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Abstract

In this thesis, a method to detect mode conversion in photonic waveguides induced
by magnetic claddings has been investigated by means of numerical calculations. Ex-
perimentally, mode conversion can be detected by measuring the intensity of light
transmitted through an unbalanced Mach-Zehnder interferometer while scanning a
certain wavelength range. Initial transmission measurements on interferometers with-
out magnetic claddings revealed interfering components not expected to be present
without the magnetic cladding. This work investigates how the mode conversion can
be detected in the presence of these additional interfering modes, how the magnetic
state of the cladding can be identified and what improvements can be made to the
device design. Therefore, an expression of the transmission intensity for such an
interferometer was derived.

The calculated interference signal can be analyzed by use of the Fourier trans-
formation, delivering a spectrum of interfering electric field components of the light
present within the signal. This spectrum can be used to identify the component
which emerges due to mode conversion by the magnetic cladding. The magnetic
state of the cladding can be identified by extracting the phase of the signal using
again Fourier transformation. For calculations with positive and negative Kerr rota-
tions, corresponding to opposing magnetizations, a relative phase difference of 180◦

can be observed at the spatial frequency corresponding to the component generated
by the magnetic cladding. This 180◦ phase difference is in line with expectations
when considering how the electric field component is manipulated for opposing mag-
netization orientations. Significant improvement to the results obtained by Fourier
transformation is obtained by application of windowing functions. These window
functions mitigate spectral leakage, or peak broadening due to discontinuities at the
ends of the transmitted signal. The spectral leakage caused strong deviations in the
determination of the relative phase difference, detrimental to the ability to distinguish
opposing magnetization orientations. The calculations are also used to investigate
how various device parameters affect the results, and the insights obtained from this
are used to suggest future device designs.

Additionally, experimental work has been performed to contribute towards the
fabrication of the periodically alternating magnetic claddings, envisioned for en-
hanced mode conversion. These magnetic structures can be formed by periodically
modulating the anisotropy and applying an external field to only switch areas with
reduced anisotropy. Local anisotropy reduction is accomplished by irradiation with
a focused ion beam. The change in anisotropy is systematically studied by recording
the coercive field as a function of ion dose. Significant contrast in coercivity is ob-
served at a Ga dose of 1 × 1013 ions/cm2, which allowed the formation of periodically
alternating magnetic structures with an alternation period of 1, 2, and 3 µm.
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Chapter 1

Introduction

In this chapter the concept and applications of photonic waveguide devices with
magnetic claddings are introduced. To do so, their relevance to the development
of integrated circuits and magnetic data storage are discussed in the following two
sections. Additionally these section introduce the work performed in this thesis to
contribute towards the development of the magnetic cladding devices. The final
section offers a brief overview of the contents of this thesis.

1.1 Integrated circuits

In the past couple of decades silicon integrated circuits have seen a vast improvement
in performance. As transistors continued to decrease in size, operating speeds in-
creased while at the same time reducing the fabrication costs. However, fundamental
limits are imposing a threat to the ability of the semiconductor industry to continue
scaling at the pace of Moore’s law [1]. As a consequence of downscaling within the
nanometer regime, reliability issues, power loss and instabilities arise [2]. Hence,
innovative designs are deemed necessary to overcome these challenges.

One of such innovative concepts is the photonic integrated circuit [3]. Such de-
vices use light instead of electronics for computing and signal processing. Confining
the light in a thin membrane offers possibilities to integrate photonics at high den-
sities. The potential high bandwidth and energy efficient communications inherent
to photonics can offer advances in modern-day technology through close integration
with electronics. One promising approach to this heterogeneous integration is the
InP membrane on Silicon (IMOS) platform, as illustrated in Figure 1.1. With this
platform the strengths of both technologies can be utilized.

Many photonic building blocks are to be realized to utilize the full potential of
photonics in the IMOS platform. At present various building blocks have been de-
veloped, such as optical modulators and polarization converters capable of full mode
conversion [4]. Part of the work in this thesis will contribute towards the realization
of integrated mode converter which can be toggled on or off. Mode conversion is
possible by polarization rotation induced by the magneto-optic Kerr effect (MOKE).
The MOKE describes a change in polarization upon reflection off magnetic material,
similar to the Faraday effect which occurs upon transmission. The device envisioned
can be realized by implementation of a magnetic cladding on top of a waveguide. In-
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CHAPTER 1. INTRODUCTION

Figure 1.1: Artist’s rendition of a photonic integrated circuit bonded to an electronic
integrated circuit, obtained from [3].

vestigation on such devices reveals that, by periodic modulation of the magnetization
in the cladding, the magneto-optic effects can be enhanced [5–8]. The mode converter
can then be toggled on or off by switching the cladding between the alternating or
uniform magnetic state, possible by application of an external field.

Additionally the polarization conversion is nonreciprocal, which entails that the
effect depends on the direction of propagation. This property can be exploited to
realize an optical isolator, but also requires much higher polarization rotation than
currently deemed achievable. Photonic integrated circuits could benefit greatly from
an integrated optical isolator, as it prevents backscattering of laser light detrimen-
tal to the laser performance [9], but integration of isolator materials with photonics
platforms has been quite challenging [10, 11]. Therefore it may be worthwhile to
investigate possible ways to further control the nonreciprocal effects with these alter-
nating magnetic structures.

In this thesis, contributions towards the realization of these periodically alternat-
ing magnetic claddings are made. Such structures can be realized by fabricating
a magnetic strip in which the anisotropy is locally and periodically reduced. The
magnetization of areas with reduced anisotropy may switch at lower field strengths.
Thus, when initially saturating the magnetization along one direction, application of
magnetic field opposite to this direction can cause magnetic reversal in the manipu-
lated areas and create a periodically alternating magnetic pattern. Local and precise
modulation of anisotropy can be accomplished by use of a focused ion beam (FIB)
[12]. This work will investigate the relation between irradiation dose and coercivity
change in order to produce periodically alternating magnetic strips.

Additional interest in the magnetic waveguide claddings can be found in the field of
magnetic data storage, as elaborated on in the next section.

1.2 Data storage techniques

Along with the ever growing amounts of data comes the quest for more efficient data
storage techniques. Ever since its introduction, hard disk drives (HDDs) have been
the storage device of choice due to their low cost to storage ratio. While current
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Figure 1.2: Illustration of magnetic racetrack memory before and after moving bits
past a read and write head by application of a current pulse, adopted from [16].

progress amounted to a phenomenal areal density exceeding 1 Tb/in2, further im-
provement appears to be slowing down [13]. Much of this progress has been achieved
by decreasing the bit size, but limitations to further downscaling are imposed by the
superparamagnetic limit [14]. Also, in order to achieve higher data transfer rates,
faster disk rotation is required. This comes at the cost of more power consumption
and potential cooling solutions [15]. Solid state drives (SSDs) offer faster data trans-
fer rates and contain no moving parts, but are much more expensive. The lifetime of
both techniques are also limited by wear and tear, either mechanically due to movable
parts in the case of HDDs, or electronically due to electron accumulation in SSDs
[15].

One particular storage technique envisaged to overcome the above mentioned
shortcomings is the magnetic racetrack memory, proposed by Parkin et al. [16]. This
device consists of wires in which bits are stored in the form of magnetic domains,
as illustrated in Figure 1.2. The value of each bit is represented by their magnetic
state, indicated in the figure by the red and blue sections. To access a certain bit
within the device, the magnetic domains are moved throughout the wire towards read
or write elements by application of a current. Racetrack memory show potential to
provide storage with the high performance and reliability of SSDs at the low cost of
conventional HDDs [16].

The original data readout technique proposed in the article by Parkin et al. is by
use of the magnetic tunnel junction, similar to conventional HDDs. The magnetic
state can be determined by measuring the tunnel magnetoresistance, which means
it relies on electric processes. Photonic integration could allow for advancements in
high bandwidth and energy efficient data communication as discussed in the previous
section. Data reading can be achieved all-optically by use of the MOKE, which as
previously mentioned describes a change in polarization upon reflection. This change
in polarization depends on the magnetic state of the material the light reflects off,
and thereby the value of bits as pictured in red and blue in Figure 1.2 can be read.
Hence, by intersecting the racetrack memory with a waveguide as pictured in Figure
1.3, the racetrack locally forms a waveguide cladding and can function as a read
element at the point of overlap.

3
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Figure 1.3: Graphical illustration of data readout by crossing of a magnetic racetrack
with a photonic waveguide, obtained from [17].

The device proposed to detect and investigate the change in polarization induced
by a magnetic waveguide cladding is the Mach-Zehnder interferometer, as illustrated
in Figure 1.4. Briefly described, this device consists of two pathways which are
asymmetric in length and only support the fundamental TE and TM mode. Inserting
light purely polarized in the TE mode, this light is fully converted to TM by a
polarization converter in one of the branches. Within the second branch light is
partially converted from the TE mode to TM due to polarization rotation induced
by the magnetic cladding. When the wavelength of the inserted light is scanned
across a certain range, these emerging TM modes interfere which can be observed
by measuring the output intensity as a function of wavelength scanned. Thus when
magneto-optic effects induce polarization rotation, this should be detectable from the
oscillation in transmitted signal as a function of wavelength. Without conversion by
the cladding, this interference signal should be absent.

At the time of writing, these measurements have not been performed yet. Ini-
tial measurements without a functional magnetic cladding revealed oscillations in the
intensity not expected to be present within the signal. In this thesis, calculations
are made to aid towards the understanding of these measurements and upcoming
measurements with the magnetic cladding. The components of the devices are de-
scribed by mathematical expressions in order to calculate the expected signal as a
function of the wavelength. These results are then used to investigate how measured
features can be analyzed to detect mode conversion, how measurements with oppos-
ing magnetization directions can be distinguished and study the influence of specific
parameters.

BRANCH 2

BRANCH 1

POLARIZATION CONVERTER
MAGNETIC CLADDING

ADDED PATH LENGTH

TE IN TM OUT

Figure 1.4: Graphical illustration of the Mach-Zehnder interferometer proposed to
detect magneto-optic mode conversion.
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1.3 Thesis structure

Device concepts based on magnetic waveguide claddings show great potential to con-
tribute as valuable components to photonic integrated circuits. To realize these de-
vices, many steps are to be taken. In this thesis numerical calculations have been
employed to inquire information on the detection of mode conversion by magnetic
claddings, and experimental work has been performed to contribute towards the fab-
rication of periodically alternating magnetic claddings.

This thesis is structured as follows. In Chapter 2, the relevant theoretical back-
ground is introduced. The first two section of this chapter describe some of the theory
behind magnetism and optics, after which the origin and mechanisms of magneto-
optic effects are discussed. Chapter 3 provides details on the experimental tools and
modeling of the interferometer to detect magneto-optic conversion. The results ob-
tained from the model introduced in the previously mentioned chapter are presented
and discussed in Chapter 4. Chapter 5 discusses the characterization of periodically
alternating magnetic structures, fabricated by use of focused ion beam irradiation.
Finally, the conclusion and outlook are presented in Chapter 6.
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Chapter 2

Theory

The theory behind this project can be divided into two distinct topics, namely mag-
netism and optics. The relevant theory behind both of these topics are described in
this chapter. First off, the physical phenomena relevant to magnetism are discussed.
The second section describes the basic principles of light and its behavior in waveg-
uides. Having discussed both magnetism and optics, the chapter is concluded with a
section on magneto-optic effects.

2.1 Magnetism

This section discusses the various interactions that give rise to ferromagnetic phe-
nomena relevant to this research and how the magnetization is influenced by the
material anisotropy. Additionally it will be described how this anisotropy can be
manipulated, and the final part will elaborate on the formation and manipulation of
magnetic domains.

2.1.1 Magnetic anisotropy

The tendency for a magnetic moment to align along a certain axis originates from
the magnetic anisotropy. Commonly, two opposing directions are easy to magnetize
along, and the axis they lie on is referred to as the easy axis. Several different
factors contribute to this magnetic anisotropy, and the energy related to the resulting
alignment along a single easy axis can be expressed as [18]

Ea = KaV sin2 θ, (2.1)

where Ka is the anisotropy constant, V the material volume and θ the angle between
the magnetic moment and the easy axis. The anisotropy is key to the realization of
out-of-plane magnetic structures. The relevant anisotropy components which deter-
mine the easy axis orientation and alignment strength are discussed in this section.

Shape anisotropy describes the formation of any easy-axes dependent on the de-
magnetizing field. This demagnetizing field can be related to the object geometry.
It tends to align itself, and therefore the magnetic moment, along the longest axis of
an object [18]. For a magnetic thin film, when the shape anisotropy is dominant, the
alignment would thus be pulled towards the plane of the sample.

7



CHAPTER 2. THEORY

Another anisotropy source is magnetocrystalline anisotropy, which is related to
the crystal structure. It primarily arises from interactions between orbitals contain-
ing the unpaired electrons and the crystal lattice generated electric field [19]. The
electron orbitals favor a certain crystallographic direction due to hybridization of
neighboring atoms within the periodic lattice. Consequently the spin-orbit interac-
tion, which as the name describes couples the spin orientation to the orbital motion,
aligns the spins along a crystallographic axis. Another source of magnetocrystalline
anisotropy arises from magnetic dipole interactions. Considering two dipoles, a head-
to-tail configuration is energetically favored compared to a broadside configuration.
However, when extending this interaction over an entire lattice the sum vanishes for
certain lattices, whereas it can form a considerable source of anisotropy for non-cubic
lattices [18].

To illustrate the role of magnetocrystalline anisotropy for this study, consider an
ultrathin magnetic film. In the bulk of a magnetic film, this anisotropy source favors
an in-plane magnetic moment. At any surface or material interface however, the well-
defined periodicity of the lattice is interrupted. At these broken symmetry surfaces,
the spin-orbit interaction tends to align spins at the interface perpendicular to its
plane. Therefore it is useful to divide the magnetocrystalline anisotropy into a volume
and surface or interface component. The volume component, along with the shape
anisotropy, compete with the surface component for an in-plane versus out-of-plane
magnetic moment respectively. Hence, for very thin samples as investigated in this
study where the surface component often dominates, out-of-plane magnetization is
observed. Anisotropy which favors this perpendicular magnetic orientation is referred
to as perpendicular magnetic anisotropy (PMA).

While the orientation of the magnetic moment is influenced by the anisotropy,
it can also be manipulated by external magnetic fields. The magnetization tends
to align along the direction of the applied field as described by the Zeeman energy
[20]. The combination of anisotropy and external fields leads to some interesting
phenomena, depending on the direction of the applied field with respect to the easy
axis. Consider a uniformly magnetized particle with a single easy axis. Switching the
magnetization can be done by applying a field along the easy axis, anti-parallel to
the initial magnetic moment. However, the magnetization likes to stay aligned with
the easy axis. Therefore, a field strength threshold needs to be overcome to switch
the magnetization, which is referred to as the coercive field. An external field could
also be applied perpendicular to the easy axis, along its hard axis. In this scenario
the magnetization is increasingly pulled away from the easy axis, depending on the
applied field strength. The behavior of the magnetic moment (along the applied field
direction) as a function of an external field, applied along the hard and easy axis,
is depicted in Figure 2.1. Based on the magnetic response to an externally applied
field, it can be verified whether PMA is present. This verification method will be
particularly useful when manipulating the anisotropy.

As the properties of magnetic anisotropy depend on interface effects, the ability
to distort these interfaces makes it possible to manipulate it. Altering the anisotropy
can be done by irradiation with a focused ion beam (FIB). A FIB is commonly applied
for imaging or material ablation purposes, but for very low irradiation doses it can be
used to manipulate magnetic properties [21, 22]. The effect can be illustrated by con-
sidering the atomic arrangement of a typical Pt/Co/Pt multilayer, as shown in Figure

8



CHAPTER 2. THEORY

APPLIED FIELD (MT)

M
AG

N
ET

IZ
AT

IO
N

(A
/M

)

EASY AXIS
HARD AXIS

Figure 2.1: Graphical illustration of the magnetization component parallel to the
applied field for a uniform magnetized particle as a function of the applied field
strength.

2.2. For ultrathin cobalt layers, these stacks are expected to exhibit strong PMA due
to the strong spin-orbit coupling at the large and well-defined interfaces. For very
low FIB irradiation doses, the anisotropy strength can be reduced. This reduction
of anisotropy has been attributed to the intermixing of platinum and cobalt atoms
at the interfaces [21], as pictured in Figure 2.2. The increased roughness reduces
the interface component of the magnetocrystalline anisotropy, and can even trigger a
reorientation of the easy axis [23]. As the cobalt penetrates more easily into the plat-
inum than the other way around, the intermixing is predominately caused by cobalt
movement [21]. Additionally, cobalt atoms knocked upwards through secondary col-
lisions travel less far than cobalt atoms knocked downwards. Consequently, cobalt
at the upper interface typically travel one interatomic distance, which contributes
to interface roughness, whereas the lower interface undergoes intermixing at a long
scale, prompting alloy formation. With the ability to focus the ion beam to a spot
size around 10 nm, FIB irradiation can be used to manipulate magnetic anisotropy
at very small scales. This localized variation in anisotropy allows for the restriction
of domain wall propagation, which makes it possible to generate somewhat more
complex magnetic structures, as is expanded upon in the next section.

2.1.2 Magnetic domain theory

While the magnetic anisotropy can define an easy axis, it does not necessarily dictate
a preferred direction of alignment, meaning that spins could still orientate antiparallel
with respect to each other. The interaction which causes spins to align in a parallel
configuration, for ferromagnetic media, is known as the exchange interaction [18].
Therefore regions may form in which magnetic spins are aligned entirely antiparallel
to their neighboring region. These regions of uniform spin alignment are referred to
as magnetic domains, and the regions separating these domains are domain walls.
Throughout a domain wall, spins gradually rotate in orientation from one domain to
another. The width of these walls is imposed by the competition between the ex-
change interaction and magnetic anisotropy [18]. Exchange interaction favors parallel
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Figure 2.2: Schematic illustration of the atomic arrangement of a Pt/Co/Pt stack
before and after low dose FIB irradiation.

spin alignment and thus increases the domain wall width, while anisotropy prefers
easy axis alignment, which decreases the width. The formation of domains can be
energetically favorable when considering the magnetostatic energy, which is related
to the magnetic field formed by the magnetization. Creating oppositely aligned do-
mains may reduce this magnetostatic energy and thereby be preferred to uniform
magnetization [24].

Magnetic domains are furthermore dynamic, in a sense that the domains can be
affected by magnetic fields and thermally driven effects. Consider a magnetic thin
film with PMA, whose magnetic moment is saturated in one direction. Applying
a magnetic field antiparallel to this initial magnetization tends to reverse the mag-
netization, but for many cases this does not happen uniformly. The reversal often
nucleates from one or several points within the film at points where the anisotropy
is lower, typically at defects or at the edge of a sample. Under the influence of a
strong enough magnetic field, more spins in the domain wall surrounding the nucle-
ated domain tend to align with the applied field, effectively expanding the domain.
These defects can also hinder the domain wall propagation and are correspondingly
referred to as pinning sites. Neglecting thermal effects, these pinning sites exert an
equal and opposite force to the driving force propagating the domain wall, up to a
certain threshold. By applying forces beyond this threshold the domain wall motion
is minimally impacted by the pinning sites. The pinning potentials can also be over-
come by thermal fluctuations, which means that domain wall propagation can occur
below the pinning threshold force.

When the anisotropy difference between two regions is large enough, the domain

10
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wall motion can be hindered by this anisotropy gradient. This makes it possible to
reverse the magnetization in one region, without reversing the region with higher
anisotropy, assuming that the driving force is not strong enough to overcome this
anisotropy barrier. As described by the previous section, FIB irradiation can locally
modulate the anisotropy at very high precision. This allows for the fabrication rather
interesting magnetic structures, such as discussed in Chapter 5.

2.2 Optics

This section briefly introduces the basic properties of electromagnetic radiation funda-
mental to this research, after which the theory behind optical waveguides is discussed.

2.2.1 Electromagnetic radiation

In classical physics, light can be considered to consist of oscillating electric and mag-
netic fields. These electromagnetic waves propagate at the speed of light in free space
and can be characterized by their frequency, intensity and polarization [25]. The po-
larization refers to the orientation of the electric field as the wave moves through
space. Pure polarization states along with superposition can give rise to several dif-
ferent states of polarization: linear, circular, elliptic or unpolarized [25]. The ability
to manipulate and monitor the polarization is key to measurement techniques and
applications involving magneto-optic effects. Furthermore, the superposition of waves
polarized along the same direction allows for interference patterns by constructive and
destructive interference, vital to measurement methods such as described in Section
3.1.

The speed as well as the direction of light can be altered upon crossing from
one medium into another. This change in direction is described by Snell’s law. In
equation form, the angle θ1 and θ2 of the incident and refracted wave are related
according to

n1 sin θ1 = n2 sin θ2, (2.2)

which shows how its effect depends on the refractive indices n1 and n2. These re-
fractive indices are material dependent properties, which indicate the ratio between
the speed of light and phase velocity within the material [25]. The behavior as de-
scribed by Equation 2.2 can result in total internal reflection for certain refractive
indices and incident angles. This phenomenon can be exploited to confine light within
waveguides.

2.2.2 Waveguides

Waveguides can be defined as structures designed to guide light. Usually this is done
by confining the light in two dimensions, while it can propagate freely in the third
dimension. This confinement can be managed by total internal reflection. To obtain
this type of reflection, the refractive index of the medium surrounding the guiding
region should be lower than that of the guiding regions itself. According to Equation
2.2, the angle of transmission is then always larger than the angle of incidence. By
increasing the angle of incidence past a certain threshold, known as the critical angle,
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Figure 2.3: Illustration of a dielectric slab waveguide guiding a mode, obtained from
[26].

the refracted angle should be larger than 90◦. In that case, no transmission into the
surrounding medium can occur.

To provide more insight on the design requirements for a waveguide, Maxwell’s
equations are solved for a typical waveguide. These equations will reveal a math-
ematical formulation for the electromagnetic waves inside a waveguide, which form
the basis for the model set up in Section 3.5. A simple dielectric slab waveguide vari-
ant shall be considered, as pictured in Figure 2.3. In this design, waves are guided
along the z-axis, with its width and height confining the waves in the x-direction and
y-direction respectively. Hence, assuming all fields are monochromatic and have a
harmonic time dependence eiωt, the electric and magnetic field vectors ~E and ~H are
expected to follow the form:

~E(x, y, z, t) = ~E(x, y)eiωt−iβz, (2.3)

~H(x, y, z, t) = ~H(x, y)eiωt−iβz, (2.4)

in which β is the phase constant to be determined by Maxwell’s equations. To simplify
the problem, only a two dimensional slice of this waveguide shall be considered for
now, in which its width is disregarded. Maxwell’s equations for this case can be
written as [26]

~∇× ~E(x) = −iωµ ~H(x), (2.5)

~∇× ~H(x) = iωε0n
2(x) ~E(x), (2.6)

where µ is the permeability, ε0 the vacuum permittivity and n the refractive index
distribution. By substitution of Equations 2.3 and 2.4 and assuming homogeneous
and isotropic media, the Equations 2.5 and 2.6 can be reduced to:

~∇2 ~E(x) +

(
ω2

c2
n2(x)− β2

)
~E(x) = 0. (2.7)

Solutions to this equation can be found by setting up proper boundary conditions. A
first condition can be identified by considering that the tangential fields must match
at all times t and positions z along all interfaces. This condition implies that ω
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and β are equal inside and outside the guiding layer. The confinement of the waves
around the guiding layer reveals a second boundary condition: the field amplitudes
should attenuate to zero at an infinite distance. To fulfill this condition, the relation
ω2

c2
n2(∞) < β2 must hold. Consequently, the fields decay exponentially along the

x-direction outside of the guiding layer. Within the guiding layer the boundary
conditions imply that ω2

c2
n2(x) > β2 should hold, which gives oscillatory solutions to

the wave equation. Multiple solutions and thus multiple modes can be found, which
indicate the shape of the electric field, depending on the structure design. The exact
details behind these modes are not discussed here, but two types of modes essential
to this study can be distinguished, namely TE and TM modes.

These TE and TM modes can be distinguished by the orientation of their elec-
tromagnetic fields within the waveguide. In the TE mode the electric field is fully
transverse with respect to the propagation direction, whereas the TM mode is char-
acterized by its transverse magnetic field. Dielectric slab waveguides as discussed
here always confine the fundamental TE and TM modes, and potential higher order
modes depending on the waveguide properties [27]. In general these TE and TM
modes posses a different phase constant, which means they effectively propagate at
a different speed and can be related to an effective refractive index:

neff =
β

ω/c
. (2.8)

The difference in propagation speed due to different effective refractive indices can
be exploited to discern the two modes, as explained further in Section 3.1.

To understand and investigate the propagation of light in more complex struc-
tures, numerical methods can be used. One of such methods is the finite-difference
time-domain (FDTD) method, widely used for calculating electromagnetic radiation
interacting with material structures. This method discretizes structures into finite
elements, and for each of those elements the electromagnetic field components are cal-
culated according to Maxwell’s equations. Such numerical methods are particularly
useful to uncover the workings of novel system designs, which for instance involve
magneto-optic effects as described in the next section.

2.3 Magneto-optic effects

Magneto-optic effects describe the phenomena that arise resulting from interaction
between light and magnetized matter. Textbook examples of such effects are the
Faraday effect and Magneto-optic Kerr effect (MOKE). Whereas both effects de-
scribe changes to light, the former occurs upon transmittance through magnetized
material. The latter effect occurs upon reflecting off magnetic material. The MOKE
allows to visualize the magnetization within a material and is therefore a vital tool
to magnetism. Briefly described, considering initially linearly polarized light, these
magneto-optic effects induce a slight Kerr rotation and ellipticity. The origin of this
effect derives from the difference in permittivity for left (LCP) and right circularly
polarized (RCP) light and will be detailed on next from a phenomenological point
of view. Afterwards, the microscopic origin of the magneto-optic effects is concisely
described, followed by a description of the MOKE in waveguides.
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2.3.1 Macroscopic description magneto-optic effects

Due to superposition, linearly polarized light can be regarded as a combination of
LCP and RCP light. Their perceived permittivities can be determined by finding the
eigenvalues of the dielectric tensor. This tensor describes the magneto-optic response
of an isotropic material and is generally formalized as

ε =

 εxx εxy εxz

−εxy εxx εyz

−εxz −εyz εxx

 . (2.9)

Neglecting second and higher order magnetization terms, the diagonal elements of
this isotropic medium are independent of the magnetization [28]. They represent
the refractive index according to n =

√
εxx. The off-diagonal elements are functions

of the magnetization and account for the magneto-optic effects. These components
transform antisymmetric upon magnetization reversal and scale linearly with the
magnetization, that is, εxy(M,ω) = −εyx(−M,ω) ∝ M . More nuanced, the off-
diagonal elements depend on the magnetic components perpendicular to the axes
indicated in the subscript, e.g. εxy ∝Mz. To clarify how this dielectric tensor affects
the polarization of an electromagnetic wave, consider the electric displacement field
given by the equation D = εE. From Di = εijEj it can be noted how the off-diagonal
elements within the tensor generate a polarization of charges perpendicular to the
incident electric field. Consequently the electromagnetic field is slightly rotated by
this polarization [29].

In more detail, the eigenvalues of the dielectric tensor can be calculated to show
the difference in permittivity for LCP and RCP light. To do so, the simple case in
which the magnetization and propagation direction of the incident light are collinear
with the z-axis is considered, further reducing the dielectric tensor to

ε =

 εxx εxy 0

−εxy εxx 0

0 0 εxx

 . (2.10)

The normalized eigenmodes corresponding to this tensor are given by(
Ex

Ey

)
±

=
1√
2

(
1

±i

)
, (2.11)

in which Ex and Ey indicate the electric fields in the x and y direction respectively
and where ± indicates whether LCP (-) or RCP (+) light is considered. For both of
these eigenmodes a distinct eigenvalue, corresponding to their permittivities, can be
found: ε± = εxx ± iεxy. Hence, the difference between ε+ and ε−, directly related to
the off-diagonal elements, lead to different phase velocities and/or absorption within
the magnetic material for the two modes and result in polarization rotation and
ellipticity respectively.
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2.3.2 Microscopic origin magneto-optic effects

To understand the sensitivity of light to magnetization, one should consider the in-
volvement of spin-orbit coupling and dipole selection rules. In the absence of spin-
orbit coupling, the dipole selection rules dictate that only interaction which lead to
a change of the orbital quantum number by ±1, for RCP and LCP light respectively,
are allowed [30]. However when spin-orbit coupling is present, the orbital momen-
tum is coupled to the spin angular momentum. Due to this coupling, the selection
rules now concern the total angular momentum, hence the allowed transitions are
indirectly dependent of the spin. In other words, the interaction with RCP and LCP
light depends on the magnetization direction.

2.3.3 MOKE for guided modes

As described by Section 2.2.2, waveguides rely on total internal reflection to guide
light. It is therefore not too far-fetched to expect Kerr effects to occur upon integra-
tion of magnetic material as waveguide cladding. Similar to the polarization rotation
in free space, the MOKE within a waveguide could convert one supported mode to
another, such as TE to TM. An exact description of these dynamics is still lacking,
due to the limited research on this specific subject. Nonetheless, experimental inves-
tigation indeed revealed mode conversion induced by a magnetic cladding to occur
[5]. More specifically, alternation between magneto-optic and nonmagneto-optic me-
dia was shown to enhance the amount of mode conversion significantly. Bear in mind
that these findings correspond to an in-plane magnetization, along the direction of
propagation.

Magnetic strips exhibiting PMA are quite intriguing cladding candidates, due to
their relatively strong magneto-optic effects and potentially low losses given their ul-
trathin character. To the date of writing, no experimental investigation on an out-of-
plane magnetic configuration has been performed. However, results from a numerical
study on such a system look quite promising [8]. The 3D FDTD simulations utilized
a dielectric tensor corresponding to a cladding with out-of-plane magnetization and
revealed mode conversion by about 1% for a uniform magnetic strip. By implemen-
tation of a periodically alternating magnetic cladding, the conversion was enhanced
by a factor of 5.
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Chapter 3

Methodology

In this chapter the experimental numerical methods used in this work are discussed.
The first section describes how mode conversion induced by a magnetic cladding can
be detected by use of a Mach-Zehnder interferometer. While not performed as part
of this work, some details on the device fabrication are given in the second section.
The third and fourth section discuss the Kerr and DualBeam microscope, which
are used for the imaging and manipulation of magnetic structures respectively. The
last section provides details on the modeling of of the functionalized Mach-Zehnder
interferometer.

3.1 Detection of mode conversion

To detect whether mode conversion by magneto-optic effects takes place, an unbal-
anced Mach-Zehnder interferometer is used, as depicted in Figure 3.1. The device
relies on the splitting of incident light into two pathways of different lengths, such that
scanning a certain wavelength range results into an oscillating interference pattern.

First, light is inserted into the device in a distinct mode, for instance the TE
mode. To do so, linearly polarized light is directed by single mode fibers towards
a grating coupler. The light is split up evenly between the two branches, of which
one has an added path length. In one of the branches the TE mode is completely
converted to its orthogonal TM mode by a polarization converter. In the other branch,
partial conversion to the TM mode occurs due to magneto-optic effects induced by
the magnetic cladding. After the branches merge, a grating coupler directs the light
out of the device into a second fiber. The second fiber connects to a detector which

BRANCH 2

BRANCH 1

POLARIZATION CONVERTER
MAGNETIC CLADDING

ADDED PATH LENGTH

TE IN TM OUT

Figure 3.1: Illustration of an interferometer device, along with the polarization con-
verter and magnetic cladding position..
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measures the light intensity. Because the orthogonal TE and TM modes do not
interfere, any measured interference pattern should be the result of the interfering
TM components.

To filter out any remaining TE components a TM grating coupler can be used,
which ideally extracts only light in the TM mode. However, experimental measure-
ments on fabricated devices revealed there was no full conversion by the polarization
converter and the TM grating did not sufficiently filter out the TE mode. Resultantly,
the measured signal from these devices consists of both TE and TM components,
making it more difficult to identify magneto-optic conversion by the cladding and
differentiating between opposing magnetization directions. Therefore a model is set
up, as described in the next section, to predict how these non-ideal factors affect the
results in order to investigate how magneto-optic effects can still be identified.

3.2 Device fabrication

While the device fabrication was done before this work, some brief insight on this
matter is given in this section for the sake of coherency.

The fabricated waveguides rely on a photonic integration technique based on an
indium phosphide membrane on silicon (IMOS) structure. The guiding structure and
grating couplers in the InP membrane are realized by a top-down approach. This
approach involves the deposition of a hard mask on top of the InP membrane, followed
by a resist layer. Structures are formed by patterning the resist layer with electron-
beam lithography (EBL) followed by reactive ion etching. More comprehensive details
on the fabrication of these type of waveguides can be found in [31, 32]. The InP
waveguides used in this work contain a guiding core of 400 nm by 300 nm, which only
support the fundamental TE and TM mode.

The magnetic thin films are fabricated by a DC magnetron sputtering process.
This technique allows for layer formation with sub-nanometer precision [33]. During
the growth process an ultra high vacuum is required to prevent contamination. After
placing the substrate in the sputter chamber, the deposition process is started by
inserting argon gas into the chamber. By application of a strong voltage, this argon
gas is ionized and accelerated to a target. This target consists of the material to be
deposited. The target surface is bombarded by the high energy argon ions, resulting
into the ejection of the target atoms. Consequentially these target atoms deposit
onto the substrate, gradually forming a layer of material. Layer growth rates of such
a sputtering process are typically around 1 Å/s.

The magnetic structures studied in this thesis consist of a Ta(2)/Pt(2)/Co(1)-
/Pt(2)/Co(1)/Pt(2) multilayer on a SiB substrate, where the number between paren-
theses denotes the layer thickness in nanometers. The Ta layer provides a smooth
surface to ensure proper growth of the Pt layer on top. The Pt/Co interfaces allow
strong spin-orbit coupling which gives rise to PMA as described in Section 2.1.1.

3.3 Kerr microscope

The magnetic structures fabricated in this study are analyzed by utilizing the MOKE.
As described in Section 2.3, the MOKE induces a change in the polarization of light
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upon reflection off magnetic material. This change is relatively easy to measure and
forms the basis on which Kerr microscopy relies. Specifically, the polarization change
gives an indication on the relative magnetization and this change can be measured
relatively easy.

Typically a beam of light is initially directed through a linear polarizer towards
the magnetic sample to be measured. After reflecting off the sample, a change in
the polarization is induced which depends on the magnetic moment. The light is
then directed through a second polarizer, referred to as the analyzer. The analyzer
is oriented nearly perpendicular to the first polarizer, such that the intensity of light
passing through depends on the polarization rotation. This contrast in intensity can
then be measured by a detector. Hence, the Kerr microscope can indirectly measure
the relative magnetic moment of an area based on the incident light intensity. A
MOKE setup can be configured in several ways. Depending on the angle of incidence
on the sample and polarization, different components of the magnetization can be
measured. As this report concerns magnetic structures with an out-of-plane magne-
tization a polar configuration is used, which means the incident angle is normal to
the sample surface.

By equipping a regular optical microscope with the right polarizing elements,
a Kerr microscope can obtain spatially resolved images of magnetic structures. In
combination with the ability to apply external magnetic fields, it is a phenomenal
tool to characterize magnetic properties. A hysteresis loop can simply be measured
by recording the intensity as a function of applied field, and due to the wide field of
view, multiple structures can be analyzed in one scan. The spatial resolution of such
a microscope is limited by the diffraction limit, providing sufficient resolving power
to analyze the 1 µm structures as studied in this report. The temporal resolution is
limited by the refresh rate of the CCD camera, typically at 16 frames per second.

3.4 DualBeam microscope

The manipulation of magnetic anisotropy is attained by use of a FIB. This manip-
ulation is qualitatively described in Section 2.1.1. The FIB used in this study is
part of a DualBeam system, which is equipped with both an electron and ion beam.
The electron beam functions as a scanning electron microscope and thereby can be
employed to image and navigate across the sample. While both beams can be used
to generate images of a sample, exposure to the ion beam may alter or destroy any
magnetic structures. Therefore rough alignment of the sample is done using the elec-
tron beam, while the much finer alignment is done by scanning dedicated alignment
markers with the FIB.

The source of this ion beam commonly consists of a liquid metal ion source (LMIS),
which in this case consists of gallium. During operation, the LMIS is emitted from a
needle tip by application of a negative potential. The strength of this potential, gen-
erated by the extraction electrode, determines the initial acceleration of the ions. The
generated beam is then defined and focused by electrostatic lenses. Further elements
include apertures to partially block the beam and reduce the current, stigmators to
manipulate the beam profile and a blanker to quickly block the beam completely.

Typically, the Ga ions of the FIB are accelerated to 30 keV and beam currents
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around 2 µA are used. These current strengths are commonly strong enough to etch
away material, while for this research only reduction of the magnetic anisotropy is
desired. Hence the beam current is strongly reduced to 1 pA and short exposure times
are used to attain very low Ga doses which induce a anisotropy reduction, without
damaging the sample [21]. Instructions on which areas to irradiate are given to the
system by use of the RAITH lithography framework. This software allows for precise
FIB irradiation at a given Ga dose. Considering the ability to focus the beam to a 10
nm spot size, FIB system should provide excellent resolution to irradiate the micron
sized features in this report.

3.5 Modeling the interferometer devices

The device to be modeled is the unbalanced Mach-Zehnder interferometer, as de-
scribed in the previous section. The goal of the model is to predict and explain
the actual physical measurements. Ultimately it should help to distinguish the ef-
fects of opposing magnetizations from the measured interference and thereby read
the magnetic state of the cladding.

To model the device as specified above, expressions are formed which describe the
resulting TE and TM components. A complete overview of the parameters introduced
in this section for the model is given in Table 3.1. The ”position” of these parameters
within the device are indicated in Figure In total there are four components to be
regarded, the TE and TM components in both the upper and lower branch referred
to as branch 1 and 2. As described in Section 2.2.1, the electric component of a light
wave which has traveled a distance x could be represented as

E = Aei(ωt−βx), (3.1)

where A is the field amplitude, ω the angular frequency and t the time. The phase
constant is formulated as β = 2πn

λ
, where n is the effective refractive index and λ

the wavelength. Note that in this model no dispersion related effects are taken into
account, therefore there is no distinction between the group and effective refractive

index. Given the electric field, the intensity can be calculated according to I = |E|2
2Z0

[34], where Z0 is the impedance of free space. Given that the angular frequency
ω = 2πc

λ
is identical for both the TE and TM mode, in both branch 1 and 2, the

time-dependent component can be neglected as it cancels out when calculating the
intensity. Hence, the light coupled into the device in the TE mode, after traveling a
path length L1 and L2 in branch 1 and 2 respectively can be expressed as

ETE1(L1) = A1e
−i 2π

λ
nL1

ETE2(L2) = A2e
−i 2π

λ
nL2 ,

(3.2)

where A1 and A2 indicate the field amplitude of light in branch 1 and 2.
In both branches conversion from the TE to TM mode occurs, either by the

polarization converter in branch 1 or the magnetic cladding in branch 2. The effective
mode conversion is implemented according to the principle illustrated in Figure 3.3.
Considering a light wave of amplitude A initially polarized along the TE mode, any
rotation θ due to the Kerr effect converts light partially to the TM mode, proportional
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BRANCH 2

BRANCH 1

POLARIZATION CONVERTER
MAGNETIC CLADDING

ADDED PATH LENGTH

TE IN TE OR TM OUT

L2

𝛼𝛼 (pol conv)

L1

ICEIN OCETE, OCETM
XMC

𝜃𝜃,𝜙𝜙, Lcl, acl (mag clad)
XPC

Figure 3.2: Illustration of an interferometer device, along with some parameters of
the model.

to sin(θ). The TE mode will then be proportionally decreased by a factor cos(θ). Due
to the symmetry here, rotation in opposite directions will effectively generate the TM
modes 180◦ out of phase (because sin(±θ) = ± sin(θ)), while for the TE mode the
phase remains identical. To clarify this visually, Figure 3.4 visualizes the TE and
TM components after positive and negative Kerr rotation. The TE components are
in both cases identical, while the TM modes are opposite in amplitude. This effect
will be important when distinguishing the effects of up and down magnetization on
the interference signal. The Kerr ellipticity is effectively included by addition of a
phase φ to the TM mode in branch 2. The total magneto-optic conversion induced
by the magnetic cladding can thus be represented as sin(θ)e−iφ. Due to the TM
components emerging locally within the device, the position of conversion has to be
accounted for to accurately reflect the path length difference. The position of the
polarization converter and magnetic cladding, xPC and xMC, indicate the distance of
the structures with respect to the initial point at which the two branches split. The
TE and TM modes in the two branches can then be expressed as:

ETE1(L1) = A1 cos(α)e−i
2π
λ
nTEL1

ETM1(L1) = A2 sin(α)e−i
2π
λ
nTM(L1−xPC)

ETE2(L2) = A1 cos(θ)e−i
2π
λ
nTEL2

ETM2(L2) = A2 sin(θ)e−i(
2π
λ
nTM(L2−xMC)+φ),

(3.3)

where α is the polarization rotation by the polarization converter, and nTE and nTM

are introduced to distinguish the refractive indices for the TE and TM mode.

At the end of the device, a TM grating coupler is used to extract the light from
the device. This grating coupler is fabricated to couple strongly to the TM mode,
while the TE mode is extracted at a much lower efficiency. Therefore the effect
of this grating coupler is represented by two terms, OCETM and OCETE. Thus to
clarify: OCETM and OCETE indicate the out-coupling efficiency for light, in either
the TM or TE mode as indicated by the subscript, at the TM grating at the end
of the device. Ideally the TE mode would be suppressed strongly, but as described
earlier this section, from measurements on these devices the TM grating still couples
substantially to the TE mode. The coupling efficiency is included as prefactors to
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TE

TM

θ

𝐴𝐴 SIN(𝜃𝜃)

LINEAR POLARIZATION WITH AMPLITUDE 𝐴𝐴

𝐴𝐴 COS(𝜃𝜃)

Figure 3.3: Illustration of how light of amplitude A initially linearly polarized along
the TE mode is partially converted to TM by a rotation θ.

Figure 3.4: Graphical illustration of the electric field components along TE and TM,
for (c) positive and (d) negative Kerr rotation. The TE components remains identical
while the TM components are effectively 180◦ out of phase.

the equations in 3.3, giving

ETE1(L1) =
√

OCETEA1 cos(α)e−i
2π
λ
nTEL1

ETM1(L1) =
√

OCETMA1 sin(α)e−i
2π
λ
nTM(L1−xPC)

ETE2(L2) =
√

OCETEA2 cos(θ)e−i
2π
λ
nTEL2

ETM2(L2) =
√

OCETMA2 sin(θ)e−i(
2π
λ
nTM(L2−xMC)+φ).

(3.4)

The in-coupling efficiency of the TE grating which directs the light initially in the TE
mode into the device is accounted for by the term ICETE. Several other prefactors
are added to account for attenuation related losses inside the waveguide or due to
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Table 3.1: Overview of model parameters.

Parameters Definitions

λ Wavelength scanned (µm)

A1 Amplitude field component branch 1

A2 Amplitude field component branch 2

α Rotation by polarization converter (deg)

θ Kerr rotation (deg)

φ Phase delay, to describe induced Kerr ellipticity (deg)

L1 Path length branch 1 (µm)

L2 Path length branch 2 (µm)

xPC Position polarization converter along branch (µm)

xMC Position magnetic cladding along branch (µm)

nTE Refractive index TE mode

nTM Refractive index TM mode

awg Waveguide attenuation (dB cm−1)

Lcl Cladding length (µm)

acl Cladding loss (dB µm−1)

ICETE TE in grating coupler efficiency

OCETE TM extracting grating efficiency for TE mode

OCETM TM extracting grating efficiency for TM mode

the cladding, which finally gives:

ETE1(L1) =
(

10−
awg
10

) L1
104
√

ICETE

√
OCETEA1 cos(α)e−i

2π
λ
nTEL1

ETM1(L1) =
(

10−
awg
10

) L1
104
√

ICETE

√
OCETMA1 sin(α)e−i

2π
λ
nTM(L1−xPC)

ETE2(L2) =
(

10−
awg
10

) L2
104
√

ICETE

√
OCETEA2

(
10−

acl
10

)Lcl

× cos(θ)e−i
2π
λ
nTEL2

ETM2(L2) =
(

10−
awg
10

) L2
104
√

ICETE

√
OCETMA2

(
10−

acl
10

)Lcl

× sin(θ)e−i(
2π
λ
nTM(L2−xMC)+φ),

(3.5)

where awg and acl indicate the waveguide and cladding loss and Lcl the cladding
length (note that awg is given in dB cm−1, provided that all other units of length
are in micrometers). The waveguide attenuation is assumed to be equal for both TE
and TM, although typically losses are slightly stronger for the TM mode. Hence, if
the assumed attenuation corresponds to that of the TE mode, the TM components
might be relatively weaker than expected. A complete overview of the parameters
used in this model is given in Table 3.1.
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Given these four electric field components, and taking Z0 = 1 for simplicity, the
intensity can be calculated according to

Itotal = |E|2 =

(
ETE1(L1) + ETE2(L2)

ETM1(L1) + ETM2(L2)

)∗(
ETE1(L1) + ETE2(L2)

ETM1(L1) + ETM2(L2)

)
. (3.6)

Note that the TE and TM components are separated by their polarization. In other
words, the TE mode does not interfere with the TM mode and vice versa. To provide
insight on the influence of specific parameters, Equation 3.6 can be written out and
simplified to

Itotal = ICETE OCETE

(
A2

1

(
10−

awg
10

)L1/5000

cos2(α)− 2A1A2

×
(

10−
acl
10

)Lcl

cos(α) cos(θ)
(

10−
awg
10

)L1+L2
10000

cos

(
2πnTE(L1 − L2)

λ

)
+A2

2

(
10−

acl
10

)2Lcl
(

10−
awg
10

)L2/5000

cos2(θ)

)
+ ICETE OCETM

(
A2

1

(
10−

awg
10

)L1/5000

sin2(α)− 2A1A2

×
(

10−
acl
10

)Lcl

sin(α) sin(θ)
(

10−
awg
10

)L1+L2
10000

× cos

(
2πnTM(L1 − L2 + xMC − xPC)

λ
− φ
)

+A2
2

(
10−

acl
10

)2Lcl
(

10−
awg
10

)L2/5000

sin2(θ)

)
.

(3.7)

To make sense of this elaborate equation, consider that only two oscillatory terms
can be found as a function of the scanned wavelength λ, deriving from the interfering
TE and TM components. Of main interest are their frequencies, which will help
distinguish between the two. Additionally their relative amplitude with respect to
each other will determine which of the interfering components will dominate the
interference pattern. In conclusion, terms which do not affect the spatial frequency
or phase of the total interference signal are not of interest. Considering only terms
which do affect these properties, the following simplified equation for the intensity
can be found:

Isimpl = OCETE cos(α) cos(θ) cos

(
2πnTE(L1 − L2)

λ

)
+ OCETM sin(α) sin(θ) cos

(
2πnTM(L1 − L2 + xMC − xPC)

λ
− φ
)
.

(3.8)

To clarify, the first and second terms correspond to the interfering TE and TM com-
ponents respectively. This equation is particularly useful to highlight the relative
amplitude of the interfering components with respect to each other. Their relative
amplitude are dependent on the grating coupler efficiency, and rotation by the po-
larization converter and magnetic cladding. From the argument of the λ-dependent
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cosines, their spatial frequencies can be extracted. Their respective frequencies νTE

and νTM are given by

νTE =
nTE(L1 − L2)

λ2

νTM =
nTM(L1 − L2 + xMC − xPC)

λ2
.

(3.9)

Knowing these frequencies and their dependencies will be useful for the design and
analysis of the interferometer devices, as apparent from the following chapter in which
calculations are made using the model.
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Chapter 4

Modeling interferometer devices

In this chapter the results obtained by the interference model as described in Section
3.5 are discussed. The model describes the components of the device in mathematical
expressions, used to calculate the transmitted intensity, which thereby reveals how
the interference signal can be analyzed and allows to study the influence of various
parameters. Most importantly it can be used to uncover how opposing magnetiza-
tions can be distinguished in measurements, offering a potential method to determine
a magnetic bit’s value. The first section presents the results obtained correspond-
ing to an ideal device, and thereby provides insight how the calculated interference
signal can be analyzed by use of Fourier transformation. An experimental measure-
ment is discussed in the second section, whereby the model is employed to identify
features observed in the measurement. In the third section the model parameters are
adjusted to reflect the non-ideal components encountered in fabricated devices and
discusses how this affects the obtained results. In the fourth section the influence
of specific parameters is investigated. From the knowledge obtained from the latter
section, the fifth section discusses some design suggestions for future devices. The
chapter is concluded with a summary in the final section. Results obtained by Fourier
transformation are improved by windowing functions, as detailed on in Appendix A.

4.1 Modeling an ideal device

The typical interferometer device as discussed in this chapter, along with its compo-
nents, is once again displayed in Figure 4.1. The ideal device refers to the case in
which the polarization converter fully converts light in the TE mode to TM (α = 90◦)

BRANCH 2

BRANCH 1

POLARIZATION CONVERTER
MAGNETIC CLADDING

ADDED PATH LENGTH

TE IN TE OR TM OUT

L2

𝛼𝛼 (pol conv)

L1

ICEIN OCETE, OCETM
XMC

𝜃𝜃,𝜙𝜙, Lcl, acl (mag clad)
XPC

Figure 4.1: Illustration of a typical interferometer device as modeled in this section,
along with an indication of some of the model parameters.
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Table 4.1: Values assigned to the parameters of the model described in Section 3.5,
to calculate the expected behavior for an ideal device. For a description of the
parameters, see Table 3.1.

Parameter Value

A1, A2 0.5

α 90◦

θ ±0.2◦

φ 40◦

L1 1386 µm

L2 462 µm

Parameter Value

xPC 200 µm

xMC 100 µm

nTE 3.65

nTM 3.2

awg 3 dB cm−1

acl 2.6 dB µm−1

Parameter Value

Lcl 2 µm

ICETE 7 dB

OCETE 50 dB

OCETM 7 dB

λ1 1465 nm

λ2 1495 nm

and the grating coupler is strongly selective for the desired mode (OCETM = 7 dB,
OCETE = 50 dB). The parameters of the model described in Section 3.5 are set up
as shown in Table 4.1. The values of these parameters are chosen to provide a clear
illustration of the result expected from a typical device. From this initialization, the
interference signal following from a wavelength scan can be calculated. The resulting
interference is shown in Figure 4.2a for a wavelength ranging from 1476 nm to 1484
nm. Effectively, the interference pattern is 180◦ out of phase for positive and negative
Kerr rotation. This is related to how opposing magnetizations induce either positive
or negative Kerr rotation, as described in Section 3.5.

By Fourier transformation the interfering components present within the signal
can be revealed, as shown by the spatial frequency spectrum in Figure 4.2b. Only a
single peak corresponding to the interfering TM components is revealed. Due to full
conversion by the polarization converter, no interfering TE components are present.
Additionally the relative phase difference between signals obtained for positive and
negative Kerr rotation, shown in Figure 4.2c, indeed corresponds to 180◦ at the spatial
frequency of the interfering TM components. Note that the phase difference should
be undefined for spatial frequencies not corresponding to any interfering components
within the signal, but here it remains at 180◦ throughout the complete spectrum.
The value of the phase difference at spatial frequencies not present within the signal
carries no physical relevance.

Due to the full conversion from TE to TM by the polarization converter, the inter-
ference arises purely from the two TM components. Any remaining TE background
is furthermore filtered out by the TM grating coupler. For this device, the differ-
ence between up and down magnetization, or positive and negative Kerr rotation,
can clearly be identified. From the measured oscillation they can be distinguished
by their opposite amplitude, and accordingly by Fourier transformation a 180◦ phase
difference can be identified as seen in Figure 4.2c.

From measurements to be discussed next, it appeared that the polarization con-
verter and grating coupler did not behave as desired. When both of these components
fail to function correctly, the signal gets more complex and difficult to interpret. How
the positive and negative Kerr rotation can still be distinguished will be discussed
later in Section 4.3, but first some actual measurements will be discussed and features
observed therein will be identified by use of the model.
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4.2 Employing model to describe experimental ob-

servations

From measurements on an actual interferometer device as described in Section 3.1
one would expect that any interference observed derives from the interfering TM
components, given that the polarization converter fully converts the light from TE to
the TM mode. When the polarization converter fails and no full conversion occurs,
both TE and TM components are interfering within the device. Despite that, the
contribution of the TE components to the total interference signal should mostly be
filtered out by the TM mode designated grating coupler. When both the polarization
converter and grating fail, the TE components can attribute to a significant portion
in the measured interference. For instance, consider a TM grating coupler with
20% efficiency but slight coupling to the TE mode at 0.16% efficiency. Even for 50%
conversion by the polarization converter and 1% conversion by the magnetic cladding,
the TE and TM components are expected to have equally sized amplitudes according
to Equation 3.8.

Interference measurements on devices without a magnetic cladding still revealed a
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Figure 4.2: Model output for an arbitrary, ideal interferometer device, showing (a)
the calculated interference as a function of scanned wavelength, shown for 1476 nm to
1484 nm, and (b) the spatial frequency and (c) relative phase difference (between the
calculations with positive and negative rotation) obtained by Fourier transformation.
The vertical dashed red line indicates the expected TM wavenumber.
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Figure 4.3: Results obtained for an interferometer device with an effective path length
difference of 924 µm. (a) The measured intensity as a function of the wavelength
scanned, after applying positive and negative magnetic fields. (b) The spatial fre-
quency, revealing a strong peak along a smaller shoulder right next to it, and (c) the
relative phase difference obtained by Fourier transformation. The red dashed line
indicates the peak position corresponding to the interfering TE components.

significant interference signal. Because no TM components could be interfering with-
out the cladding, the measured interference indicates that the TE mode leaks through
the TM grating coupler. Furthermore, because an interference is measured, there is
a TE component present in both branches. This indicates that the polarization con-
verter does not fully convert the TE mode into TM, otherwise only a single TE and
TM component would be present in the device and no interference could occur at all.
Measurements on actual interferometer devices with these two non-idealities, and a
magnetic cladding, have been performed nonetheless. In retrospect, investigation re-
vealed that the cladding was not ferromagnetic, but measurements, as performed by
F.E. Demirer within the group of FNA, were systematically performed after applying
external fields in opposing directions with the intention to switch the cladding mag-
netization. Even though no magneto-optic effects are present, the model could still be
used to identify features present within the measurements and illustrate the insights
obtainable by the model. One of the results obtained from such measurements on a
device with an effective path length difference of 924 µm is shown in Figure 4.3.

The transmission intensity measured as a function of the scanned wavelength is

30



CHAPTER 4. MODELING INTERFEROMETER DEVICES

displayed in Figure 4.3a, revealing an oscillating signal originating from interference
between the TE components transmitted through the two branches of the interfer-
ometer. Additionally the signal appears to diminish as a function of the wavelength.
This effect could be attributed to the wavelength dependency of the grating couplers.
From literature the coupling efficiency can vary strongly as a function of wavelength,
which could explain this decrease in signal [35]. The effects of this wavelength sensi-
tivity can be mitigated by implementing a longer path length difference. This way,
more oscillations can be captured within a shorter wavelength range. Of course, care
has to be taken not to increase the spatial frequency too much when considering the
minimum step size in scanned wavelength. A very high spatial frequency requires a
very small wavelength step size in order to capture sufficient data points for a smooth
curve. Considering a step size of 0.001 nm can be used, 50 times smaller than the
current step size, a too high frequency should not pose a problem.

While this wavelength dependency of the gratings could phenomenologically be
included within the model, it should only affect the signal intensity or amplitude.
The detection of magneto-optic effects is based on the signal frequency and relative
phase difference, and therefore this variation in intensity is not included within the
model. Besides the diminishing signal intensity, the overall interference seems to
be gradually oscillating as well. Furthermore, some mode beating could be identi-
fied, with the oscillation amplitude showing a node around 1.479 µm. However, the
scanned wavelength range seems too short to observe multiple nodes to clearly iden-
tify a beating. The plausible origin of this mode beating and gradual oscillation will
be discussed next, by means of results obtained by Fourier transformation and the
interference model.

By Fourier transformation techniques, the spatial frequencies within the signal can
be revealed as shown in Figure 4.3b, showing a large peak around 1600 µm−1 with
a shoulder to the right of it. These spatial frequencies indicate which components
are interfering within the signal. Given that the signal majorly consists of interfering
TE modes, the large peak at 1583 µm−1 likely corresponds to the TE mode. From
Equation 3.9, the spatial frequency ν can be related to the refractive index when
knowing the effective path length difference and wavelength scanned. Taking the
path length difference of 924 µm and average wavelength scanned at 1480 nm, this
gives nTE = 3.75, in agreement with group indices in literature [36]. As mentioned
earlier in this section, the cladding did not appear to be ferromagnetic, such that
magneto-optic effects did not take place. This means that the shoulder at 1721
µm−1 could not correspond to the desired interference between two TM components
generated within the device. Two possible causes for this shoulder can be given:

� The light directed into the device is not purely in TE mode, such that from the
beginning of the device TM components are inserted and interfering.

� The shoulder originates from interference with a reflected TE component within
the device.

Considering the first case, Equation 3.9 can be used to calculate the refractive index
corresponding to the interfering TM components. Taking the spatial frequency of
the shoulder at 1721 µm−1 and again a path length difference of 924 µm, gives a
group refractive index of nTM = 4.1. This value is considerably high, especially when
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Table 4.2: Initialization of the parameters used to investigate the origin of the shoul-
der peak. For a description of the parameters, see Table 3.1.

Parameter Value

A1, A2 0.5

α 3◦

θ 3◦

φ 0◦

L1 1386 µm

L2 462 µm

Parameter Value

xPC 0 µm

xMC 0 µm

nTE 3.75

nTM 4.1

awg 3 dB cm−1

acl 2.6 dB µm−1

Parameter Value

Lcl 2 µm

ICETE 7 dB

OCETE 28 dB

OCETM 7 dB

λ1 1465 nm

λ2 1495 nm

calculations of the effective refractive index predict a lower value for the TM mode
compared to the TE mode (1.89 vs 2.08). Considering the second case, in which the
shoulder originates from a reflection of a TE component within the device, Equation
3.9 can be used to calculate the added path length due to this reflection. From this
equation it appears that the reflected TE component travels an extra 81 µm.

To investigate which of these cases is the most probable cause of the shoulder, the
model is used to calculate the interference for both of these cases. The parameters are
initialized according to Table 4.2. To effectively model the situation in which light is
not inserted in purely the TE mode, the position of the polarization converter and
cladding are set to zero, corresponding to the beginning of the device. By setting the
polarization rotation by both of these components to 3◦, the inserted light effectively
consists of the TM mode for 5%.

The resulting interference pattern and wavenumber spectrum is shown in Figure
4.4a. As expected, the wavenumber spectrum bears resemblance to the measurement.
The oscillation pattern however does not display an oscillating oscillation, but a clear
mode beating between the TE and TM components. A much closer resemblance is
obtained for the case of a reflected TE component. This can be implemented by
removing the TM components in the model, and adding a small TE component in
the longer branch which travels an extra 81 µm to resemble the reflected component.

The resulting interference and wavenumber spectrum, with a reflected TE com-
ponent at 20% percent of the original component, are shown in Figure 4.4b. In
agreement with the measurement, the interference pattern now oscillates gradually
as a function of wavelength. The same peak and shoulder can again be seen in the
wavenumber spectrum, with additionally a peak at a lower spatial frequency corre-
sponding to the gradual oscillation. This close resemblance indicates that the pattern
and shoulder observed in the measurement could indeed correspond to a reflected TE
component. However, from the device design no particular feature could be identified
which clearly could correspond to such an extra added path length.

Back to the measurement results, Figure 4.3c shows the relative phase difference
between the positive and negative field measurements obtained by Fourier transfor-
mation. For a device guiding both TE and TM components, two values for the phase
difference are expected: 0◦ for the TE components and 180◦ for the TM components,
at the wavenumber corresponding to the respective components on the horizontal
axis. To clarify, these values are expected because opposing magnetizations generate
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Figure 4.4: The calculated interference pattern and corresponding wavenumber spec-
trum obtained in the case of (a) the inserted light partially consisting in the TM
mode and (b) an extra TE component due to a reflection.

TM components of opposite amplitude, as described in Section 3.5. The TE com-
ponents are identical for opposing field measurements, therefore a phase difference
of 0◦ is expected for the TE components. At wavenumbers different than the peak
positions in Figure 4.3b, the phase difference has no physical meaning. Therefore
the phase difference beyond 3000 µm−1 can be disregarded. If the interference in
this measurement indeed derives purely from TE components, the value of the phase
difference is in agreement with the expected value of 0◦. Were the shoulder peak
to originate from the TM components generated by the converter and cladding, a
phase difference of 180◦ should have shown at the shoulder wavenumber. However,
as will be discussed in Section 4.4, (partial) overlap between the TE and TM peaks
can cause strong deviation in the relative phase difference overlap.

4.3 Including non-ideal components within the model

To investigate how certain non-ideal factors found in fabricated devices complicate the
ability to detect mode conversion and the magnetic state of the cladding, the model
parameters are initialized according to the values given in Table 4.3. The efficiencies
of the grating couplers and rotation by the polarization converter are chosen based
on observations in measurements. Note that the remaining parameter values do not
necessarily reflect one of the actual device designs, but are chosen to provide more
straightforward results. Calculations corresponding to actual fabricated devices are
done in Section 4.5.
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Table 4.3: Values assigned to the parameters of the model for Section 4.4, unless
specified otherwise. For a description of the parameters, see Table 3.1.

Parameter Value

A1, A2 0.5

α 12◦

θ ±0.2◦

φ 40◦

L1 1386 µm

L2 462 µm

Parameter Value

xPC 200 µm

xMC 100 µm

nTE 3.65

nTM 3.2

awg 3 dB cm−1

acl 2.6 dB µm−1

Parameter Value

Lcl 2 µm

ICETE 7 dB

OCETE 28 dB

OCETM 7 dB

λ1 1465 nm

λ2 1495 nm

Briefly summarized, the modelled device has a path length difference of 924 µm
and a TM grating coupler which extracts both the TM and TE component, although
the latter is extracted at a much lower efficiency. Light is inserted in the TE mode
and the polarization converter and magnetic cladding convert roughly 20% and 0.3%
respectively to the TM mode. The model calculates the interference-driven oscillation
as a function of the scanned wavelength for both positive and negative Kerr effects,
and the resulting intensity profile is shown in Figure 4.5a for a wavelength ranging
from 1476 nm to 1484 nm. The total signal is composed of two oscillatory terms,
one deriving from the interference between the TM modes and the other from the in-
terfering TE modes, due to the non-ideal grating coupler and polarization converter.
These two terms can be found by writing out and simplifying the analytical expres-
sion for the calculated intensity, as done for Equation 3.8. Despite the TM grating
coupler extracting the light, the TE component is still roughly ten times larger in
amplitude compared to the TM component given the values currently assigned to the
parameters. For this reason the signal majorly consists of the TE components, while
the signs of magneto-optic effects manifest themselves in the TM components.

Considering the total intensity signal consists of components oscillating at differ-
ent spatial frequencies, the two components can be distinguished by Fourier trans-
formation techniques. The Fourier transform can be used to reveal which spatial
frequencies the signal is composed of, as well as its relative phase. The spatial fre-
quency spectrum corresponding to the calculated interference is shown in Figure 4.5b.
As expected, two wavenumbers are found due to the difference in refractive index and
effective path length. Here, the more prominent peak corresponds to the TE mode
and the smaller peak at a lower wavenumber to the TM mode. To obtain an indica-
tion whether the observed signals have been affected by up and down magnetization,
the relative phase difference between the observed signals can be extracted by Fourier
transformation. Due to the way these TE and TM modes emerge, as explained in
Section 3.5, a phase difference of 0◦ and 180◦ is expected for the TE and TM com-
ponents respectively. The relative phase difference as a function of spatial frequency
is shown in Figure 4.5c, and indeed the expected values are found at their respective
wavenumber.

The 180◦ phase difference may not be observable when the TE and TM interfer-
ence frequencies overlap. Therefore a Kaiser-Bessel window function is applied to the
data before Fourier transformation, which mitigates overlap due to spectral leakage
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Figure 4.5: Model output for an arbitrary non-ideal interferometer, showing (a) the
oscillation in signal intensity due to interference, shown from a scanned wavelength of
1476 nm to 1484 nm, and (b) the spatial frequency and (c) relative phase difference
obtained by Fourier transformation.

resulting from discontinuities at the start and end of the oscillations. Details on how
the window function improves the obtained results are provided in Appendix A.

To obtain more insight on the interferometer devices, the following section inves-
tigate the influence of various parameters on the results obtained.

4.4 Investigating the influence of specific parame-

ters

This section will focus on the influence of specific parameters of interest. The ob-
jective is to investigate how certain parameters affect the interference signal, which
will help to understand and optimize the signal for future device designs. For this
investigation, the parameters will be initialized once again as shown in Table 4.3,
unless specified otherwise.
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4.4.1 Influence of interference frequency overlap

To investigate the effects on the Fourier spectra when the TE and TM peaks overlap,
the magnetic cladding position is varied in this section. Moving the cladding posi-
tion affects the effective path length difference for the TM components, and thereby
changes the interference frequency of the TM modes as described by Equation 3.8.
While this equation indicates that several parameters can affect the spatial frequency,
the cladding position is chosen because it solely affects the TM component. Addition-
ally, the cladding position can easily be set when fabricating the devices. The value
of xMC is increased to 310 µm for this section, which increases the spatial frequency of
the interfering TM modes. This increase in frequency causes strong overlap between
the frequencies of the TE and TM modes and the obtained Fourier spectra for this
overlap are displayed in Figure 4.6, with the result discussed in the previous section
for a cladding position at 100 µm in Figures 4.6a and 4.6b. From Figure 4.6c, it can
be seen how the TM interference frequency is nearly equal to the TE frequency, and
the TM peak is completely absorbed within the TE peak. Consequently, the phase
difference appears to strongly deviate from the expected 180◦, as shown in Figure
4.6d. The phase difference displays a jump to about 80◦, at a spatial frequency lower
than the TM frequency. Due to the strong overlap, and the TM components inter-
fering at a slightly lower frequency, the large peak in Figure 4.6c partially contains
both TE and TM. The phase difference indicates a value based on the ratio of their
intensities and therefore jump up to 80◦ before decreasing to 0◦ corresponding to the
dominating TE components.

To obtain more insight on the influence of overlapping frequencies, xMC is in-
creased from 230 µm to 425 µm in small steps of 5 µm and for each calculation the
phase difference between the TM components is extracted. This phase difference be-
tween the TM components is then shown as a function of xMC in Figure 4.7. As can
be seen from this figure, values of xMC between roughly 295 and 370 µm deviate from
the expected 180◦ due to strongly overlapping peaks. In terms of spatial frequencies,
the TE and TM components should in this case differ by at least 60 µm−1 in or-
der to accurately determine the phase difference for the TM components. Note that
this minimum separation between frequencies corresponds to this specific calculation.
Variation in device properties, such as the path length difference or refractive indices,
can change the minimum separation required. Additionally, overlap is strongly de-
creased by the application of a window function to the data, as described in Appendix
A.

For the interferometer design, the expected interference frequencies should thus
be taken into account to avoid strong overlap of the TE and TM frequencies. The
spatial frequencies can however be adjusted by adjusting the device design. Again
considering Equation 3.8, the interference frequencies depend on the refractive indices,
path length difference and polarization converter and cladding position. The effective
refractive index of the TE and TM mode should be adjustable by tuning of the
waveguide geometry. The branch lengths and position of the magnetic cladding and
polarization converter can be set before fabrication of the devices. For instance,
considering a device as described by Table 4.3, with a shorter branch of 462 µm long.
Changing the position of the magnetic cladding from 60 µm to 400 µm corresponds
to an increase of the TM spatial frequency from 1145 µm−1 to 1642 µm−1. Hence,
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Figure 4.6: Influence of the magnetic cladding position xMC on the spatial frequency
spectra and relative phase difference obtained by Fourier transform. For reference:
(a) and (b) display the result as discussed in the previous section for xMC = 100 µm.
(c) and (d) show how these results are affected when the position of the magnetic
cladding is increased to xMC = 310 µm.
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Figure 4.7: The relative phase difference obtained by Fourier transformation between
calculations with opposing magnetizations, purely for the TM components. This
phase difference is shown as a function of xMC. While opposing magnetizations should
generate TM components 180◦ out of phase, deviation around 330 µm can be seen
due to overlap of TE and TM spatial frequencies.
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given that the branch with magnetic cladding is long enough, there should be plenty
of room to tune the spatial frequencies and avoid overlap.

4.4.2 Influence of Kerr rotation

The influence of the strength of magneto-optic effects on the Fourier spectra is in-
vestigated by varying the Kerr rotation. The Kerr rotation θ is increased from 0◦

to ±0.1◦ in steps of 0.02◦, to investigate whether the expected 180◦ phase difference
remains detectable for weak Kerr effects. As TE polarized light is coupled into the
device, increasing the Kerr rotation leads to a bigger TM component, and therefore
a more prominent TM peak is expected in the Fourier spectrum.

The corresponding Fourier spectra are shown in Figure 4.8. From the spatial
frequency spectra in Figure 4.8a it can be observed how the TM peak intensity
increases stepwise with increasing Kerr rotation. The TE peak is still many times
larger and remains largely unaffected by the small change in Kerr rotation. This is
not unexpected, considering the amplitudes of the TE and TM component increase
proportional to cos θ and sin θ respectively. The width of the peaks also do not appear
to be affected by the change in rotation. Therefore the range of wavenumbers in
which the phase difference between the TM components can be determined should be
uniform for all Kerr strengths, as shown by Figure 4.8b. It is particularly noteworthy
that the expected 180◦ phase shift can be observed, even for Kerr rotation as low as
0.02◦. This results seems rather promising for the detection of magneto-optic effects,
given that simulations of a uniformly magnetized cladding predict Kerr rotation of
about 0.7◦ [17].

Note that a window function is applied to the data to avoid overlap between the
TE and TM frequencies, as explained in Appendix A. Without this window function,
overlap between the frequencies would cause a strong deviation in the observed phase
difference, especially when the contrast between the TE and TM intensity is this
high.

While the phase difference is accurately determined for all Kerr strengths in these
calculations, when the intensity of the TM components is low the results will be more
sensitive to noise. The effects of noise on the Fourier spectra and phase difference
will be discussed next.

4.4.3 Influence of noise on mode conversion detection

In order to investigate the sensitivity of this analysis method by Fourier transforma-
tion to noise, as may be encountered in actual measurements, some noise is added
to the simulations. This noise is added in the form of a Gaussian distribution. Ba-
sically, the total signal intensity is multiplied every wavelength step with a random
Gaussian distribution with a mean of 1 and standard deviation σ equal to 0.02. The
interference is then calculated using the default values for this section, as specified in
Table 4.3. The ratio of the signal amplitude to the standard deviation of the noise
gives a SNR of 10.7 dB.

In Figure 4.9a the interference signal is shown from 1476 nm to 1484 nm. From
this figure it can be seen how this Gaussian noise distorts the calculated signal.
Despite the relatively strong noise compared to actual measurements, as shown in
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Figure 4.8: Fourier transform results for variation in the magnitude of the Kerr
effects. (a) The spatial frequency spectra, with the plot range limited to see how the
TM peak intensity increases as a function of Kerr rotation. (b) The relative phase
difference between calculations with positive and negative Kerr rotation.

Figure 4.3a, the results obtained by Fourier transformation are still accurate. The
spatial frequency spectrum shown in Figure 4.9b remains largely unaffected by the
noise. Due to the noise, some fluctuations can be found at spatial frequencies not
corresponding to any interfering modes. As a result, the phase difference no longer
remains 0◦ (corresponding to the dominant TE components) outside of the TE and
TM frequencies, but heavily fluctuates as shown in Figure 4.9c. Even with those
fluctuations, the values at the frequencies corresponding to the interfering TE and
TM components still indicate the expected 0◦ and 180◦ phase difference. Thus, even
when the signal is subject to relatively strong noise, the results obtained by Fourier
transformation still appear reliable. Additionally, this result indicates the importance
of knowing the interference frequencies revealed by the spatial frequency spectra.
Without knowing the frequencies, a relative phase difference of 0◦ and 180◦ could
seemingly be found at any frequency when exposed to noise.

4.5 Future device design suggestions

Based on the insights obtained by the modeling efforts discussed in this chapter,
the model can be used to suggest optimized designs for future devices. To start off,
the calculations are made for three existing devices on which measurements were
performed. From these calculations it can be argued whether certain parameters
should be adjusted to more accurately detect magneto-optic effects. The three devices
are distinguishable by their different path length difference and cladding position, and
are here referred to by device 1, 2 and 3 from shortest to longest path length difference
respectively. The general model parameters used for all three devices are specified in
Table 4.4. The different path lengths, cladding position and wavelength scan range
are given in Table 4.5 for each device. The scan range is adjusted for each device, as
the number of oscillations increases with increasing path length difference.

The value of some particular parameters of these devices rely on the following
assumptions:
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Figure 4.9: Model output for an arbitrary interferometer device, showing (a) the
oscillation in signal intensity due to interference, and (b) the spatial frequency and
(c) relative phase difference obtained by Fourier transformation, in the case no noise
(blue) and with noise (orange).

� The polarization converter only converts 10% of the TE component to TM,
which corresponds to a rotation of 6◦.

� The Kerr rotation and phase difference (corresponding to Kerr ellipticity) by
the magnetic cladding are 0.2◦ and 40◦ respectively.

� An estimation of the refractive index of the TM mode is based on the ratio be-
tween the effective refractive indices calculated in FIMMWAVE, a mode solving
tool for waveguide structures. This calculation gives a ratio of 0.909 between
TE and TM, therefore nTM is assumed to equal 0.909× 3.75 = 3.41.

To clarify, the polarization converter and out-coupling grating are non-ideal, as ap-
peared to be the case from measurements. While the efficiencies of the grating can be
based on measurements, the amount of polarization rotation by the converter is not
known. Because no magneto-optic effects could be observed without any rotation, a
small rotation of 6◦ is assumed for the polarization converter.

As the calculated interference patterns look similar for all devices and reveal
no unique features, their graphs are not presented here. Despite the interference
patterns looking very similar, Fourier transformations of this data can can reveal their
differences. Therefore this discussion will focus on the results obtained by Fourier
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Table 4.4: Parameter values used to calculate the expected interference for all three
devices. These values are chosen based on measurements and calculations. For a
description of the parameters, see Table 3.1.

Parameter Value

A1, A2 0.5

α 6◦

θ ±0.2◦

φ 40◦

xPC 148 µm

awg 3 dB cm−1

nTE 3.75

Parameter Value

nTM 3.41

acl 2.6 dB µm−1

Lcl 0.5 µm

ICETE 7 dB

OCETE 28 dB

OCETM 7 dB

λ1 1465 nm

Table 4.5: Path lengths, path length difference ∆L and magnetic cladding position of
the actual devices. The maximum wavelength scanned is chosen to obtain a similar,
and roughly integer, number of oscillations.

Parameter Device 1 Device 2 Device 3

L1 1386 µm 4438 µm 9025 µm

L2 462 µm 898 µm 1555 µm

∆L 924 µm 3540 µm 7470 µm

xMC 330 µm 546 µm 1204 µm

λ2 1495 nm 1475 nm 1470 nm

transformation. The calculations were made for all three devices with the parameters
initialized as specified by Tables 4.4 and 4.5. The resulting spatial frequency spectra
and relative phase difference plots are displayed in Figure 4.10. Focusing on the
spatial frequency spectra first, all devices display a clear peak corresponding to the
interfering TE components. As expected, increasing the path length difference from
device 1 to 3 increases the spatial frequencies at which the TE and TM components
interfere. However, the TM peak, at slightly higher frequencies compared to TE, is
more difficult to observe as it is much lower in intensity and overlapping with the
TE peak. Only for device 1 a slight TM peak is visible, because the TE and TM
peaks are separated further compared to the other devices. This strong overlap and
contrast in TE and TM peak intensity strongly affects the accuracy of the phase
difference determination, as discussed in Section 4.4.1.

From the relative phase difference plots in Figure 4.10 the expected value of 180◦

for the TM components is not found for device 2, due to the strongly overlapping
TE and TM frequencies. For device 3, the 180◦ phase difference is not found at
the TM frequency, but at a slightly higher frequency. This is because the TE and
TM peaks are partially overlapping and the right side of the observed peak corre-
sponds to the TM components. Therefore the 180◦ phase difference is observed at
a slightly higher frequency. As revealed by Equation 3.8, these spatial frequencies
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Figure 4.10: The results obtained by Fourier transformation of the calculated inter-
ference patterns, for (a) and (b): device 1 (small ∆L), (c) and (d): device 2 (medium
∆L), (e) and (f): device 3 (large ∆L). The left column of figure presents the spatial
frequency spectra, the right column show the relative phase difference observed be-
tween calculations with opposing magnetizations. In all figures, left red dashed line
corresponds to the interfering TE components and the right one corresponds to the
TM components.
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Table 4.6: Path lengths and magnetic cladding position of the actual devices. The
maximum wavelength scanned is chosen to obtain a similar, and roughly integer,
number of oscillations.

xMC Device 1 Device 2 Device 3

Before 330 µm 546 µm 1204 µm

Adjusted 402 µm 838 µm 1495 µm

Difference +72 µm +292 µm +291 µm

depend on the refractive indices, path length difference and polarization converter
and cladding placement. As the refractive indices are constant across all three de-
vices, the relatively strong inaccuracy for device 2 can be attributed to the remaining
properties. Adjusting the placement of the converter and cladding could decrease
the overlap between the spatial frequencies, and thereby increase the accuracy of the
phase difference determinations.

To see whether the results can be improved, new calculations are made with ad-
justed parameters. To further increase the spatial frequency of the TM components,
and thereby decrease the overlap between TE and TM, the position of the polariza-
tion converter or magnetic cladding can be adjusted. Moving the converter towards
the beginning, or the cladding towards the end of its branch would both increase the
frequency, but the converter cannot be moved much further back unless the whole
device design is adjusted. Therefore only the cladding position is adjusted, by moving
it further towards the end of the device. For all devices, the cladding is positioned
60 µm before the end of the device, where the two branches reconnect. For clarifica-
tion, the adjusted positions are given in Table 4.6. Similar to the calculation before,
the resulting spatial frequency spectra and relative phase difference plots of the ad-
justed devices are shown in Figure 4.11. This figure clearly reveals how increasing
the magnetic cladding position further separates the TE and TM spatial frequen-
cies, compared to Figure 4.10. Due to this increased separation, the relative phase
difference now accurately reflects the correct values of 0◦ and 180◦ for the TE and
TM components respectively. In conclusion, the cladding position can be adjusted
sufficiently along its branch to allow accurate determination of the phase difference,
which is an important indication of the magneto-optic effects.

To allow for more straightforward and direct characterization of the refractive
indices, some additional devices could be fabricated. These devices merely have to
contain the asymmetric path lengths and either TE or TM grating couplers. Then
light can inserted and extracted in either the TE or TM mode, and from the free spec-
tral range of the interference pattern the respective refractive index can be derived.
This way the refractive index of both modes can be determined without having to rely
on mode converting elements within the device. These refractive indices are impor-
tant to know, as they are directly related to the spatial frequencies of the interference
signal.
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Figure 4.11: The spatial frequency spectra and phase difference obtained for calcu-
lations with the cladding position adjusted, for (a) and (b): device 1 (small ∆L),
(c) and (d): device 2 (medium ∆L), (e) and (f): device 3 (large ∆L). In all figures,
left red dashed line corresponds to the interfering TE components and the right one
corresponds to the TM components.
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4.6 Chapter summary

To summarize the contents of this chapter:

� Section 4.1 reveals how the calculated interference signal corresponding to an
ideal device with full TE to TM mode conversion by the polarization converter
and strongly mode selective TM grating coupler can be analyzed. By means
of Fourier transformation the interference frequency of the TM components
can be revealed. For opposing cladding magnetizations, a 180◦ relative phase
difference is observed at this interference frequency.

� Section 4.2 discusses how measurements on experimental devices without mag-
netic cladding still have interfering components. This means that unlike the
ideal device, 1) no full TE to TM conversion occurs by the polarization con-
verter and 2) the TM grating coupler is not strongly selective between TE and
TM, as interfering TE modes can be detected in the measurements. Addi-
tionally the model is employed to identify features present in the interference
measurements without the magnetic cladding, revealing that additional TE
components may be present within the device due to reflections.

� Section 4.3 describes how the interference calculations are affected by the non-
ideal factors identified in measurements. Low TE to TM mode conversion of
roughly 20% is assumed for the polarization converter, and the TM grating
couples to the TE mode at 28 dB instead of the ideal 50 dB. Consequently, the
interference signal consists of two signal: interfering TE components and TM
components. For opposing magnetizations, the TM components still reveal a
180◦ phase shift, while a 0◦ shift is observed for TE components. Therefore the
mode conversion induced by the cladding can still be detected and opposing
magnetizations can still be distinguished.

� Section 4.4 reveals how specific parameters affect the results. Close overlap
between the interference frequencies of TE and TM components affect the ob-
served phase difference which is detrimental to the ability to distinguish oppos-
ing magnetizations. Overlap in frequencies should therefore be avoided, which
can be accomplished by device design as indicated by Equation 3.9. Variation
in Kerr rotation reveals that even for Kerr rotations as small as 0.02◦ opposing
cladding magnetizations can still be distinguished. Expose to relatively strong
noise of 10.7 dB, relatively strong compared to measurements, does not appear
to impede the detection method.

� Section 4.5 shows what results may be expected from currently designed devices
if the magnetic cladding is correctly implemented. It is revealed the current de-
sign may have overlapping interference frequencies, and how this can be avoided
by adjusting the interference frequency of the TM components by changing the
magnetic cladding position.
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Chapter 5

Anisotropy manipulation by ion
beam irradiation

In the following sections, results related to the fabrication of periodically alternating
magnetic strips are discussed. The fabrication of these structures contributes to-
wards the realization of photonic waveguides with periodically alternating magnetic
claddings, which may function as an integrated mode converter which can be toggled
on or off by switching the magnetic state. The device structure is schematically il-
lustrated in Figure 5.1. Simulations on such devices revealed mode conversion to be
enhancement by a factor of 5 compared to a uniformly magnetized cladding [8]. This
enhancement was achieved with an alternation period of 1.6 µm. The exact alterna-
tion period length depends on the mode beating length of the guided light, therefore
magnetic structures consisting of Pt/Co multilayers with a alternation period of 1, 2
and 3 µm are fabricated and discussed in this chapter.

In the first section the coercivity of magnetic strips are analyzed as a function of
EBL dose, to ensure strips can be fabricated with proper PMA. The second section
characterizes the manipulation of magnetic anisotropy as a function of Ga dose. This
is done by irradiating one half of magnetic strips at various doses and studying their
response to an external magnetic field using the Kerr microscope. The third section

UP

DOWN

Figure 5.1: Schematic illustration of a magnetic cladding (red and blue indicate
upwards and downwards magnetization) with an alternation period of 1.6 µm on top
of a photonic waveguide (purple).
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presents the actual realization of the magnetically alternating strips, which are again
characterized by the Kerr microscope. A chapter summary is provided in the final
section.

5.1 Influence of EBL dose on strip growth

To realize the alternating magnetic pattern, proper strip growth has to be accom-
plished first. The strips in this chapter consist of a Ta(2)/Pt(2)/Co(1)/Pt(2)/Co(1)-
/Pt(2) multilayer on a SiB substrate, with the layer thickness given in nanometers.
The Ta layer provides a smooth surface to ensure proper growth of the Pt layer on
top. The Pt/Co interfaces allow strong spin-orbit coupling which gives rise to PMA
as described in Section 2.1.1. These strips are grown on the SiB substrate using a
bottom-up process. Resist layers are etched away by EBL and submersion in a de-
veloping solution in order to expose the underlying substrate on which the magnetic
multilayer is deposited. With regard to the magnetic properties, an initial fabricated
set of magnetic strips did not exhibit PMA. This could be attributed to some residue
resist layer intervening with proper growth of the metal layers. In the growth process
this resist layer is etched away, given that the EBL dose is sufficient. Therefore this
systematic study on the strip growth as a function of the EBL dose is done. Two
properties are of main interest:

� The growth quality at relatively low EBL doses. Due to insufficient etching,
resist residue might attribute to roughness in the grown layers, which reduces
the strong PMA present for well defined Pt/Co interfaces.

� Whether PMA is reduced at higher EBL doses. Too high of an EBL dose
might etch away too much material, again resulting into a rough surface for
subsequent layers to grow on.

Strips fabricated at various EBL doses are studied visually and by use of a Kerr
microscope, as discussed next.

Magnetic strips are fabricated with the EBL dose increased from 500 to 1375
µC/cm2, in steps of 25 µC/cm2. To obtain decent statistics, three strips are made for
each EBL dose. To judge the quality of the strips visually, snapshots of the strips are
taken by a Kerr microscope as shown in Figure 5.2. At the lowest dose much surface
roughness can be observed, likely due to improper growth as result of insufficient
etching of the resist layer. At increased dose the roughness decreases, but remains
more notable at the end points of the strips. At doses of 650 µC/cm2 and higher, no
roughness can be observed and a smooth, well defined layer appears to be formed.

To further characterize the magnetic properties of the strips, the same Kerr mi-
croscope is now used to investigate the switching behavior of the strips. Basically,
hysteresis loops are obtained by measuring the magnetization as a function of an out-
of-plane applied field. These measurements are performed for strips at several doses
to observe whether there is a loss of PMA at relatively high or low doses. This loss
of PMA should be indicated by a decrease of the coercive field strength, as this loss
should decrease the tendency to align perpendicularly. For a complete loss of PMA
the magnetization would align in-plane, and the switching behavior should disappear
completely.
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(a) Dose of 500 µC/cm2 (b) Dose of 550 µC/cm2

(c) Dose of 600 µC/cm2 (d) Dose of 650 µC/cm2

Figure 5.2: Visual inspection of the strip quality as a function of EBL dose, from
500 to 650 µC/cm2 in steps of 50 µC/cm2. Surface roughness can be observed at
low doses and predominantly at the ends of the strips. At doses of 650 µC/cm2 and
higher, a smooth and well defined layer appears to be formed.

The hysteresis loops as measured for a single set of strips is shown in Figure 5.3.
Due to some misconfiguration of the Kerr microscope, the contrast between up and
down magnetization appeared relatively small at negative field strengths. Nonetheless
the sizable change in Kerr intensity at positive field strengths should still be indicative
of magnetic reversal. Therefore, the coercive field is only extracted at positive field
strengths. This field strength is extracted by fitting an error function through the
measured data points.

By extracting the coercive field strength for the sets of strips at various doses, the
graph as shown in Figure 5.4 is obtained. At low doses, a relatively low coercive field
can be observed. This decrease in coercivity is likely related to the roughness found at
lower EBL doses, as roughness may contribute to the formation of nucleation centers.
Additionally the roughness decreases the strong spin-orbit coupling inherent to the
Pt/Co interfaces, similar to how distortion of the interfaces by low FIB doses leads
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Figure 5.3: Hysteresis loop measurement and fit of a single set of strips of equal EBL
dose, with the color corresponding to either the top, middle or bottom strip of the
set. Due to the asymmetry in step size observed, the coercive field is only extracted
at positive field strengths.

to reduced anisotropy. At higher EBL doses the coercivity also appears to decrease.
At these doses, the decrease can likely be attributed to roughness induced by etching
away too much material, which again should decrease the PMA and correspondingly
the energetic cost of switching the magnetization. Doses between 775 and 1225
µC/cm2 appear to result in proper etching, such that the subsequently sputtered
layers exhibit strong PMA.
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Figure 5.4: The coercive field of magnetic strips fabricated at various EBL dose
strengths.
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5.2 Coercivity manipulation

The realization of the alternating magnetic structure relies on a contrast in coerciv-
ity between neighboring areas. To manipulate the coercivity locally, the magnetic
structure can be irradiated by an ion beam. As explained in Section 2.1.1, ion beam
irradiation can slightly distort the atomic arrangement of the metal layers and thereby
decrease the anisotropy of the irradiated area. Ideally, the irradiation should induce
a substantial difference in coercivity between the irradiated and non-irradiated areas,
which necessitates a proper beam dosage. Too low of a dose, and the coercivity con-
trast will be too low. However, for very high doses the anisotropy could be lowered too
much, which can convert the magnetization from out-of-plane to in-plane. To char-
acterize the difference in coercivity, the coercive field of irradiated and non-irradiated
areas are measured as a function of beam dose.

Sets of 100 µm by 0.6 µm strips are fabricated, consisting of a Ta(2)/Pt(2)/Co(1)-
/Pt(2)/Co(1)/Pt(2) multilayer on a SiB substrate, where the numbers again indicate
the layer thickness in nanometers. To obtain a measure of the coercivity change, one
side of these strips is irradiated with Ga ions at various doses. Decent statistics are
obtained by irradiating the strips in sets of three. The coercivity of both irradiated
and non-irradiated sides is then studied by use of a Kerr microscope and application
of an out-of-plane magnetic field. Due to the Ga irradiation, a domain wall is prone
to nucleate within the irradiated half first, so that the magnetization of this half
aligns with the applied field. Upon further increasing the field strength, this domain
wall can penetrate into the non-irradiated half, such that the second half of the
strip switches. The field strength at which the domain wall penetrates into the non-
irradiated part is referred to as the injection field. The coercivities of the irradiated
and non-irradiated areas are extracted by observing the change in intensity of the
Kerr signal as a function of applied field.

The measured coercivities as a function of Ga dose are displayed in Figure 5.5.
From the figure, two regimes can be identified, distinguished by whether there is a
difference in coercivity between the two halves on a strip. For the first regime, below
a Ga dose of 0.6 × 1013 ions/cm2, both areas switch at the same field strength, which
decreases as a function of dose. Within this regime the coercivity is not lowered
sufficiently, so the pinning strength between the two strip halves is weaker than
the field inducing the domain wall motion. The second regime can be found at a
Ga dose of 0.6 × 1013 ions/cm2 and higher. Within this regime, a domain wall
nucleated within the irradiated area is pinned at the border between the two areas.
Upon increasing the applied field strength, the domain wall is depinned and the non-
irradiated area switches. The strength of this pinning depends on the contrast in
anisotropy. Hence, as the increased Ga dose further decreases the anisotropy, the
split between the nucleation and injection field increases further. The general trend
observed and transition dose is in agreement with values reported in literature, where
the transition between regimes occurs at 0.45 × 1013 ions/cm2 [22]. As observed from
the measurements here, a substantial separation of several mT between the coercivity
of both areas can be obtained for Ga doses of 0.8 × 1013 ions/cm2 and higher.
Therefore, the contrast in coercivity required to fabricate periodically alternating
magnetic strips is deemed to be achievable.
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Figure 5.5: The coercivities of irradiated and non-irradiated areas as a function of
Ga dose.
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Figure 5.6: Images of strips with alternating magnetization (a) Strips with magneti-
zation alternating every 3, 2 and 1 µm. (b) Strip showing non-perfect alternation, in
which a non-irradiated area switched before an irradiated area.

5.3 Fabrication and characterization of alternat-

ing magnetic pattern.

Having characterized the change in coercivity upon Ga irradiation, sets of strips of
the same sample as discussed in the previous section are now irradiated to create
an alternating pattern. Simply put, the strips are irradiated every few microns.
When the magnetization of the sample is subsequently saturated in one direction,
application of a field opposing to this magnetization should be able to exclusively
switch the irradiated areas, given that the field is not strong enough to switch the
other areas.

Initially an irradiation dose of 0.8 × 1013 ions/cm2 is used, which according to the
previous section reduces the coercivity by about 5 mT. Alternation periods of 3, 2, and
1 µm are irradiated, as simulations revealed an alternation period of 1.6 µm correlated
with the beating length of the waveguide modes and enhanced the magneto-optic
effects the strongest [8]. The shorter the alternation period, the more irradiated
areas fit on a single strip. Therefore, the number of irradiated areas are 12, 18, and
36 for 3, 2, and 1 µm respectively. For each period of alternation length, 9 strips
are fabricated in order to average the results over multiple strips. An image of these
strips as obtained by a Kerr microscope is shown in Figure 5.6a, where the variation in
brightness indicates opposing magnetic moments. This alternating magnetic pattern
is realized by properly sweeping a magnetic field. First, the strip is saturated in one
direction. Afterwards, the field is decreased and aligned to the opposite direction.
Then by gradually increasing the field strength, the magnetization areas with a lower
coercivity can be reversed, without switching the non-irradiated areas. However, for
some strips this perfectly alternating pattern could not be observed. In some cases
a non-irradiated area would switch before an irradiated area, as depicted in Figure
5.6b. This indicates that the change in anisotropy, and correspondingly the coercivity,
might be too small. This call for a method to characterize the magnetic strips, as
will be discussed next.

To characterize the strips, two order parameters are defined: the total magnetiza-
tion Mtot and staggered magnetization Mstag. Mtot simply indicates how many areas
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Figure 5.7: The total and staggered magnetization as a function of the applied field
strength for strips with an alternation period of 3 µm. Both strips are fabricated with
a dose of 0.8 × 1013 ions/cm2, but the strip in (a) reaches a perfectly alternating state,
while (b) does not.

are magnetically aligned along the same direction. For instance, when fully saturated,
Mtot simply takes a value of 1 or -1 depending on the magnetization direction, and is
equal to zero when there is an equal number of areas with opposing magnetizations.
The staggered magnetization Mstag gives an indication of the periodic alternation,
with its value restricted between 0 and 1. When the full strip is magnetically sat-
urated along one direction, a value of 0 is given. Any switch of an irradiated area
increases its value, being normalized up to a value of 1 when the strip is perfectly
alternating. Correspondingly, any switch of a non-irradiated area decreases its value.
Hence, when plotting these two parameters as a function of an applied field, it should
give a clear indication whether the strip reaches a perfectly alternating state. Such
a plot of these order parameters is shown in Figure 5.7a, for an upwards and down-
wards sweep of the magnetic field. To record this measured data, multiple regions
of interest are defined within the field of view of the Kerr microscope. This way,
the intensity and correspondingly the switching of all irradiated and non-irradiated
areas can be captured individually. As indicated by Mstag in the figure, this strip
reaches a perfectly alternating state at roughly ±20 mT. However, this alternating
state is only formed for a small range of field strengths. When slightly increasing the
field strength, non-irradiated areas start to switch, as can be seen by the decrease
of Mstag. This indicates that the coercivity contrast between the areas is relatively
small. Due to variation from strip to strip, some structures were not able to reach
this perfectly alternating state. Consider the measurement displayed in Figure 5.7b
for a strip fabricated identically to the strip previously discussed. As can be seen,
Mstag never reaches a value of 1, due to a non-irradiated area switching before all
irradiated areas have switched.

To clearly characterize the fabricated strips at all different length scales, the mini-
mum difference in the coercive field is extracted for all strips. To clarify, this difference
refers to the difference in coercivity between the irradiate and non-irradiated areas.
The minimum then refers to field at which the first non-irradiated area switches,
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Figure 5.8: The (a) minimum and (b) average difference in coercivity between the
non-irradiated and irradiated areas as a function of the alternation period, for two
different Ga doses.

minus the field at which the last irradiated area switches. As example, when the
minimum ∆Hc is equal to +1 mT, all irradiated areas are switched first and upon
increasing the field strength by 1 mT more, the non-irradiated areas start to switch.
When its value is -1 mT, one or several non-irradiated areas have switched before all
irradiated areas. Hence, for a strip which can form a perfectly alternating state this
value should be positive by several mT, because that means exclusively all irradiated
areas can be switched reliably, without switching of non-irradiated areas.

As indicated by the results discussed previously, some strips could not form a
perfectly alternating state, due to insufficient manipulation of the anisotropy. There-
fore, a second set of strips were irradiated, with the Ga dose increased to 1 × 1013

ions/cm2. For both sets of strips, the minimum difference in coercivity is extracted
and visualized as a function of the alternation period length in Figure 5.8a. Again,
when this value is larger than 0, all irradiated areas switch first and the alternating
state can be achieved at a certain field strength. For a dose of 0.8 × 1013 ions/cm2,
several strips had one or more non-irradiated areas switch at field strengths insuffi-
cient to switch all irradiated areas, and therefore the minimum ∆Hc lies around 0.
Upon increasing the dose strength to 1 × 1013 ions/cm2, the anisotropy appeared to
be altered more strongly, as now all strips could reach the perfectly alternating state
with this increased coercivity difference.

Additionally, this measurement appears to show a trend between the minimum
∆Hc and alternation period. For a decrease in the period length, the minimum ∆Hc

seems to decrease. However, this is likely related to the number of areas studied.
As mentioned earlier this section, the strips with a shorter alternation period con-
tain more irradiated/non-irradiated areas. Hence, the odds that an area switches
at a lower or higher field than other areas is larger with more areas measured. To
mitigate the effect of studying a different number of areas, the difference between
the average coercivity of all non-irradiated areas and irradiated areas is extracted
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from the measurements. Their value, as a function of alternation period is shown
in Figure 5.8b. From this figure it can be seen that the dependence of difference in
coercivity between the areas on the alternation period appears to be negligible. This
gives reason to believe that the trend as observed for the minimum ∆Hc resultant
from having many more areas studied.

In conclusion the periodically alternating magnetic cladding can be realized by pe-
riodic FIB irradiation every 3, 2 and 1 µm with a dose of 1 × 1013 ions/cm2. The
contrast in coercivity appeared sufficiently large, such that the perfectly alternating
state could reliably be achieved by application of an external field.

5.4 Chapter summary

To summarize the contents of this chapter:

� Section 5.1 analyzes how the EBL dose affects the etching process and subse-
quent sputtering of Ta(2)/Pt(2)/Co(1)/Pt(2)/Co(1)/Pt(2) layers. It is shown
that EBL doses between 775 and 1225 µC/cm2 appear to result in proper etch-
ing, such that the magnetic stack grown exhibits strong PMA. At lower and
higher doses a reduced coercivity is observed.

� Section 5.2 discusses the change in coercivity of magnetic strips upon exposure
to ion beam doses, ranging from 0.1 to 1.3 × 1013 ions/cm2. A sizable difference
in coercivity between irradiated and non-irradiated halves of the strips is re-
quired to fabricate periodically alternating magnetic strips. At doses less than
0.6× 1013 ions/cm2 no contrast in coercivity between the two halves is observed,
but the magnetization of the whole strip switches at lower field strengths. Doses
above 0.6 × 1013 ions/cm2 appear to sufficiently alter the anisotropy such that
the two areas switch at different field strengths. A coercivity change of several
mT can be achieved, regarded sufficient to realize the periodically alternating
strips

� Section 5.3 addresses the fabrication and characterization of periodically irra-
diated magnetic strips. An ion beam dose of 0.8 × 1013 ions/cm2 appears to
insufficiently alter the magnetic anisotropy, as some non-irradiated areas appear
to switch at lower field strengths than all irradiated areas. At a dose of 1 × 1013

ions/cm2 the periodically alternating magnetic state can reliably be formed by
application of an external magnetic field, for alternation period lengths of 3, 2
and 1 µm.
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Chapter 6

Conclusion and outlook

In this thesis, simulations and experimental work have been performed to contribute
towards the realization of magnetic waveguide claddings. The interest in mode con-
version by magnetic claddings is twofold: the ability to read the magnetic state is
appealing to efficient data reading techniques and the ability to enhance the mode
conversion provides potential for optical isolator devices. A possible approach to read
the magnetic state of the cladding by use of an interferometer device has been investi-
gated by means of simulations. To fabricate a periodically alternating magnetic struc-
ture, as step towards accomplishing enhanced mode conversion by phase-matching, a
focused ion beam has been used to manipulate the anisotropy of magnetic structures.

6.1 Modeling the interferometer devices

Due to complications arising for the detection of mode conversion by use of a Mach-
Zehnder interferometer, a model of the device was set up. These complications
involved the polarization converter and grating couplers not working according to
expectations, resulting into a measured interference that mostly consists of interfer-
ing TE modes. To investigate how the mode conversion can still be detected, how
measurements with opposing magnetizations can be distinguished and other design
improvements can be made, an expression for the interference intensity for such a
non-ideal interferometer was derived.

From an analytical expression of the interference intensity, two terms could be
identified corresponding to the interfering TE and TM modes. These terms revealed
how their relative amplitudes are proportional to the amount of Kerr rotation, the
polarization converter rotation and coupling efficiency to the grating coupler. More
specifically, the amplitude of interfering TM components scales with sin θ, where
θ is the amount of Kerr rotation induced by the cladding. This uncovers a key
factor in the distinction between measurements with opposing magnetizations: the
interfering TM components oscillate 180◦ out of phase for measurements with positive
and negative Kerr rotation. Additionally the two interference terms indicate how the
spatial frequencies of the two modes depend on their respective refractive indices,
effective path length differences, and the wavelength scanned.

By assigning values to the parameters, corresponding to that of the non-ideal inter-
ferometer and assuming a Kerr rotation of 0.2◦ induced by the cladding, calculations
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were made of the interference signal. The signal itself did not display a clear visual
distinction between opposing magnetization directions, therefore Fourier transforma-
tion techniques were employed. This made it possible to obtain the spatial frequency
spectrum of the signal and the relative phase difference between calculations with
opposing magnetizations. The spatial frequency spectrum obtained displayed two
distinct peaks, corresponding to the interfering TE and TM components. The rel-
ative phase difference between calculations with opposing magnetizations showed a
0◦ difference for the TE modes and a 180◦ difference for the TM modes, according
to expectations. To avoid spectral leakage, which strongly impacted the accuracy of
these results, window functions are applied to the data before the Fourier transforma-
tion. This reduced overlap between interference frequencies due the spectral leakage
and significantly improved the results overall. Comparisons to experimental measure-
ments of an interferometer without a functional magnetic cladding revealed there are
additional components interfering. Likely these components originate from reflections
within the device. Furthermore, the influence of various parameters was investigated.
By variation of the cladding position, indirectly changing the spatial frequency of in-
terfering TM components, the effects of overlap between the TE and TM frequency
were studied. Strong overlap of these frequencies causes a deviation in the observed
phase difference. Given that the distinction between magnetization directions lies
in the phase difference, care should be taken to avoid overlapping frequencies. By
variation of the Kerr rotation, it was verified that detection of mode conversion and
distinguishing opposing magnetizations is still possible at very low amounts of mode
conversion. Lastly, application of a relatively strong Gaussian noise did not seem
to impede the ability of Fourier transformation techniques to detect magneto-optic
mode conversion. By simulating existing devices and use of the knowledge obtained
from the model, suggestions were made for future device designs.

Given current progress, fabrication of interferometers with properly grown magnetic
claddings appears to be on the horizon. Measurements on these device could be
used to validate the calculations performed here and verify whether the opposing
magnetizations of a waveguide cladding can indeed be distinguished by use these
Fourier transformation techniques. To accurately determine the spatial frequency
of interfering TE and TM modes, and avoid possible overlap of these frequencies,
the refractive indices of both modes should accurately be known. These could be
determined by fabrication of interferometers with either TE or TM grating couplers.

Additionally it may also be worth investigating whether the Kerr rotation θ can
be determined with the analysis method described in this report. Given that the
peak intensity in the Fourier spectrum increases as a function of θ, there should be
a relation between the two. However, this would require exact knowledge of the
remaining parameters that determine the TM intensity, which are the amount of
conversion by the polarization converter and losses within the device. This includes
components such as the grating couplers, whose efficiency is wavelength dependent,
and would make it rather challenging to determine the exact Kerr rotation using this
method.

Lastly it should be noted a correction to the model has been made with regard to
the effective path lengths of the TM modes, not implemented in the results discussed
in this report due to time constraints. These modes initially are inserted as TE
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modes and partially converted to TM at the polarization converter and cladding
position. Because these converters are not placed at the same distance with respect
to the initial split, a phase difference is obtained as light travels different path lengths
in the TE modes before conversion. Adjusting for this effect, the corrected spatial
frequency of the interfering TM modes is then equal to νTM− nTE(xMC−xPC)

λ2
, νTM being

the original frequency as given in Equation 3.9. While the interference frequency is
thus changed, the results of this report still hold. The frequency still depends on the
cladding position and the effects of overlapping frequencies are still the same.

6.2 Anisotropy manipulation by ion beam irradi-

ation

A focused ion beam was used to create periodically alternating magnetic strips. At
low doses, it can be used to locally manipulate the magnetic anisotropy. Initially,
halves of Ta(2)/Pt(2)/Co(1)/Pt(2)/Co(1)/Pt(2) magnetic strips were irradiated by
the ion beam in order to investigate the relation between the Ga dose and change
in coercivity. Substantial contrast in anisotropy was found for Ga doses of 0.8 ×
1013 ions/cm2 and higher, where a difference in coercivity of 5 mT was observed.
This dose strength was then used create a periodic pattern by irradiating an area
every 1, 2, or 3 µm on sets of magnetic strips. When sweeping an external field to
characterize the switching behavior, the difference in coercivity appeared to be too
small. Non-irradiated areas appeared to switch before all irradiated areas, prevent-
ing the formation of a perfectly alternating magnetic pattern. Hence the Ga dose
was increased to 1 × 1013 ions/cm2. At this dose, reversal of all irradiated areas
could consistently be achieved without switching any non-irradiated area, such that
a perfectly alternating state can be formed.

The fabrication of these periodic magnetic structures only covers part of the progress
towards the realization of periodically alternating magnetic waveguide claddings. The
actual waveguide claddings are to be grown on top of an InP waveguide. Currently,
waveguide devices with magnetic cladding are already being made. When achieving
proper growth of a magnetic cladding and having characterized its magnetic prop-
erties, its magneto-optic effects can be investigated using the interferometer devices.
To fabricate the periodically alternating structure, waveguide claddings have to be
irradiated by the ion beam. Given that the typical penetration depth extends to
tens of nanometers, the effects of ion beam irradiation on the waveguide properties
may also be worth investigating. When proper magnetic cladding deposition is pos-
sible and the effects of the ion beam are known, the magneto-optic capabilities of
phase-matched magnetic claddings can be investigated.
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Appendix A

Fourier transformation and
windowing

As mentioned in Chapter 4, the results obtained by Fourier transformation of in-
terference patterns can be improved by applying the proper window function. This
improvement is related to the minimization of spectral leakage. This spectral leak-
age, or broadening of the peaks in the spectrum obtained by Fourier transformation,
is caused by transforming a non-integer number of oscillations. When an acquired
signal contains a non-integer number of oscillations, the endpoints of the signal are
discontinuous. To make the endpoints of an arbitrary oscillation meet, the waveform
can be multiplied by a window as pictured in Figure A.1, which smoothly decreases
the oscillation amplitude to zero at both end points.

To illustrate the importance of this window function, its effect on one of the results
discussed in Section 4.3 is shown here. To clarify, the calculated interference pattern
corresponds to interference of two TE components and two TM components at a
much lower intensity. The window function applied is a Kaiser-Bessel window, which
is suitable for signals with two closely lying frequencies but very different amplitudes
[37].

The spatial frequency spectrum and relative phase difference obtained by Fourier
transformation without a window function are shown in Figure A.2a and A.2b. The
spectrum in Figure A.2a displays a relatively large spectral leakage, causing overlap
between the TM peak and the spread TE peak. Due to this overlap, the obtained
relative phase difference of the TM components is affected by the phase difference of
the TE components. Therefore a deviation from 180◦ occurs at the interference fre-

Windowed oscillation

Window function

Figure A.1: Illustration of window function and its effect on a arbitrary waveform.
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Figure A.2: The spatial frequency spectra and phase difference obtained for calcula-
tions as discussed in Section 4.3, with (a) and (b): no window function applied, (c)
and (d): a Kaiser-Bessel window applied. In all figures, left red dashed line corre-
sponds to the interfering TM components and the right one corresponds to the TE
components.

quency of the TM components, as visible in Figure A.2b. The same results are shown
in Figure A.2c and A.2d, but for these graphs the data is multiplied by a Kaiser-Bessel
window before Fourier transformation. As a result, the spectral leakage is decreased
and no overlap occurs between the TE and TM peaks. Consequently, the expected
phase differences are correctly indicated for both TE and TM. Because for many
calculations studied in this report the phase difference is strongly affected by spectral
leakage, this window function is applied to the data before Fourier transformation.
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