to
have arms of 100nm (right) and 200nm (left), and the cross section show the arm
length (at the base of the crosses) to be 89nm and 205nm (with an approximate
error of 10nm in measurement).

assumed that the settings that achieved this would result in fully milled crosses

at all cross lengths. This approach was justified by numerous cross sections of

the smallest and largest crosses in a given set both achieving breakthrough (the

point at which the gold was completely milled on both the arms, and centre of the

cross) with the same milling parameters.

Multiple patterning runs began to suggest that the milling of the crosses was

still far from optimised, with a number of factors to blame. It was found that

reducing the number of pixels defining crosses, and increasing the dwell per pixel

resulted in faster milling of crosses. This reduced the effect of mechanical drift,

and the increased dwell seems to have also reduced a subtle issue with poor

beam blanking (the system seemed to continue exposing the sample between

patterning points, rather than blank the beam). In addition it was found that a 50 pA

beam generally produced better structures than a 1 pA or 10 pA beam despite the

theoretically lower patterning resolution. This is likely due to the decreased milling
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time reducing the effects of mechanical drift. Figure 6.10 shows a comparison

of poorly milled cross arrays utilising a 10 pA beam current, and later improved

cross arrays utilising a 50 pA beam. While the asymmetry of the poorly milled

devices could lead to polarisation changes of the light, this was not the primary

reason that attempts to improve upon them were made. Any potential changes

to the polarisation induced by potentially asymmetric devices, would not result

in an altered magneto-optical signal. This is because the measurements made

are sensitive to the change of polarisation induced by external field, rather than

absolute polarisation state.

A set of cross arrays utilising all of the previously mentioned improvements to pat-

terning were fabricated on a gold film labelled "QUB A". This film was 130 nm ±

10 nm thick according to cross sectioning. The full set consisted of arrays of

crosses with nominal arm lengths of 100 nm to 200 nm in 10 nm steps. A selec-

tion of these cross arrays are shown in figure 6.11.

Spectra were obtained from the above set of improved devices in the bright field

transmission geometry, these are shown in figure 6.12. The feature at ≈ 500 nm”

is not localised spatially to the device (it exists across the entire spatial dimension

of the CCD array), implying it is a feature of the gold film itself. As before the

raw spectra shows a broad trend of increasing throughput with increasing cross

length. However the shift of the resonant peak is difficult to judge. Unlike the

previous spectra, normalisation appears to smooth out any strong features.

There was some concern that the change from a 200 nm film to a 130 nm film

may have shifted the resonance significantly, and that this shift was the cause of

a lack of clear spectra peaks corresponding to resonance. Therefore a second

set of cross arrays were produced with a wider range of cross lengths 100 nm to

300 nm in 20 nm steps. SEM images of selected cross arrays from this set are

shown in figure 6.13.
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a)a) b)

c) d)

Figure 6.10: SEM micrographs of various cross arrays comparing different milling
currents. a) and b) show the types of drift induced distortion typical of milling at
10 pA. a) is nominally a 120 nm long cross array, b) is nominally 100 nm. The lower
left corner of each cross in b) also shows signs of the score marks associated
with a poorly timed beam blank, however this effect is more noticeable in figure
6.19. c) and d) are from a later set of milled cross arrays, nominally having cross
lengths of 100 nm and 200 nm respectively. These are top down views of devices
milled identically to those shown cross sectioned in figure 6.9. Having been milled
at 50 pA they exhibit no drift induced anomalies.
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100nm100nm 120nm

140nm 160nm

180nm 200nm

Figure 6.11: SEM micrographs of cross array set on chip "A", showing half the
full set (alternate cross lengths). Shown are devices with nominal cross lengths
of 100 nm to 200 nm with 20 nm step. The full set had length increment in 10 nm
steps. This film was labelled "QUB A" and was found to be 130 nm thick through
cross sectioning.
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Bright eld transmission spectra
from cross arrays, normalised
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Figure 6.12: Bright field transmission spectra from the full set of cross arrays
shown in 6.11, chip "A", showing both the raw spectra, and the normalised
spectra. Normalisation for this set is [(signal) − (darkcount)]dividedby[(lamp) −
(darkcount)]. However the lamp was obtained from air, rather than through glass
slide as in later spectra. The feature at 500 nm (visible in the normalised set, and
less so in the raw spectra) exists across the entire spatial dimension of the de-
tector. Since it is not local to the region of the cross array it must arise from the
gold film itself, and could correspond to the showninterband transition in gold.

Spectra from this second set of devices were obtained using both bright and dark

field spectroscopy, shown in figure 6.14 and 6.15 respectively. The broad increase

in throughput with longer cross lengths and the feature at ≈ 500 nm” persists

(although it is shifted to 550 nm in the dark field spectra). There is evidence of a

shifting resonance in the bright field spectra, but no clear linear trend.

At this point it wasn’t clear what the cause of the poor spectra was (or the anomaly

at 500 nm). New structures were milled on a new film labelled "QUB D". This film

was 120 nm thick, and nominally identical cross arrays were milled into this film

(same range and step of cross lengths as in "QUB A". Selected cross arrays are

shown in figure 6.16 The resulting spectra had strange periodic features which

persisted through several different sample sets and different adjustments to the

optical set-up of the micro-spectroscope. Examples of such spectra are shown in

figure 6.17.

These periodic oscillations make analysis of the spectra difficult. There is still the

broad trend of increasing transmission, with increasing cross length. The dom-
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100nm 140nm

180nm 220nm

260nm 300nm

Figure 6.13: SEM micrographs of cross array set on chip "A", the second full set
of fabricated devices. Again showing just half the full set (alternate cross lengths).
This time the range of cross lengths was increased, so shown are devices with
nominal cross lengths of 100 nm to 300 nm with 40 nm step. The full set had length
increment in 20 nm steps.
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Bright eld transmission spectra, raw

C
C

D
 c

o
u

n
t

0

20,000

40,000

60,000

80,000

100,000

120,000

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

100nm

120nm

140nm

160nm

180nm

200nm

220nm

240nm

260nm

280nm

300nm

Bright eld transmission spectra,
Normalised

N
o
r
m

a
li
s
e
d

 t
r
a
n

s
m

is
s
io

n

0.1

0

0.1

0.2

0.3

0.4

0.5

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

100nm

120nm

140nm

160nm

180nm

200nm

220nm

240nm

260nm

280nm

Figure 6.14: Raw and normalised bright field spectra from 2nd set of cross arrays
fabricated on chip "A". The 300 nm spectrum is clearly anomalous, and so has
been removed from the normalised data set, for clarity.

Dark eld transmission spectra, raw

C
C

D
 c

o
u

n
t

18,000

20,000

22,000

24,000

26,000

28,000

30,000

32,000

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

100nm

120nm

140nm

160nm

180nm

200nm

220nm

240nm

260nm

280nm

300nm

Dark eld transmission spectra,
Normalised

N
o
r
m

a
li
s
e
d

 t
r
a
n

s
m

is
s
io

n

0.1

0

0.1

0.2

0.3

0.4

0.5

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

100nm

120nm

140nm

160nm

180nm

200nm

220nm

240nm

260nm

280nm

300nm

Figure 6.15: Raw and normalised dark field spectra from 2nd set of cross arrays
fabricated on chip "A". The feature at 500nm in the bright field appears to have
shifted towards 550nm.
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100nm 140nm

180nm 220nm

260nm 300nm

Figure 6.16: SEM micrographs of selected cross arrays on film "QUB D", the
nominal lengths of the full set were 100 nm to 300 nm in 20 nm steps. Shown are
alternate arrays, 100 nm to 300 nm in 40 nm steps. The 180 nm cross array shows
some signs of mechanical drift.
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Bright eld spectra from cross arrays on QUB D, normalised

N
o
r
m

a
li
s
e
d

 s
ig

n
a
l

−0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

100nm

120nm

140nm

160nm

180nm

200nm

220nm

240nm

260nm

280nm

300nm

Bright eld spectra from cross arrays on QUB D, raw
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Figure 6.17: Raw and normalised bright field spectra from cross arrays on film
"QUB D". The feature at 500 nm is, as in figure 6.14, not localised spatially to
the cross arrays. This feature has shifted to lower wavelength, suggesting it is
a result of the gold film thickness. The cause of the periodic oscillation in these
spectra is unknown, and persisted through numerous normalisation techniques,
and multiple device sets on this film. The apparent reduction in the oscillation
achieved through normalisation, is merely a scaling effect, since the lamp spectra
exhibits no oscillatory behaviour. This can be seen in figure 6.18
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C
C

D
c
o
u

n
t

0

200,000

400,000

600,000

800,000

1e+06

Wavelength (nm)

300 400 500 600 700 800 900 1,000 1,100

Figure 6.18: Raw lamp spectrum corresponding to the "QUB D" data set. The
lamp exhibits none of the oscillatory behaviour seen in the cross array spectra.
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inant peak feature appears to shift to larger wavelengths with increased cross

lengths. The feature at≈ 500 nm appears to have shifted to slightly lower wavelength

as compared to the similar feature, suggesting it may be related to the thickness

of the film.
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Figure 6.19: SEM micrographs of cross array set on film "PSS D", showing the
effects of drift on crosses fabricated on thicker films.

6.4.1 Thicker gold films

At this point it was believed that some or all of the unexplained features of previous

spectra may have been due to the thickness of the films used, as compared to the

initial film. Therefore a move to thicker films was made. These were produced via

in house magnetron sputtering, as opposed to previous films fabricated by collab-

orators. The thicker films introduced additional fabrication challenges, since the

total patterning time had to increase, again introducing drift effects. It was found

that by allowing the sample to "settle" overnight these effects could be reduced.

Due to repeated malfunction of the dual-beam system at this time, it became clear

that the chamber pressure had a large effect on sample stability, however this ef-

fect was not well documented due to the aperiodic nature of the malfunctions.

Figure 6.19 shows typical drift associated with early structures on these thicker

films. Later structures did not suffer from these effects, since the dual-beam was

allowed to reach a lower pressure before sample fabrication began.

Several sets of cross arrays on these thicker films were produced with the in-

tention of exploring the thickness dependence of the resonance. A film labelled
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"PSS D" was produced. This film’s thickness was predicted to be 300 nm based on

sputter rate calibrations, however these calibrations were performed at the edge

of the sample (via AFM linescans), and it was found through cross sectioning that

the film thickness at the centre of the film was in fact 385 nm ± 10 nm. A full set

of crosses with nominal lengths 100 nm to 300 nm in 20 nm steps were milled, and

selected arrays are shown in figure 6.20.

In addition to the fabrication challenges introduced by using thicker films, new

micro-spectroscopy challenges arose. The bright field transmission spectra from

these cross arrays were more difficult to obtain, due to the lower total transmis-

sion. Merely finding some cross arrays, was impossible (generally the smallest

cross length arrays within a given set) since the throughput was below the detec-

tion level of a human eye (let alone the less sensitive CCD array). spectra from

the devices shown in figure 6.20 were obtained, with the exception of the smal-

lest length cross array, which was not visible, the raw and normalised spectra are

shown in figure 6.21.

The spectra from the new thicker films did not exhibit any of the anomalies seen

in previous spectra from thinner films. They show similar trends of increasing

total transmission with increasing cross length. They also show a clearer shift

in resonance with increasing cross length. Unlike previous spectra the features

are clear enough, for enough cross lengths that it was possible to extract peak

positions. This was done manually, since no method of Lorentzian (or Gaussian)

fitting would produce sensible values for all spectra. The increased noise for

wavelengths ≤ 500 nm and ≥ 1000 nm is due to a combination of the normalisation

process and the lack of these wavelengths in the lamp spectrum. As such this

region has been removed from the spectra in figure 6.22. The positions of peak

features were manually extracted from these trimmed spectra, and the resulting

positions for given cross lengths are shown in figure 6.29. Although the peak

189



6.4. PATTERNING IMPROVEMENTS CHAPTER 6. GOLD FLOATING

100nm 140nm

180nm 220nm

260nm 300nm

Figure 6.20: SEM micrographs of cross array set on film "PSS D", again showing
alternate lengths of crosses only. This sample set exhibited a minimum of drift.
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Bright eld transmission spectra from cross
arrays on PSS D, raw
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Figure 6.21: Raw and normalised bright field spectra from cross arrays on film
"PSS D". The normalised spectra have been retroactively normalised to show
(signal - dark count)/(lamp- dark count), since this was later found to produce the
clearest features. The 140nm device produced a clearly anomalous spectrum in
the raw data, and was removed from the normalisation in order to more clearly
show the remaining spectra.
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Bright eld transmission spectra from
cross arrays on PSS D, normalised and

trimmed
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Figure 6.22: Left: The trimmed spectra from cross arrays on "PSS D", with the
noisy region removed for clarity. Right:A graph of spectra maxima against nominal
cross lengths. As before a linear relationship between resonant wavelength, and
cross length is seen.

positions are not clear when all spectra are plotted on the same scale, figure 6.23

shows the clear single peak features of smaller cross arrays, and the beginning

of a dual peak behaviour for longer cross arrays.

The position of peaks features with shifting cross length are shown in figure 6.22.

The "left" peaks seem to follow a clear linear trend, with a slope of 0.76±0.06, and

an intercept of 448 nm ± 13 nm. These structures could be expected to exhibit a

≈ λ
2

resonance corresponding to the lowest order mode of a nano-rod. However

discrepancies between theory and experiment are not surprising, since these are

complex structures with sloped profiles. The important aspect of these spectra is

the optimisation of signal at the wavelengths of the probe lasers used to perform

SKM measurements, and comparison to similar structures on other films.

Nominally identical sample sets were fabricated on a film labelled "PSS B" with

a gold, film that was nominally 250 nm thick, but again was found to be thicker at

the centre, 300 nm ± 10 nm. Figure 6.24 shows trimmed normalised spectra, and

peak position against cross length for this thinner film. Again a clear correlation

between cross length and resonance exists. A linear fit to the left features shows

an intercept of 454 nm± 33 nm and a slope of 0.95± 0.16. Compared to the values

of slope of 0.76 ± 0.06, and an intercept of 448 nm ± 13 nm from the thicker film
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Bright eld transmission spectra from
120nm cross array, normalised and trimmed
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Figure 6.23: Trimmed and normalised individual spectra from the smallest cross
length cross arrays on "PSS D", showing single peak features for the smallest
cross lengths, and the introduction of the double peak for the 200 nm cross length
array.
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Bright eld transmission spectra on chip B, Raw
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Figure 6.24: Left: The trimmed spectra from cross arrays on "PSS B" 300 nm, with
the noisy region removed for clarity.
Right:A graph of resonant wavelength against nominal cross lengths. The distor-
tion from the linear around 700nm may be due to some lamp breakthrough in the
normalised data set, despite normalisation.

"PSSD". While these values are within error of each other there is evidence of a

gold thickness related shift in resonance for a given nominal cross length.

By combining the peak features from the 385 nm thick film and the 300 nm film into

a single graph, figure 6.25, it seems that thicker gold shifts the resonance toward

shorter wavelengths for a given nominal cross length.
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Peak positions against cross length from

normalised spectra
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Figure 6.25: Combined resonant peak wavelength against nominal cross length,
from both "PSS B" and "PSS D"
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6.5 Discovery of capillaries

6.5.1 Cross arrays on "A’"

Work began on a gold on PSS sample labelled as A′. This sample was nominally

300 nm thick based on a calibration of gold sputter rates, however cross sectioning

near the centre of the chip revealed the true thickness to be ≈ 375 nm± 10 nm as

shown in figure 6.26 a). Previous work optimising the milling of cross arrays was

utilised, and several sample sets were fabricated, making use of a 50 pA beam

current, high resolution, long dwell stream files, and overnight pumping of the

central chamber to achieve low pressures, which had previously produced the

most promising structures. This film was intended as a test of the reproducibility

of the spectra seen previously, but eventually was seen as a prime candidate for

floating. This is because advances in the normalisation of spectra were made,

chronologically, during the characterisation of this film, and have been applied

retroactively to previous spectra where possible. But this film represented the

first instance of a clear and systematic shift of the peak features for cross arrays

at the time of initial measurements.

Several sets of cross arrays were fabricated, in order to minimise the risks inher-

ent in floating. Some sets were spaced linearly with 200µm between each array,

with the intention of minimising interference when performing micro-spectroscopy.

Other sets were produced in a square layout with 50µm spacing, to ensure all

devices could be within the travel range of the piezo stage used for SKM charac-

terisation. A typical cross section through cross arms, and top-down images of

structure are shown in figure 6.26 b) and c). Because of the difficulty in finding

devices on such thick films, and to reduce the possibility of stray light interfer-

ence these spectra were obtained with no additional light sources. This was

achieved by blacking out any stray light in the lab, with a combination of card-
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a) b)

c) d)

Figure 6.26: SEM micrographs relating to sample fabrication on gold coated PSS
chip "A′". a) Cross section through unmilled gold near centre of chip, showing
≈ 375 nm ± 10 nm gold film thickness. b) and c) Cross sections at centre and
vertical arm of 200 nm crosses, milled for 100 passes, at 50 pA. These settings
were used for milling of all cross arrays on this chip. d) A top down view of the
200 nm cross array.
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board, bin liners, and duct tape. In addition spectra were obtained with the PC

monitors rotated away from the microscope. A range of different normalisation

spectra were taken, and after a great deal of processing it was found that the

normalisation process produced the clearest features of interest when the figure

of merit was (signal − darkcount)/(lamp − darkcount), which is somewhat intu-

itive. Unfortunately this was unknown when taking the majority of the previously

obtained spectra, and so it was not possible to retroactively apply this normalisa-

tion to all previous results. However, where possible it has been applied. The

raw and normalised spectra from the 200um spaced set and 50um spaced set

are shown in figures 6.27 and 6.28 respectively. Figure 6.29 shows the trimmed

spectra. The spectra for larger cross arrays exhibit a now familiar double peak

feature. Although it’s not clear when all spectra are plotted on the same scale,

figure 6.30 shows the clear single peak features of smaller cross arrays, and the

beginning of the dual peak behaviour. Both features (the left and right peak) show

a linear shift in wavelength corresponding to cross length. In addition, the reson-

ant region for some cross lengths overlaps with the target wavelengths of 633 nm

and 800 nm, corresponding to the available probe laser wavelengths. Figure 6.31

shows the peak positions extracted from the spectra. The similarity between the

200um spaced, and 50um spaced cross array sets, suggests that the observed

resonances are robust with respect to small difference between sample fabrica-

tion runs. Strangely the slope of the linear fit to these peak positions is closer to

the slope "PSS B" than "PSS D" despite the gold thickness of "A’" being closer to

that of "PSS D". However if we plot all data sets together, as in figure 6.32, we

see that the intercept compensates for this.
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Bright eld transmission through
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Figure 6.27: Raw and normalised spectra from the first 200um spaced set of
cross arrays on the film "A’". The starred 160 nm array is from a device which was
overmilled. The lack of spectra for arrays with cross lengths smaller than 140 nm
is due to the low transmission, making locating these devices impossible.
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Figure 6.28: Raw and normalised spectra from the first 50um spaced set of cross
arrays on the film "A’". Here it was possible to obtain spectra from all cross arrays,
because the tight grouping of arrays allowed brighter sets to act as guides to the
dimmest.
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Figure 6.29: Normalised and trimmed spectra from both 200um and 50um spaced
cross arrays, on film "A’".
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Bright eld normalised 120nm cross length
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Figure 6.30: Individual normalised spectra for selected smaller cross lengths on
film "A’". Showing the single peak behaviour of these arrays.
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respect to sample fabrication. Right: A linear fit to the left peak feature for the
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Peak positions against cross length from normalised spectra
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Figure 6.32: Comparison of peak features from cross arrays on "A’", "PSS B",
and "PSS D".

6.5.2 Bullseye gratings on "A’"

After promising cross array spectra were obtained, two sets of bullseye grating

devices were fabricated. The aim here was to optimise the grating in the absence

of a cross. The first set consisted of varying grating pitch devices, with a fixed

diameter hole. The second set consisted of the same grating pitch parameter

sweep, but with a varying hole diameter of half the grating pitch. This was done

in an attempt to separate the effect of aperture size from the grating, so that the

optimal grating pitch for a given wavelength could be combined with the optimal

cross length (from array spectra) at a later date. The range of grating pitches for

both sets was 400 nm to 900 nm in 50 nm increments. The diameter of the fixed

aperture was 400 nm, to target a half wavelength resonance for 800 nm incident

light. The diameter of the set with shifting aperture diameter, was half the grating

pitch diameter for a given structure. Figure 6.33 shows the smallest and largest

pitch structures for both the fixed aperture and half pitch aperture sets.

Spectra were obtained from these new bullseye grating structures, making use

of knowledge gained through all previous spectra. There is an inherent difficulty
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Figure 6.33: SEM micrographs of selected bullseye grating structures on film
"A’". The top row shows the smallest and largest pitch gratings with half pitch
apertures. The lower row shows the smallest and largest pitch gratings for the
fixed 400 nm diameter aperture set.
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Bright eld spectra from half pitch
aperture set, Normalised and trimmed
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Figure 6.34: Raw and normalised spectra from the half pitch diameter aperture
set. The missing spectra for the smallest pitch devices is due to an inability to
locate these devices. Spectra for the largest pitches were obtained, however they
suffered low signal to noise. As a result different settings had to be used to obtain
clear spectra, and as such they cannot be plotted on the same scale as other
spectra.

in measuring the transmission spectra from single apertures (especially those

which are resonant at wavelengths outside the peak sensitivities of the human

eye), and so it was not possible to locate all structures. Bright field transmission

geometry was chosen, since the non normal incidence path associated with the

dark field had been previously associated with nonsensical spectra from bullseye

grating structures. The raw and normalised spectra for half pitch diameter aper-

tures, and fixed 400 nm diameter apertures are shown in figures 6.34 and 6.35

respectively. Both sets of structures showed a clear trend of resonant transmis-

sion with increasing pitch grating. As before the position of resonant peaks were

extracted manually. Figure 6.36 shows comparisons between the two set’s res-

onant features, with both sets showing a clear linear relationship between pitch

and resonant wavelength.

At normal incidence we would expect the position of the resonant peak to have

a linear relationship to the pitch of the grating, and previous circular grating char-

acterisation has shown resonance at wavelengths slightly longer ≈ 10% than the

pitch of the grating [19], corresponding to a surface plasmon wavelength close to

the period of the grating. Therefore we expect when plotting resonant wavelength
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Bright eld spectra from xed 400nm
aperture set, Raw
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Figure 6.35: Raw and normalised spectra from the fixed pitch diameter aperture
set. In this case the full range of devices was visible. For small pitch devices
this is likely due to the increased transmission through a 400 nm aperture over
smaller half pitch apertures. For larger devices the reduced noise that allowed
consistent settings to be used may be due to some smoothing effect of having a
non resonant aperture.
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Figure 6.36: Top row: Graphs of manually extracted resonant peak positon
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They are included for completeness but are most likely an anomaly.
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against grating pitch, a linear trend with a slope less than 1. The precise slope is

not of too much concern, since the grating pitch is defined by the nominal values

rather than the true values. There is also the unknown effect of the PSS glass

transition and the difference between near field and far field effects. Discrepancy

between the two sets is likely due to the effect of the central aperture, with the half

pitch aperture likely more relevant to plasmonic structures, and showing a slope

and intercept closer to those expected. However future grating fabrication aimed

to cover a range of pitches so as to maximise the chances of success. The im-

portant aspect of this result is that it shows that structures can be fabricated which

show clear resonance at wavelengths of interest, and that this can be character-

ised through optimised micro-spectroscopy. This combined with the successfully

optimised cross array spectra, meant that the parameter space was reduced to a

manageable range. However the two separate features in the cross array spec-

tra creats some ambiguity as to which feature would correspond to peak MOKE

signal enhancement in the near field.

This led to several new sample sets, of bullseye gratings, with single cross aper-

tures at the centre. These sets targeted 633 nm and 800 nm, corresponding to

the available probe laser wavelengths. Several combinations of pitch and cent-

ral cross grating were fabricated. This was to account for ambiguity in the cross

spectra, and the unknown permittivity of the PSS, and would differ from the dielec-

tric spacer layer on the magnetic substrate onto which this film would be floated,

which therefore would shift resonances. For the 633 nm targeting sets, combina-

tions of bullseye gratings of pitch 450 nm,500 nm,550 nm, and 600 nm and crosses of

length 160 nm,180 nm, and 200 nm were fabricated, a selection of which are shown

in figure 6.37. For the 800 nm targeting sets, combinations of bullseye gratings

of pitch 750 nm,800 nm,850 nm, and crosses of length 240 nm,260 nm,280 nm were

fabricated, a selection of which are shown in figure 6.38.
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Figure 6.37: SEM micrographs of a selection of bullseye grating structures on film
A’, targetting 633 nm probe beam wavelength. Clockwise from top left 450 nm pitch
grating with a 160 nm cross, 500 nm pitch grating with a 180 nm cross, 550 nm pitch
grating with a 200 nm cross, and 600 nm pitch grating with a 200 nm cross. The full
set contained all combinations of pitch and cross length.
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Figure 6.38: SEM micrographs of a selection of bullseye grating structures on film
A’, targetting 800 nm probe beam wavelength. Clockwise from top left 750 nm pitch
grating with a 240 nm cross, 800 nm pitch grating with a 260 nm cross, and 850 nm
pitch grating with a 280 nm cross. Again the full set contained all combinations of
pitch and cross length.
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Bright eld transmission spectra from 633nm target bullseye gratings

with cross apertures, raw
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Figure 6.39: Raw and normalised spectra from the full set of combined bullseye
gratings with single cross apertures, targetting 633nm.

Attempts to take spectra from these devices were made, however they showed

no clear spectral response, as can be seen in figures 6.39 and 6.40. The lack

of spectral response was likely related to the incredibly low throughput, despite

increased exposure and total accumulation time, with respect to previous spectra.

Typical spectra prior to this were obtained with an exposure time of 500ms or un-

der (to avoid saturation), these newer spectra were obtained with a 5 s exposure,

and the raw CCD count is an order of magnitude lower than typical cross array

spectra. This low throughput is not entirely surprising, or necessarily a negative

feature, since it could be indicative of a strongly localised near field.
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Bright eld transmission spectra from 800nm target bullseye

gratings with cross apertures, raw
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Figure 6.40: Raw and normalised spectra from the full set of combined bullseye
gratings with single cross apertures, targetting 800nm.
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6.5.3 Capillaries

To summarise, the film A’ now contained several sets of cross arrays of different

lengths, a range of bullseye gratings with circular apertures and varying pitch,

and a combined parameter set of bullseye gratings with single cross apertures.

Spectra from these structures looked promising, and so this film was considered

a prime candidate for floating, and magneto-optical measurement. During the

float of A′ the film tore, and large creases were introduced, however several cross

arrays and bullseye’s appeared to have escaped the primary damage, based on

viewing in the wide field path of the SKM. However no clear MOKE signal was

observed in the SKM from either cross arrays or BNAs. The film was then loaded

back into the dual-beam, and imaged via SEM. Figure 6.41 a) shows the overall

damage to the film, but as can be seen in figure 6.41 b), certain regions of interest

were undamaged. However closer inspection of the cross arrays showed distor-

tion that was thought to correspond to bubbles of trapped water/air introduced

during the floating process 6.41 c), despite generally good adhesion of the film in

the uncreased areas as can be seen in figure 6.41 d).

Since the set had been shown to not produce any magneto-optical signal, de-

structive methods (cross sectioning) could be employed to attempt to understand

what had happened to the film. Cross sectioning revealed that the cross arrays

had a layer of material trapped under them, which was visually distinct from air.

The original plan was to try and re-level the arrays by milling around them, how-

ever due to the trapped material this was impossible. However as previously

mentioned the areas of the films which had not been patterned appeared to have

adhered well to the substrate, and the bullseye structures appear to not have

material trapped under them.

Initially it was believed that the under structure may have been an artefact of the

poor float process on this specific film. The film had been split down the middle,
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Figure 6.41: SEM micrographs of film A′ after the float process. a) Minimum
zoom image showing the overall damage to the sample due to the rough float
process. b) Region of samples showing that local damage wasn’t as severe as
feared. c) Typical post float cross array, with distortion and "bubbling". d) Cross
section of a plane bit of the unpatterend film, showing good adhesion of the gold
to the film. From top to bottom, layers shown are platinum (dark), gold (thick and
bright), Ta2O5 (dark), Co/Pt multilayer (bright), and glass slide.
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Figure 6.42: SEM micrographs of film A′ after the float process. a) Cross sec-
tion through a cross array structure showing thick structured region separating
gold from magnetic substrate. b) Cross section through a vein of trapped air, to
demonstrate what an "air gap" looks like in cross section. c) A region of a cross
array which did not suffer from the understructure, and therefore was possible to
lift out. d) Cross section through a bullseye grating, with central aperture, showing
good adhesion and no structure between gold and the magnetic substrate.
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fully lifted from the water bath, manipulated with tweezers, and as such was more

likely to have been contaminated with dust despite the float being performed in

a clean environment. This contamination may have been more likely to settle

on the patterned regions due to there increased roughness with respect to the

un-patterened regions of the film. As such, a second film was prepared and

floated. This new film labelled E was created to see if the bubbling had been

caused by the traumatic float, in an attempt to eliminate it. This new film was

floated without incident, and the resulting lack of creases shown in 6.43, appeared

promising. However an initial attempt to cross section the film in order to see

if there was a reduction or complete removal of trapped material, showed that

this film also suffered from trapped material between patterned regions and un-

patterned regions. Several arrays were cross sectioned, and all showed some

level of trapped material.

Fortunately, a large vein of trapped air/water, had formed under a set of test

arrays. This raising of the structures relative to the substrate, meant that it was

possible to "flip" them through FIB milling. The underside of these structures

revealed that a periodic series of capillaries, corresponding to the centre of the

milled crosses, had formed. These capillary structures are shown in 6.44.

These large capillary structures seemed to correspond to milled regions, sug-

gesting that the FIB might be reducing the solubility of the PSS around milled

sections. This was thought to be due to either cross linking of the polymer, or

possibly gallium implantation. The variable depth of capillaries suggests a depth

based effect, which would support cross linking through FIB exposure. The lack

of capillaries on some patterned regions, and the collapsed capillaries in other re-

gions shown in figure 6.44, suggests that it is possible to remove capillaries. The

lack of structure/capillaries under single aperture structures reinforces this, and

might suggest that the clustering of the capillaries makes them more resistant to
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Figure 6.43: SEM micrographs of film ”E”, showing the relative lack of creases
after floating compared to film ”A′”.
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Figure 6.44: SEM micrographs of film ”E”. Various capillaries formed during
the fabrication process. a) A lifted section of a cross array that was on an air
vein, with a central region covered in capillaries. b) A more detailed look at the
capillaries visible in a). c) A different test cross array, again on an air vein, with
more complete capillary coating, and evidence of collapsed capillaries. d)A cross
section of a cross array not on an air vein, showing what appears to be a capillary
that has folded or broken
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removal. It was also noted that the patterned regions with the least capillaries

were those on creases, again suggesting that it might be possible to remove the

capillaries with increased water flow, or more aggressive floating.

6.5.4 Attempts to remove capillaries

At this point the previously patterned film, "PSS B" was selected, to see if it was

possible to remove capillaries, via two paths of attack. First it was thought that

surrounding patterned regions with large sluices, to encourage water flow, and

allow a shorter path length for any material trapped beneath regions to escape

the film, might reduce the number of capillaries. Figure 6.45 shows a typical sluice

sample.

In addition to the sluices a more aggressive float was used. In previous floating

sessions, care was taken to minimise the amount of film agitation, so as to re-

duce the chance of wrinkles forming. However for film "PSS B", after the initial

lift from the sacrificial glass substrate (10 minute soak in DI water), the gold film

was floated in a room temperature ultrasonic bath for 5 minutes. The bath was

then filled with boiling water, and the film again placed in the ultrasonic bath for 5

minutes. The result of this process was varied. There was some evidence to sug-

gest the aggressive float had some effect on the amount of remaining capillaries,

however the majority of cross arrays still exhibited signs of understructure. In ad-

dition some cross arrays were destroyed by the aggressive float process. Figure

6.46 shows a range of regions, and the consequences of the more vigorous float

on them.
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Figure 6.45: SEM micrographs of structures milled on film ”B”, A set of cross
arrays in a square arrangement (highlighted in red), surrounded by large sluices.
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Figure 6.46: SEM micrographs of various regions of the floated film "PSS B".
a) shows a lifted section on a large vein with near complete capillary removal,
however there is some evidence of much larger residual capillaries trapped within
the vein.Image b) shows a portion of a cross array that could be lifted, with no
capillaries beneath it, however this was the exception rather than the rule.In c) the
remnants of a completely destroyed cross array. This destruction tended to occur
for longer cross arrays. This is likely due to decreased structural strength, from
the large amount of gold that had been removed. d) shows a worst case scenario.
This cross array has been partially ripped from the surface of the substrate, but
still has a full set of capilaries.
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6.6 Reducing capillaries through suitable sample

fabrication

At this point it became clear that a fundamental change of tack was required to

work around the capillary issue. Fortunately it seems that single apertures with a

grating do not suffer from the capillaries, as was seen in figure 6.42 d). However

these structures had yet to produce a clear MOKE signal. There was also some

evidence that the capillaries may be due to the density of the arrays. Several

simultaneous avenues were pursued, balancing devices which seemed to float

successfully with devices which may produce a stronger Kerr signal, in order to

maximise the chances of success.

The following fabrication was performed on a gold film sputter coated on a spin-

coated PSS labelled "E’" or "E prime". Cross sectioning of the film showed it’s

thickness to be 450 nm ± 20 nm. It was hoped that the thicker film, compared to

previous floated films, would allow more sample stability, and allow for greater

vigour during the float process, without damage to cross arrays.

6.6.1 Shifting aperture bullseye gratings

The first set of suggested samples for this new film, was a set of bullseye grat-

ings, with a varying central aperture size. The justification for this sample set was

that gratings with single apertures seemed to survive the float process without

capillaries forming. However up to this point single aperture structures had not

produced a clear MOKE signal, so the intention was to go from an aperture size

large enough that MOKE signal would be seen even in the absence of a grating,

and then work down towards smaller apertures. Leading to a greater understand-

ing of the effect of the grating on MOKE signal recovery.
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Some thought had to be put into the correct parametrisation of the bullseye for

these increasing aperture sets, since the aim was to keep the pitch of the grat-

ing constant, while varying only the size of the central aperture. An issue of

scaling space was encountered. The simplest way to deal with this would be

to increase the size of the aperture until it overlaps a ridge in the grating, and

then for the next largest aperture to remove the inner most ring of the grating.

However since a single pitch ring of a 600 nm grating represents a 1.2µm jump in

available milling diameter, this creates huge leaps in the separation between the

aperture edge, and the first valley in the grating. This would lead to fundament-

ally incomparable gratings. The parameter space exploration in [19], doesn’t deal

with apertures much larger than the wavelength of the incident light, since the in-

tent was to explore the extraordinary optical transmission through sub-wavelength

apertures. The final bullseye pattern files were designed to ensure that the sep-

aration between the edge of the aperture and the first ridge of the grating was

kept constant between all aperture sizes. In this way the pitch of the grating re-

mains constant, and the width of the raised sections doesn’t undergo any large

jumps. A set of 17 bullseye grating pattern files were created covering aperture

diameters from 300 nm to 4.0µm with intermittent steps (with a smaller step at

smaller pitches). Due to the nature of the stream file format the central apertures

would be defined via the dual-beam interface, rather than within the same file as

the grating. After initial depth checks and cross sectioning of some test gratings

and central apertures fabrication of a complete sample set was begun, of which

selected examples are shown in figure 6.47. As with all types of structures fab-

ricated on this film, several sets of nominally identical gratings were fabricated on

the same chip in order to increase redundancy, and minimise the risk inherent in

the gold floating technique.

The first set of shifting aperture bullseye gratings were placed grating up in the

micro-spectroscope. They were imaged with a 50x and 10x transmission object-
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Figure 6.47: SEM micrographs of various bullseye gratings with fixed pitch but
changing aperture diameter on "E’". From right to left: 300nm, 600nm, 1.2um,
4um diameter apertures.
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Figure 6.48: Left:Trimmed normalised spectra from all visible gratings. Right:
Spectra from the smallest visible aperture gratings. These exhibit some spectral
features, but no clear trend.

ive lens, and spectra were obtained using both objectives. However the limited

viewing range of the 50x objective (approximately 200um or 3 devices), combined

with the mechanical stages stiffness made identification difficult. Because of the

large sample number, and near homogeneity of appearance, it was decided to

navigate from largest aperture to smallest (avoiding a mis-count if smaller aper-

tures were not visible). By eye 15 samples were visible and it’s assumed the

brightest is the 4.0µm aperture device and therefore the two smallest aperture

gratings which are not visible. Spectra from the 10x bright field measurements

are shown in figure 6.48, normalised ((signal - dark count)/(lamp - dark count))

and trimmed as in previous spectra. The expected trend of a strong increase in

transmission for larger apertures is seen. These larger apertures do not have

strong spectral features, which is not surprising. Spectra from the smallest aper-

ture devices appear to show some spectral features, however no clear trend is

seen.
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6.6.2 Reduced cross arrays

Concurrent to work on the increasing aperture bullseye gratings, a reduced cross

array was pursued. The justification for this was that the capillaries seemed to be

intermittent in certain regions. This suggests that it might be possible that they

could be removed during the float. This theory was reinforced by the lack of ca-

pillaries under single aperture antenna. The pitch of the previous sets of cross

arrays were designed to ensure maximum areal density of crosses, in order to

maximise transmission. The total size of previous arrays was chosen such that

we could under-fill the array with light when performing SKM. These decisions

were made to overcome an assumed low signal to noise ratio. However the spa-

cing and size of the cross arrays may have contributed to the resistance of the

capillaries to removal during the normal float process. As such a set of smaller

arrays with lower total number of crosses, and greater pitch was proposed. This

would increase flow around individual crosses, and reduce the overall structural

strength of a "forest" of capillaries. The pitch was increased from 300 nm to 500 nm

and the index of the array was reduced from 33 to 7. Initially the intention was

to mill these cross arrays using the inbuilt patterning. Cross sections for single

lines were performed, and then crosses constructed from two of these overlap-

ping lines. However when an attempt was made to mill a cross using the settings

that achieved breakthrough for a line, an odd asymmetry in milling was observed,

the line passing from top left to bottom right was very thin, and the line from top

right to bottom left was very thick, see figure 6.49.

This kind of milling had been previously observed, and was believed to have been

due to poor vacuum and beam conditions. However upon milling a cross array

stream file (under nominally identical conditions) it was found that the crosses

were not asymmetric. Testing lines again this time using the pitch and dwell from

the stream file, but defining the geometry in the inbuilt software, again produced
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Figure 6.49: SEM micrographs of a 200nm cross, milled with identical dwell and
pitch to stream file crosses, but with geometry defined using internal patterning
features of the dual-beam software.
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Figure 6.50: SEM micrographs of a range of crosses milled with stream files
(right), and inbuilt patterning software (left). The exceptionaly poor quality of the
inbuilt patterning milled structures is suprising, since previously cross structures
milled in this way looked better than this.

an asymmetric line. Finally a set of new single cross stream files was created,

and these milled without asymmetry. This suggests that the inbuilt patterning is

in some way flawed. Figure 6.50 shows a comparison of stream file produced

crosses, and those produced by the built in patterning software.

A full set of milled reduced cross arrays is shown in figure 6.51, micro-spectroscopy

was performed on these devices in the bright field transmission geometry. The

normalised and trimmed spectra are shown in figure 6.52. A general trend of

shifting resonance with wavelength is seen (as in previous cross array spectra)

as well as the now familiar double peak, and increasing transmission with increas-

ing cross length. The resonant wavelength appears to have shifted towards lower

wavelengths when compared with previous spectra, which is consistent with pre-

viously observed shifts.

As with previous cross array spectra, a clear relationship between cross length

and resonant peak exists. A linear fit to the left peak features shows an intercept

of 428 nm± 336 nm and a slope of 0.80± 0.03. Based on earlier spectra from cross
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Figure 6.51: SEM micrographs of a complete set of reduced cross arrays. Nom-
inal cross lengths are 100 nm to 200 nm, in 20 nm steps.
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Figure 6.52: Left:Trimmed normalised spectra from all visible reduced cross ar-
rays. Right: Position of the resonant features against nominal cross length.

arrays we expect this thicker film to further shift the resonance towards smaller

wavelengths. A complete combined graph of all cross lengths, thickness’s and

features is shown in figure 6.53.

Unfortunately when floated, these reduced cross arrays also failed to show magneto-

optical signal. The reason for this is unclear, and due to long term system down

time, SEM investigation of the potential capillaries beneath these structures is not

possible.

6.6.3 Bullseye gratings with single cross apertures

Because of the successful improvements to cross fabrication, and the revelation

that stream files produced superior individual crosses than those produced by

the inbuilt patterning software. It was deemed possible that new bullseye gratings

with single cross apertures might now be successful in producing MOKE signal.

Therefore a few new sets of these structures were fabricated. These were defined

using separate stream files to define gratings and crosses. A fixed pitch of 600 nm

was used for the grating, and a range of cross lengths, 100 nm to 260 nm in 20 nm

steps. The 200 nm long cross grating is shown in figure 6.54.

Again magneto-optical characterisation of these structures was attempted, but no
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Figure 6.53: Position of resonant features against nominal cross length for all
cross arrays.

clear magneto-optical signal was observed.

6.6.4 Summary

Several rounds of cross array fabrication and characterisation were performed.

Improvements to the fabrication of cross arrays were made, culminating in well

formed cross structures in thick gold films. These structures exhibited a clear

transmission resonance, with features being consistent across multiple structure

sets on a given film. The observed thickness dependence of the modelled cross

arrays shown in chapter 3, suggested that thicker films should exhibit resonance

at longer wavelengths for a given cross length. This does not appear to be true for

the structures shown in this chapter, if anything the opposite trend seems to ex-

ist. However this discrepancy may be accounted for by the use of nominal cross

lengths to characterise these structures. In addition different milling times were

required for different gold thicknesses, and this may have impacted the profile
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Figure 6.54: SEM micrographs of a 600 nm pitch circular grating, with a 200 nm
central cross.
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of the crosses. Bullseye gratings were also fabricated and characterised, again

showing strong spectral response. Magneto-optical characterisation of cross ar-

rays was not possible, due to the formation of capillaries under FIB milled regions.

Attempts to remove these capillaries were unsuccessful. However the optical res-

onance of cross array structures with similar dimensions to those shown in the

modelling chapter was confirmed.
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Chapter 7

AFM probe fabrication and

characterisation

7.1 Introduction

This chapter focusses on the fabrication of AFM probes suitable for use in a near

field optical scanning MOKE system. This work was performed concurrent to

planar antenna fabrication and characterisation. There are challenges inherent

in fabricating antennas on AFM probes, that differ from the challenges of planar

fabrication, so this chapter will also explain these problems, and the steps taken

to address them. A note before proceeding further, in order to avoid confusion

of terminology, figure 7.1 shows a labelled schematic of a generic AFM probe.

Throughout this chapter, the term AFM "probe" will refer to the entire construct

(including the alignment/mounting chip), "cantilever" will refer to the vibrating sec-

tion, "tip" will refer to the active jutting structure as a whole, and AFM "tip apex"

will be used to refer to the region at the far end of the tip, which in active use, will

be closest to the sample.
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Tip
Tip apex

Cantilever

Probe

Alignment chip

Figure 7.1: Schematic of a generic AFM probe, showing the features common
to all probes in this chapter. The image is not to scale, in order to capture all
elements.

7.2 Initial silicon tip fabrication

The standard workhorse AFM probe (ContAl-G, contact mode aluminium coated)

consists of an opaque silicon cantilever, with a rough but finely tapered tip located

near the far end of this cantilever, see figure 7.2 for a schematic, and figure 7.3

for an SEM micrograph of a real world probe. The tips of these probes are made

of the same material as the cantilever and extends ≈ 17µm, making a 10◦ angle

to the cantilever normal.

In order to test our integrated optical AFM a series of probes modified to give op-

tical access through the tip were required. Since these silicon probes are entirely

opaque, an optical path required milling through the entire cantilever and tip. For

initial testing large (super-wavelength) apertures were milled through the tip apex,

since this would produce the highest optical throughput, and be achievable within

the limits of fabrication. It was decided that these apertures would be best placed

through the tips of the probes, along the axis 10◦ from cantilever normal, fig 7.2.

This would produce an aperture which would run parallel to the incident beam of

any future SKM measurement, when the AFM tip is down. This fabrication run
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Figure 7.2: To scale schematic of a ContAl-G Silicon AFM probe with aliminium
coating. Of particular relevence is the length and angle of the tip.
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presented some interesting challenges, some of which are unique to this type of

probe, and others which will apply to all probes presented in this chapter.

Challenges

The FIB, like an optical microscope, has a depth of focus. The depth of focus is

on the order of ∼ 10µm for the combination of voltages and currents that were

commonly used for fabrication. Since the silicon probe tips were ∼ 17µm long,

the focal depth was not great enough to ensure a focussed beam throughout

milling, and it was therefore necessary to adjust the FIB focus at various points in

the milling process, since otherwise the quality of the beam would be reduced at

the greater milling depths. The sheer amount of material, the depth from which

material had to be removed, and the FIB resistant nature of silicon, meant that

a larger beam current was used, ∼ 1.0 nA, as compared to the 10 − 50 pA used

for planar antenna fabrication. This in turn reduced the resolution of the FIB. The

combination of repeated pausing, and sub-optimal beam conditions means that

the minimum size of apertures produced in this manner, is far greater than the

theoretical patterning resolution of FIB (≈ 1µm as opposed to ≈ 20 nm).

Since FIB milling produces a sloped profile hole, as was shown in chapter 3 sec-

tion 3.5, apertures were milled from the rear (tip facing away from ion beam) of the

cantilever in order to produce a smaller hole at the tip apex, and larger aperture

on the rear. This was done in order to increase optical transmission through the

tip. As shown in figure 7.3 the thickness of silicon in the probe, is such that they

are opaque to the e-beam for the range of voltages possible in the SEM used. As

such it was necessary to produce alignment markers with the probe’s tip facing up

(towards the ion beam) before flipping the tip, and milling apertures from the rear

(tip facing away from the e-beam and ion beam). This was complicated by the

angle of the tip relative to the cantilever, which introduced a challenge in terms
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a) b)

Figure 7.3: SEM micrographs of Al coated Silicon AFM tips, these tips are
opaque, and intended for contact mode AFM. a) shows a side view of cantilever
with tip visible in centre of image. b) shows a more detailed image of the AFM tip,
while the end point is very sharply defined (radius ≈ 10 nm) the tip as a whole is
strongly non uniform.

of manipulation and alignment. As covered in chapter 3 section 3.5 the ion beam

sits at a 52◦ to the electron beam, and this tilt is close to the limit of the mechanical

stage, upon which the sample is loaded in the dual-beam system. The tip of the

probe makes a 10◦ angle to the cantilever, so in order to mill through the tip, and

produce a hole at the apex, special consideration needs to be made in terms of

correctly positioning the probe at every stage of fabrication.

To begin the fabrication process, probes were placed into the dual-beam system

with the tip side facing towards the electron column. This allowed milling of three

fine lines through the edges of the cantilever, see figure 7.4. These markers were

positioned such that they lined up with the apex of the tip when the probe was

tilted (42◦ on the stage, 10◦ angle between ion propagation and cantilever normal).

The probe was then removed from the chamber and flipped over, such that the

rear of the cantilever now faced the electron column. The stage was moved to

the same tilt as that used for the milling of alignment markers, but a 180◦ in plane

rotation was made, such that the ion beam would propagate along the axis of the
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a) b)

Figure 7.4: SEM micrographs of Si AFM probes showing the alignment markers.
These markers were milled with the ion beam pointing at the tip side with a mech-
anical tilt of 42◦ in order to correct for the tip cantilever angle. a) an image of the tip
with electron beam at 10◦ tilt showing good alignment with tip apex. b) the image
at full 52◦ tilt, to give a sense of perspective. The stage has been rotated in plane
in order to image, since the probe chip would otherwise obscure the cantilever at
this angle.

tip. A test hole was milled using a 30 kV, 1.0 nA beam, until breakthrough was

achieved, the indication for which was a current jump on the endpoint monitor of

the FIB. This breakthrough could then be confirmed by imaging through the tip

with the electron beam, again requiring the probe to be appropriately repositioned

and tilted.

The tip was again flipped so the tip apex faced the e-beam, and a SEM micro-

graph of the result is shown in figure 7.5. The initial hole was misaligned likely

due to a combination of mechanical drift, and probe tilt relative to the stage. A

second round of milling produced another hole that was off centre, however by

comparing the positions of the misaligned holes to the alignment markers, it was

possible to correctly position a third and final hole. In situ platinum deposition

was then used to patch up the misaligned holes resulting in a single aperture with

optical access, centred on the apex of the silicon tip. Figure 7.5 shows images

obtained at several key points in the above process.
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a) b)

c) d)

Figure 7.5: SEM micrographs of a Cont-Al-G tip at various stages of fabrication,
while attempting to mill a hole from the rear of the cantilever, to the tip apex. In
a) the initial aperture shown from the tip side, this hole is 550nm in diameter but
has missed the apex of the tip by several microns. b) shows the second hole, also
missing the apex, however this gave enough information to correctly align the final
hole. c) shows the rear of the cantilever after final aperture was milled. The top
most hole is the aperture shown in a), The centre right hole is that introduced in
b). The small milled region, centre left, was due to an error in allignment, but was
caught before milling through the tip. The final aperture is the lowest most hole in
the image.d) the final probe, tip side. The mis-alligned holes have been patched
with platinum in situ, so that optical access is only possible through the aperture
on the tip apex.

237



7.2. SILICON PROBES CHAPTER 7. AFM

Figure 7.6: SEM micrographs of 2 additional tips with, 2.6µm and 4.8µm diameter
apertures on the tip side.

The process was then repeated on additional probes in order to produce a range

of aperture sizes, the results of which are shown in figure 7.6. Overcoming prob-

lems during the fabrication of the first modified tip, lead to improvements in the

technique, such as increased attention to the mounting of these new AFM probes,

achieving sample stability, and correct positioning of alignment markers. There-

fore these probes do not have additional holes from misaligned milling attempts.

These tips were used for initial testing of the AFM near-field optical microscope.

Static scanning optical images were obtained through a series of apertures defined

in a thin gold film, by Dr Paul Keatley. These images were taken in transmission

(through the photo-diode in the base of the SKM piezo-electric stage). Figure

7.7 shows a rough scan of the 4 largest apertures in the gold film ( 5,4,3, and 2

µm diameter apertures), and a finer scan of the largest of these apertures. By

performing a line scan across a sharp feature, and considering the shape of the

derivative of this curve, an approximate spatial resolution for this probe, of 2µm

was found.
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Figure 7.7: Scanning optical transmission images obtained through large dia-
meter apertures in a thin gold film. Using a modified Cont-Al-G probe, with a
super-wavelength optical path. Left: A rough scan of the four largest apertures
in the set (with diameters of 5,4,3, and 2 µm). Right: A finer scan of the largest
aperture.

7.3 Move toward sub-wavelength aperture SNOM style

tips

Since there are inherent complexities in milling fine structures through several mi-

crons of silicon, and since the plasmonic effects that this project aimed to exploit

require a metallic medium, a transition to an alternative fabrication technique was

needed.

A new type of AFM probe known as QP-Cont (quartz probe, contact mode), made

of a "quartz like" substance (the exact details are guarded by the tip manufacturer)

provided a transparent dielectric base to work on. This new probe has a shorter

cantilever than the Cont-Al-G probes, with the far end of the cantilever coated in

gold on the rear. The tip of the probe is tapered to a fine point with a cylindrical

base. Figure 7.8 shows schematic and SEM images of these new tips.

Because these quartz-like tips feature a shorter cantilever than the previous sil-
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(a) Schematic)
(b) SEM micrograph

Figure 7.8: Schematic and SEM micrograph of the QP-Cont AFM probes. The
SEM image is taken from the front of the cantilever looking towards the allignment
chip.

icon based probes, and are only partially covered in a reflective gold layer, they

require some modification to use in our LensAFM system. As covered in chapter

3 section 3.3, the deflection of the AFM cantilever is measured via a laser beam

reflected from a region on the back of the cantilever. The QP-Cont probes are

intended for other systems, in which the gold patch near the end of the canti-

lever would act as the reflective layer for the deflection measuring laser. However

our LensAFM system targets a region away from this patch of gold, and without

modification wasn’t fully reflecting from the cantilever rear, since it was not incid-

ent on the gold patch, and the cantilever itself is transparent. This lead to a lack of

deflection signal, and therefore it was not initially possible to make AFM measure-

ments using these tips. In order to resolve these problems, a patch of reflective

material had to be deposited over the position of the AFM deflection measuring

laser. In practice the entire cantilever was coated, since judging the exact region

that the deflection laser illuminates is challenging. As well as the issues caused

by the cantilevers only being partially covered, the gold region of the cantilever,

covered the quartz-like tip region, and this had to be removed in order to allow
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optical access through the tip.

In addition to the modifications needed in order to to use these probes in our AFM

system, these probes present additional challenges to FIB fabrication. Since the

entire cantilever is made from a dielectric material, charge build-up from exposure

to the electron or ion beam is unavoidable, causing problems with both imaging

and milling. The charge effect combined with the brittle nature of the cantilever

material led, in some instances, to entire cantilevers snapping off when exposed

to the FIB beam. The first round of fabrication focussed on overcoming some of

the above mentioned issues and challenges. Figure 7.9 shows both the effects of

charging, and a successfully milled aperture in the rear of a cantilever for optical

access. The in situ platinum deposition available in the FIB allows individual re-

gions to be grounded, and also allowed reflective layers to be rapidly prototyped.

After demonstrating that it was possible to modify the tips in such a way as to

make them compatible with the existing AFM, and allowing full optical access,

work began on prototyping structures more closely related to the planned final

probe design. Since all work to this point had been based on the concept of a

planar antenna, the first step was to flatten the end of the quartz-like tip. This was

accomplished by loading the tips into the FIB vertically. Figure 7.10 a) shows a

tip being cut in this fashion, and the resulting flattened tip. To achieve a rapid pro-

totype, FIB deposited platinum was initially chosen as a metallic medium, despite

its lack of suitability for plasmonic work. A bullseye grating was then defined into

the quartz tip, as shown in figure 7.10 c), to minimise the effects of charging, a

thin platinum layer was deposited prior to milling. The grating was then coated in

a thicker layer of platinum, and crosses were milled into this platinum layer on the

flattened tip apex, as seen in figure 7.10 d).This tip serves as a proof of concept

for potential future tip fabrication, showing that it is possible to define complex

structures into an optically transparent tip, and combine these with finely milled

antenna structures in metallic thin films.
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a) b)

d)

Figure 7.9: SEM and FIB micrographs of the first modified quartz-like probe.In
a) an SEM image of probe with tip side up, at 52◦ tilt is shown. The contrast
across the cantilever is due to charging of the ungrounded quartz. b) shows a
FIB snapshot image of the tip, the horizontal lines across the cantilever, and the
lines radiating from the upper cantilever are again charge induced. c) shows a
SEM image of underside of cantilever, with tip visibly protruding (highlighted in
blue). The charging has been mitigated by in situ platinum deposition, running
down left side of cantilever. In d) a SEM image showing the aperture defined in
gold at end of cantilever, with a 10 kV beam we can also faintly image the profile of
the quartz tip, through the gold (the faint circle around the dark central aperture).

242



CHAPTER 7. AFM 7.3. SNOM TIPS

Figure 7.10: SEM and FIB micrographs of fabrication of a prototype metal coated
AFM probe.
a) A FIB image of a tip in the process of flattening, the tip is loaded vertically in
the chamber. The partial cut through the tip...
b) A flattened tip with a thin platinum coating, this was done to avoid charging. A
subtle grating is visible due to a failed attempt to mill a grating without platinum
coating.
c) The same flattened tip, after longer grating milling, and with a thicker platinum
coating.
d) Topdown view of this same tip, now with a fine cross structure defined in the
flattened tip apex.
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Figure 7.11: SEM micrographs of SNOM style aperture milled into gold covered
quartz tip. These images were taken with a stage tilt of 52◦ (left) and 0◦ (right).
The aperture is 400 nm in diameter, and the gold is 180 nm thick.

Utilizing knowledge gained through the fabrication of previous test probes, a scan-

ning near-field optical microscopy (SNOM) style tip was fabricated. A quartz

probe was loaded face down in the dual-beam, and platinum coated on the rear

(to reduce charge effects, and create a reflective surface for the AFM deflection

beam). It was then then loaded vertically into the dual-beam and the apex of the

tip was sliced off, creating a flat surface. Unlike the prototype tip, no platinum

was deposited on the tip side in order to keep a clean surface for the latter gold

deposition. The lack of platinum meant that the tip still charged, and made the

flattening cut more challenging. The flattened tip probes were then coated via

magnetron sputtering, first with tantalum (to improve adhesion) and then with a

180 nm thick (optically opaque) gold layer on the tip side. The probe was then

loaded tip side up into the FIB system, and an ≈ 400 nm diameter hole was milled

into the gold. The resulting aperture profile is shown in figure 7.11. Finally a large

8µm hole was milled in the rear of the cantilever, in order to allow optical access

for the probe beam for SKM and TRSKM experiments.

This tip was used in initial reflection SKM and TRSKM measurements, and showed
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Figure 7.12: Comparison of dynamic magneto-optical imaging of a 5 × 2.5 µm
permalloy element. Imaged with a high numerical aperture objective lens, and a
near-field modified AFM probe.

good magnetic contrast. Figure 7.12 shows a comparison of magneto-optical

imaging through a standard 60x (0.85 NA) microscope objective lens, and the

SNOM style modified AFM probe. The rear of the SNOM probe is illuminated by

a low numerical aperture lens fitted by the manufacturer (FOCtek ALP0105), with

a nominal numerical aperture of ≈ 0.32. However the spot size of the laser on the

rear of the cantilever is larger than that implied by this numerical aperture, and

from observation is on the order of 10µm

The magnetic sample is a 5µm by 2.5µm permalloy element, and the lower im-

ages represent a snapshot of the magneto-dynamic response of this element un-

der excitation. The spatial resolution of the near field probe is comparable to that

of the high numerical microscope objective. Figure 7.13 demonstrates the loss of

spatial resolution, as the modified AFM tip is positioned further from the sample.

The loss of resolution demonstrates the near-field nature of the measurement.
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Figure 7.13: Near-field probe imaging of a 5 × 2.5 µm permalloy element, with
increasing tip sample seperation. Spatial resolution is reduced as the tip sample
seperation is increased.
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Since the SNOM style tip had been shown to work, several more tips were fab-

ricated using the same three stage process. A range of different aperture styles

were produced; three circular apertures with nominal diameters of 400 nm, 200

nm, and 20 nm (the smallest practically realisable diameter), and a cross struc-

ture with 400 nm long arms.

The new probes were prepared in a similar manner to the previous SNOM style

probes. However due to changes in the gold target position, a slightly thicker gold

layer was deposited, with a thickness of 220 nm rather than the previous 180 nm.

The 400 nm diameter circular aperture was intended for direct comparison to the

previous SNOM style tip, as such, depth tests were performed, and cross sec-

tions obtained, with the intention of producing a circular aperture with a 400 nm

diameter on the top (air-side) of the gold. The final cross section is shown in

figure 7.14 a). The 200 nm diameter circular aperture tip was intended to act as

a half wavelength resonator (for 800 nm wavelength light, in quartz with a pre-

sumed index n = 2). Since the intention was to match a condition on the quartz

side, depth tests focussed on achieving a 200nm diameter profile on the bottom

(quartz side) of the gold. The final cross section is shown in figure 7.14 b). A

suitable comparison to the 400 nm diameter circular aperture, incorporating some

of the knowledge gained from modelling, was deemed desirable. To this end the

400 nm cross (length of the arms), was fabricated. Since the intention was com-

parison to the 400 nm circular tips, depth testing focussed on achieving a cross

length of 400 nm at the top of the gold, figure 7.14 c). Finally to test the limits

of SNOM style SKM and TRSKM, a spot burn (single patterning point exposure)

with the intention of producing the smallest possible aperture was made. Depth

testing aimed to find the minimum number of passes that would achieve "break-

through", a continuous path through the gold, in order to produce as small a hole

as possible. The final cross section is shown in figure 7.14 d).
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a) b)

c) d)

Figure 7.14: SEM micrographs of various depth testing cross sections of aper-
tures for SNOM style probes. Where multiple devices have been cross sectioned
a red square indicates the cross section of interest (the one on which the para-
meters of the final aperture were based).
a) A 400 nm diameter circular aperture, achieving 400 nm diameter on air side.
b) A 200 nm diameter circular aperture, achieving 200 nm diameter on quartz side.
c) A 400 nm cross, for comparison to the 400 nm diameter circular aperture.
d) A spot burn, attempt to produce the smallest possible aperture.
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Using the same milling settings as were used in the cross sections shown in figure

7.14, the structures were milled into the flats of the tips. Figure 7.15, shows the

final set of apertures milled into the gold coated tips.

7.4 Bullseye antennas milled into flat gold coated

quartz probes

As outlined in chapter 2 section 2.4.3, the throughput of, and plasmonic coupling

to, sub-wavelength apertures can be improved through the inclusion of circular

gratings. So an AFM antenna incorporating these gratings was deemed desirable.

In order to utilize grating coupling to the fullest extent in an antenna system, the

grating should be defined on the side of the antenna upon which the probe beam

is incident. This is for two reasons, first, the grating will absorb some of the

incident beam thus reducing the reflection from the non aperture region of an

antenna, and therefore increase the signal to noise ratio. Second, if the grating

is on the underside of the antenna relative to the incident beam, it will potentially

couple stray light and light reflected from the sample, thus reducing the effective

spatial resolution possible. In order to achieve a grating profile on the side of an

AFM probe that will face the probe laser, a grating must be defined in the quartz-

like material of the cantilever or tip, and then gold deposited on this structure will

define a grating in relief. Conformal deposition of the gold will produce a "softer"

grating on the gold/air side, but this is unavoidable.

Initial attempts to mill gratings into completely untouched quartz-like like probes

were plagued by a fundamental problem. Four probes were loaded into the dual-

beam chamber, with the intention of doing a large grating pitch parameter sweep.

However the charging of the dielectric cantilever, combined with its brittle nature
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a) b)

c) d)

Figure 7.15: SEM micrographs of SNOM style apertures milled into gold covered
quartz tips showing:
a) The 400 nm diameter circular aperture.
b) The 400 nm cross, for comparison to the 400 nm diameter circular aperture.
c) The 200 nm diameter circular aperture, designed to target resonance on the
quartz-like side.
d) The spot burn attempt to produce the smallest possible aperture.
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Figure 7.16: Left: SEM micrograph of a quartz probe after "snapshot" FIB ex-
posure. The cantilever has snapped off completely. Right: A nominally identical
probe after thin platinum deposition along the cantilever, and a thicker reinforcing
platinum bridge between the cantilever and the alignment chip.

and possibly heating effects, caused cantilevers to snap completely when ex-

posed to the ion beam, as shown in figure [7.16, the effect was so severe that

even the rapid "snapshot" imaging caused destruction. An attempt to ground the

cantilever with a thin layer of FIB deposited platinum failed, since the exposure to

the ion beam once again caused the cantilever to snap off, and so a thin layer of

platinum was deposited over the entire cantilever with the electron beam. SEM

deposited platinum generally appears darker than FIB deposited platinum, im-

plying poorer conduction, so this was not ideal, but appears to have prevented

further cantilever snapping. In order to put down the prerequisite area of platinum

with a beam current of 0.5nA, the overlap had to be reduced to 10% and a dwell of

100µs set. The platinum depth calibration for a single pass should have produced

an ≈ 1 nm film which was too thin to see in cross section. An additional conduct-

ive bridge of FIB deposited platinum was then added joining the cantilever to the

alignment chip, to increase mechanical strength, and conductivity, as shown in

figure 7.16.

A series of depth tests and cross sections were performed in order to calibrate
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milling through the quartz-like like material. Depth calibrations for a series of

bullseye gratings were performed, with 1000 passes at 0.5 nA found to produce

ridges of a depth ≈ 150 nm corresponding to λ
4

for a 633 nm wavelength system,

shown in figure 7.17 a). A total of four bullseye gratings were milled in this manner,

with pitches of 400 nm,500 nm,600 nm, and 700 nm. Due to the size constraints of

the quartz-like cantilevers, each probe had two bullseye gratings defined, with a

50µm spacing, shown in figure 7.17 c) and d). The probes where then removed,

and coated via magnetron sputtering with a 200nm thick gold film.

The gold coated tips were then placed back into the dual-beam system, and aper-

tures were defined in the gold at the centre of the bullseye grating. The resulting

structures shown in figure 7.18. These antennas have a double grating struc-

ture due to the conformal deposition of gold. An attempt at micro-spectroscopy

(MS) was made, however it was not possible to observe transmission through the

apertures due to light spillover from the edges of the cantilever. A variety of fine

apertures and beam conditions were explored, but this problem was unresolvable.

A second set of bullseye gratings on AFM tips were fabricated, however the gold

deposition was performed with the probes taped to a thin gold microscope slide.

The intention was that this would provide a natural mask, through which MS signal

could be observed. However it was found that the shadowing provided by the

cantilever did not mask the gold under the cantilever. Therefore a window was cut

beneath the aperture via FIB milling. See figure 7.19 for the completed set, and

note the large spatial gap between cantilever and substrate in which the window

is defined. These new tips also proved impossible to characterise using MS, likely

due to a combination of probe alignment, and the working distances of available

optics.
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Figure 7.17: SEM micrographs showing various stages of the fabrication of cir-
cular gratings defined in the quartz like material of QP-Cont probes. a) A cross
section of a grating after 1000 passes of a 0.5nA FIB beam. The depth of grooves
varies, but appears to be ≈ λ

4
for a 633 nm beam (≈ 150 nm±10 nm). The top most

layer is e-beam deposited platinum, used as a contrast material. b) Tilted im-
age of the 600 nm pitch grating. The poor contrast is due in part to continuing
issues with charging, and the lack of a contrast material. c) The first probe, with
400nm and 500nm pitch gratings. Note the continuing issues with charging. d)
The second probe with 600nm and 700nm pitch gratings.
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Figure 7.18: SEM micrographs of the completed grating structures. These were
defined via FIB milling directly into tip-less quartz-like cantilevers. These were
then covered in a thin gold film via magnetron sputtering, before a final aperture
was milled by FIB patterning.
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Figure 7.19: SEM micrographs of the attempt to produce a probe with a grating
for micro-spectroscopic characterisation. In image a) the minimum zoom image
of the probe, showing cantilever and alignment chip, with conductive (bright) gold
covering the entire area beneath the cantilever. b) the cantilever apex, with bull-
seye grating defined. This was produced by the same means as the previous
set, with a grating patterned into the quartz, and a gold layer deposited after-
wards.Image c) shows the alignment markers used in order to position the win-
dow in the glass beneath the cantilever. As can be seen the depth of focus is
such that the cantilever is blurred when the gold film beneath is in focus.
d) is an image of the entire system at 52◦ tilt, to give a sense of scale.
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7.5 Tip-less cantilevers with membrane defined gold

structures

A fundamental problem with all of the previously shown apertures in gold coated

cantilevers is that they are milled from the tip side, and therefore the sloped profile

of FIB milling will create an inverted structure with a lower theoretical resolution

than those modelled or fabricated on planar gold. In addition since MS on the

quartz-like tips proved challenging, it was not possible to characterise the grat-

ings defined in the quartz-like material, and since the exact permittivity of the

material is unknown, attempts at producing an ideal pitch through theory are not

possible. In order to address these problems, it was necessary to fabricate the

final aperture through the rear of a probe. To this end a series of quartz AFM

probes with no tips were obtained, with the intention of coating them with gold

on the tip(less) side and milling through the quartz from the rear. This would

leave a thin gold membrane on the tip(less) side, which could be milled freely

from the rear. Initial depth tests were performed, using a 0.5 nA FIB current, it

was not possible at this current to see the jump in current on the endpoint monitor

normally associated with breakthrough. By milling a small numbers of passes it

was possible to obtain a rough estimate of the total number of passes required to

clear the quartz-like layer. Using this rough estimate, a milling of 2000 passes at

0.5 nA FIB current, was found to be enough to clear the quartz-like material. By

choosing fewer passes (1900), and then switching to a lower current (0.5 pA), it

was possible to observe the breakthrough point visibly in the SEM. Breakthrough

was indicated by the appearance of the characteristic gold "webbing" as seen in

figure 7.20.

This left the cantilever with a clean gold membrane, onto which structures could

be fabricated. An initial test bullseye was defined, with a pattern pitch of 800 nm,
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a) b)

c) d)

Figure 7.20: SEM micrographs of various stages in preparation for fabricating bull-
seye gratings in gold membranes on QP-Cont probes. a) The breakthrough point,
the central region of the large window shows webbing indicative of gold milling.
Around this webbing area is a remaining thin quartz film. b) A completed bullseye
grating defined in this gold membrane. c) A cross section through a bullseye grat-
ing, so that the depth of grooves can be measured. Because of the complexity of
the technique, and small cantilever area, cross section characterisation was very
limited. d) Image of the cantilever after fabrication of test structures. The large
hole on the top right is from a very rough depth test milling. The central feature is
the BNA with cross section shown in c).
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using 4000 passes at a 50 pA beam current.The resulting structure was cross

sectioned. The result of which is shown in figure 7.20, and found to have grooves

of ≈ 184 nm depth. Due to the limited size of the cantilever, and inherent difficulty

of fabrication, multiple cross sections were not performed. At this point the test

structures were back filled with FIB deposited platinum, in order to ensure the

structural stability of the tip, and to remove alternative optical paths that would

otherwise be present in future optical measurements, and which could cause

artefacts.

A new membrane, and bullseye grating was then defined near the apex of the can-

tilever, using the same settings as the test structure. This grating had a 400 nm

aperture milled into its centre (corresponding to a half wavelength for an 800 nm

incident beam). The resulting structure, shown in figure 7.21, was found to have a

section of complete gold breakthrough. The bottom edge of the grating had fully

milled through the gold membrane. In an attempt to understand the reason for

this breakthrough (as compared to the test structure, which didn’t suffer from this),

the entire probe was rotated 90◦ in plane. As can be seen in figure7.21 the can-

tilever is bent significantly near its apex. This had not previously been observed,

because of the standard imaging and patterning orientations, but is not entirely

unexpected. If these tips had been designed to work with a cantilever deflection

of 10◦ as with the Cont-Al-G silicon tips, then the deflection might be an intentional

aspect of the design. We believe this deflection is the cause of the breakthrough

at the bottom of the bullseye grating, via several possible effects. Gold deposition

might have produced a thinner film in the bent region. The cantilever apex will be

closer to the ion source, and depending on focal conditions might be preferentially

milled. The cantilever itself might be thinner in this bending region.

These issues are thought to be resolvable.

As a workaround, the over-milled region was backfilled with platinum, the final
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a) b)

c) d)

Figure 7.21: SEM micrographs of final bullseye grating.
a) Grating with aperture defined on membrane near cantilever apex.
b) The same grating, from top down. The bottom region appears to have milled
fully through gold.
c) An image of the cantilever after rotating 90◦ in plane. The cantilever is not level,
but bends upwards. This explains the preferential milling near the bottom of the
bullseye shown in b). The orientation is such that the over-milled region is on the
left side in this image.
d) A more detailed image of the grating, with same orientation as in c).
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Figure 7.22: An SEM micrograph of the structure shown in figure 7.21. The
overmilled region has been filled with FIB deposited platinum to prevent optical
transmission through the region.
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result of which is shown in figure 7.22. While care was taken to avoid platinum

deposition on the gold region, it was unavoidable. However the platinum coating

on the grating may not present an insurmountable issue, since the plasmonic

resonance occurs within the gold, and the grating is merely a geometric method

of overcoming the momentum miss-match between the plasmon mode, and the

incident beams in plane momentum.
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Chapter 8

Conclusion

8.1 Summary

A cut-cross antenna was proposed as a promising structure for magneto-optical

near-field imaging, due to its polarisation insensitivity, and theoretical field dis-

tribution. Finite element modelling was performed, with initial models confirming

the suitability of modelling in recreating the MOKE signal from thin films. This was

done for models representing both the polar, and longitudinal magneto-optical

Kerr effect. During this initial modelling discrepancies regarding the sign con-

vention in the definition of the complex permittivity of a magnetic material were

resolved. Plasmonic effects were introduced into these models, through a series

of simple gold disc antennas. These exhibited strong MOKE signal enhancement

(up to a 40x increase for a 140nm diameter disc). A move towards a cut cross

antenna geometry, which was a likely candidate for strong field confinement, was

made. Results from these models showed a clear enhancement of the MOKE

signal, as well as strong field localisation in the near field. These features per-

sisted across several modified antenna, including antenna designed to mimic real

world structures. Similar real world antenna were produced through FIB milling
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of gold thin films on magnetic multi-layers. The effects of FIB induced gallium

poisoning were observed, and a gold floating technique to avoid this problem was

developed. This technique involved the deposition of gold films on a water sol-

uble compound. These gold films are then FIB milled with the desired structures,

and this film can then be floated onto an undamaged magnetic substrate. How-

ever this technique proved to have unforeseen problems, in the form of capillaries

that would form under FIB milled regions. Work was performed in an attempt to

circumvent these issues, however the results of this are so far inconclusive. Des-

pite fabrication issues preventing magneto-optical characterisation of real world

antenna structures, it was possible to characterise structures using bright field

transmission spectroscopy. The cut-cross antennas displayed promising spectral

characteristics in these measurements, reinforcing the modelling results. Con-

current to the work on planar films, a platform for near-field microscopy was

developed. Through modification of commercially available AFM tips, suitable

near-field optical probes were fabricated. These probes allowed near-field meas-

urement of magnetisation, and magneto-dynamics with resolution comparable to

diffraction limited imaging. Additional fabrication of more complex probe proto-

types was performed, and the potential for creating a strongly sub-wavelength

probes in the near future is high.

8.2 Future work

Alternative approaches are required to realise enhancement of the magneto-

optical signal from planar films. Alternative float techniques (which don’t suffer

from the capillary effects outlined in chapter 6), or alternative fabrication methods

in multilayer films, could be employed.

The introduction of additional or alternative solvents than water (and polymer films
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which are not soluble in water), may allow the capillary issue to be bypassed. Al-

ternatively an inverted float technique could be pursued in which the film is floated

and then inverted, before additional processing is performed on the top side (the

capillary side). The capillary issue may be bypassed completely through other

patterning techniques (such as electron beam lithography, and a suitable lift-off

technique) since these would bypass the gallium poisoning that led us to pur-

sue a floating technique initially. Alternative sacrificial spin coated layers, and

solvents should be explored in order to find the correct balance between film in-

tegrity, and lack of capillary features. If it’s possible to overcome the capillary

issue or achieve fabrication of the cross shaped aperture by other non-damaging

means, then a full scale real-world parameter exploration and optimisation of the

observed magneto-optical response would be desirable. The modelling suggests

a complicated relationship between the gold thickness, cross length, and the geo-

metry and optical properties of the dielectric layer. Since models have shown ab-

solute rotation increases from limited regions of interaction, it may be possible to

create suitable meta-material multi-layer structures which show a greater Kerr ro-

tation than would be found in the magnetic material alone. However the pursuit of

a near-field magneto-optical microscope, does not depend on the planar antenna

fabrication. In addition the issues with planar antenna fabrication, are avoided in

the final operating mode of the integrated AFM microscope (the magnetic sample

is completely separate from FIB milling of the AFM tip). Several possible fabric-

ation methods for tip modification were outlined in chapter 7. Future optimisation

of these techniques, resulting in structures closer to those shown in modelling,

would lead to a marked increase in field confinement (fine cross apertures, rather

than circular apertures), and potentially throughput (circular gratings could be

used successfully in a low field environment). The simplest route would be to

expand upon the successful near field SNOM like probe, through the creation of

new tips, with different aperture design (i.e. the cross aperture used in the planar
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experiments). However this technique leads to apertures with larger features on

the sample side than the illumination side, and therefore lower potential imaging

resolution. Alternatively the planar style tips milled into a gold membrane may

could be pursued, as outlined in chapter 7 section 7.5. This style of tip has the

advantage of smaller feature size on the sample side (and therefore a potentially

higher spatial resolution for imaging), and the potential for grating integration.

However fabricating the membrane is challenging, and for practical use, a sloped

membrane would be needed to counter the ≈ 9 deg angle between the AFM tip

and a sample (see chapter 3 figure 7.2). The practical challenges in fabricating

this type of tip structure are steep, however the pay-off would likely be a higher

resolution probe with a great deal of flexibility in the kinds of antenna structures

that could be used. As a starting point, a cross shaped antenna with a wavelength

dependent suitable cross length chosen from modelling or spectral results found

in this thesis, should be tried. After this the effects of adding a circular grating to

the aperture should be studied. If a strongly sub-wavelength focussing antenna

is successfully integrated into the platform that has been developed, the poten-

tial for magnetisation dynamic characterisation would be enormous. This would

have broad implications for characterisation of numerous spintronic and magnonic

devices, with hard disk drive write head structures, spin transfer vortex oscillat-

ors, and candidate magneto-resistive random-access memory (MRAM) cells of

immediate interest.
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