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Abstract

Increasing rates of data consumption combined with fundamental limits of conventional
technologies call for the development of new platforms and devices for digital communi-
cation and data storage. A proposed addition to electronic integrated circuits comes in
the form of photonic integration, which uses light rather than electrons to process data
at high speeds. Magnetic claddings have been proposed as a solution to the need for a
specific photonic building block, the optical isolator. Until this point, claddings with an
out-of-plane magnetization have not been investigated for this purpose, although they have
promising advantages.

At the same time, the magnetic racetrack memory has been under development as a faster,
more energy efficient alternative to the magnetic hard disk drive. Reading and writing
of out-of-plane magnetized bits in this racetrack can potentially be done with the use of
photonics.

In this work, a first investigation into ultrathin, out-of-plane magnetized claddings for
photonic waveguides is presented. A phenomenological model describing magneto-optic
interaction in a cladded waveguide is discussed, and found to correspond well with results
of 3D simulations of such systems. These simulations also show that the magneto-optical
interaction can be increased significantly by changing the magnetization direction of a
cladding along its length. Magnetic cladding compositions are optimized via 2D simulations
and experimental investigations. Photonic waveguides are designed and fabricated in order
to determine the propagation loss of these magnetic claddings. For a Pt(2)/Co(1)/Pt(2)
cladding, where the numbers in parentheses indicate layer thicknesses in nm, a propagation
loss of (2.4± 0.1) dB per µm cladding length is found. This propagation loss is reduced to
(0.75± 0.04)dB/µm by using a Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) cladding.

The results presented in this thesis provide valuable initial insights and form a stepping
stone for future investigations into ultrathin magnetic waveguide claddings.
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1
Introduction

In the interconnected world of today, there is an ever increasing demand for faster and more
energy efficient digital communication. However, further development of tried and tested
devices such as electronic integrated circuits and hard disk drives is becoming increasingly
more difficult, due to fundamental physical limits being reached. A short introduction of
limiting factors for both of these devices and proposed solutions, as well as the role of this
work therein, are described in this chapter.

1.1 Integrated circuits

The smallest silicon integrated circuits currently in development have features as small
as 7 nm, requiring complicated fabrication processes with typically low yields. Further
reducing the feature size introduces problems such as intra-circuit crosstalk, and excessive
heating, both of which are detrimental to device performance. Other materials such as
III-V semiconductors promise better performance at high temperatures, as well as higher
electron mobility. However, these materials are relatively scarce and difficult to produce
on large scales, driving up costs.
One promising solution is the photonic integrated circuit. This is a device which uses
photonics, light, instead of electronics to generate and process signals. Research in the past
decades has resulted in the development of many building blocks with different functions
[1], [2], analogous to those in electronic integrated circuits. In this work, the main platform
used is the InP membrane on silicon (IMOS) platform [3]. The aim of this platform is to
integrate electronics and photonics into a single device, taking advantage of the benefits
of both technologies. Active and passive photonic components are contained in the InP
membrane, which is bonded to a silicon chip containing driver electronics. This idea is
schematically represented in figure 1.1.
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Figure 1.1: Artist’s impression of the InP membrane on silicon (IMOS) platform.
Reproduced from [3].

In the development of photonic components for the IMOS platform, many building blocks
have already been realized, such as detectors [4], modulators [5] and polarization converters
[6]. One building block which still shows room for improvement is the integrated optical
isolator. This building block ensures that light emanating from an integrated laser can
only propagate in one direction. This is needed due to the degradation of laser perfor-
mance when reflected light enters the laser cavity [7], [8]. What is needed to achieve this
is a nonreciprocal device, which has a different effect on light propagating in one direction
compared to the opposite direction. In the past, the inherent non-reciprocity of magneto-
optic effects has been used to create optical isolators, using the Faraday effect [9], [10].
This effect causes a rotation of the polarization of light when passing through a magne-
tized medium. This rotation changes direction upon reversal of the propagation direction,
allowing for the extinction of reflections when paired with a set of polarizers. Traditionally,
these devices use magnetic garnet films [11], which have very low optical losses.
Moving from free-space optics to integrated photonics, there is a need for similar devices
that can easily be integrated with existing photonics platforms. The traditionally used
garnets have proven to be difficult to integrate with semiconductor substrates. Further-
more, complications arising from birefringence [12] and differences in refractive indices
between garnet materials and semiconductors necessitate complicated designs and fabri-
cation procedures [13]. Therefore, a solution has been sought in the form of integrated
optical isolators using magnetic claddings. The regular waveguide core where the light is
guided, is now cladded with a magnetized material. These devices make use of the Kerr
effect, which is analogous to the Faraday effect, but for reflections. The fabrication of these
Kerr isolators is more straightforward than that of integrated Faraday isolators. Claddings
can for instance be realized via adhesive bonding [14], [15], epitaxy [16], or electron beam
evaporation [17].
All of the proposed integrated Kerr isolators have one factor in common. For all devices,
the magnetization of the claddings has been in the plane of the cladding. These geometries
are called longitudinal, if the magnetization of the cladding is along the propagation direc-
tion, and transverse if the magnetization lies perpendicular to the propagation direction.
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The investigation of the polar geometry, where the magnetization lies out of the plane of
the cladding, has not been previously investigated at the time of writing. This geometry
can be made possible by the use of ultra-thin magnetic films, which can be engineered to
have an out-of-plane magnetization. The advantage of using such materials is that the Kerr
effect in the polar configuration is relatively large even for very thin films. This allows for a
scaling down of the film thickness, and thereby a reduction in optical loss, whilst retaining
significant magneto-optical effects. A first investigation into this polar Kerr geometry for
magnetic waveguide claddings on the IMOS platform is presented in this thesis.

1.2 Storage devices

With growing digital communication comes the need to store ever more data. The dominant
data storage method for over 50 years has been the magnetic hard disk drive (HDD).
This device uses disks coated with magnetic material, in which information is encoded
by the magnetization direction in single domains. Magnetic reading and writing heads
attached to a movable arm can access and change the data on the drive as the disk rotates.
Over the years, HDDs have become more energy efficient, and magnetic domain sizes
have shrunk, allowing for higher storage capacities. However, fundamental limits are now
preventing further downscaling. One important factor is the superparamagnetic limit [18],
which describes the minimum size for which small magnetic domains remain thermally
stable, which is essential for data storage. The switch from longitudinal (in-plane) to
perpendicular (out-of-plane) recording [19] has increased data densities due to a lower
possible minimum domain size. Nevertheless, further downscaling is becoming ever more
complicated and therefore expensive. Furthermore, the moving parts inherent to the HDD
design limit energy efficiency and introduce wear and tear. Therefore, the search is on for
an alternative to the magnetic HDD. One such alternative is the racetrack memory, first
proposed by Parkin [20], [21], and schematically represented in figure 1.2.

Figure 1.2: Sketch of a racetrack memory device. Image adapted from [21].
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The main difference between this device and the magnetic HDD, is that it has no moving
parts. Instead, it is composed of a magnetic wire with a 3D stacking, in which out-of-plane
magnetized domains move via application of a current. Significant advances in the speed
of these domains up to 1000 m/s have been made in the past decade [22]. Just as with a
hard disk drive, the information stored in a racetrack memory needs to be readable and
writable. It has been proposed by Parkin [21] to use magnetic tunnel junctions (MTJs)
[23] as reading and writing heads, similar to modern day HDDs.
The advantages of the racetrack memory compared to conventional HDDs are numerous.
Firstly, due to the ability the incorporate numerous reading and writing heads in a single
device, and the high domain wall velocities, the average access time for a bit is projected
to be as low as 10 ns, compared to 5 ms for hard disk drives [21]. At the same time, race-
track memory devices can potentially be as inexpensive as HDDs. The typical bottleneck
for cost in solid state storage devices is the number of transistors needed. As a racetrack
memory allows a single transistor to handle up to 100 bits, this significantly reduces device
costs. Domain sizes in a racetrack can be extensively controlled by careful engineering of
material parameters. The use of antiferromagnetic structures [24] allows for a very close
packing of domains, giving comparable data densities and device costs as HDDs, but with
a much lower device footprints [22].
Finally, the flexibility of racetrack memory technology shows promise in not only replacing
the HDD, but also replacing solid state flash memory. By tuning the material properties,
devices can be tuned either for high data densities or fast access rates.
In this work, a different solution for reading and writing bits in the racetrack memory is
proposed, utilizing the photonics technology introduced in the previous section. The basic
idea relies on the physical crossing of the racetrack memory and a photonic waveguide. In
essence, the racetrack memory locally becomes a cladding for the waveguide. The magne-
tization of the racetrack memory induces magneto-optical effects, which would allow for
the reading out of the state of the bit or bits crossing the waveguide. This is schematically
represented in figure 1.3.

Figure 1.3: Artist’s impression of a scheme where a photonic waveguide is used to read
out the data in a magnetic racetrack memory.
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Conversely, it is proposed that bits can be written via a photonic waveguide using all-optical
magnetization switching. This phenomenon allows for the switching of the magnetization
direction purely with light, and has been widely reported in the past decade [25], [26].
All-optical switching has already been demonstrated with light pulses of around 100 fs,
posing no bottleneck for bitrates in the foreseeable future. The main advantage of this
proposed reading and writing solution over the use of MTJs is that it alleviates the need
to convert information to the electronic domain. For the same scaling reasons mentioned
in the previous section, it is desirable to replace electronic components with photonic ones
wherever possible.
The amount of research questions which are still open in this direction is massive. As the
racetrack memory typically has an out-of-plane magnetization, a sensible first step is the
investigation of out-of-plane magnetic claddings for photonic waveguides.

1.3 This thesis

This work is positioned in the middle of the two introduced challenges. The interest in
ultrathin out-of-plane magnetized claddings is twofold, both for integrated optical isolators,
and racetrack memory reading and writing devices. As there is still much work to be done
before either of these concepts become a reality, this work provides a very general first
investigation, with no specific applications yet in mind.
An introduction of the relevant theoretical concepts, as well as a model for magneto-optical
interactions in a photonic waveguide, are presented in chapter 2. 3D electromagnetic
simulations into magnetic claddings for photonic waveguides are introduced in chapter 3.
Chapter 4 provides an overview of the relevant experimental tools and methods used in this
work. In chapter 5, both 2D simulations and experimental investigations into magnetic
cladding compositions are presented. Finally, the findings of this thesis are summarized in
chapter 6, and an outlook for future research is given in chapter 7.
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2
Theory

In this chapter, some of the theoretical concepts used in this work are discussed. The
first section gives a brief introduction into the theory behind optical waveguides. In the
second section, the concepts of magnetic anisotropy and hysteresis are introduced. The
third section describes the magneto-optical Kerr effect in both free space and waveguides.
In the final section, a model is proposed to describe mode conversion in a waveguide due
to the magneto-optic interaction.

2.1 Waveguides

An optical waveguide is a structure designed to guide light by confinement to a spatial
region. In this section, a simple model of a 2D dielectric slab waveguide is discussed to
introduce relevant terms and concepts for future reference.
In general, electromagnetic waves propagating in a homogeneous medium will diverge. In
order to guide waves in a certain direction, this divergence needs to be countered. For
this to occur, certain conditions must be met. These conditions are derived for a 2D slab
waveguide system, which is schematically shown in figure 2.1.

Figure 2.1: Sketch of a 2D symmetric dielectric slab waveguide. A dielectric layer with
refractive index n2 is bounded on two sides by semi-infinite bounding layers with

refractive index n1.

7
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This waveguide consists of a dielectric slab with a refractive index n2, which is bounded on
the top and bottom with a semi-infinite layer with refractive index n1. It will be seen that,
for this system, it is necessary that n2 > n1. All layers extend infinitely in the z-direction.
By solving Maxwell’s equations for each layer, and matching the boundary conditions, it
will be possible to find the guided modes for this structure.
For homogeneous media, the solution to Maxwell’s equations are plane waves. Considering
light with one wavelength, propagating in the z-direction, Maxwell’s equations are written
in the form [27]:

∇×H = iωε0n
2(x)E, (2.1)

∇×E = −iωµH , (2.2)

where H and E are the magnetic and electric field vectors respectively, n is the refractive
index profile, ω the angular frequency, ε0 the vacuum permittivity and µ the magnetic per-
meability. Due to the homogeneous nature of the structure along the z-axis, the solutions
of these equations are written as:

E(x, t) = Em(x) exp (i(ωt− βz)), (2.3)

H(x, t) = Hm(x) exp (i(ωt− βz)), (2.4)

where β is the propagation constant, or the z-component of the wavevector, and Em and
Hm are the guided mode wavefunctions, where the integer m indicates the mode number.
Via elimination of H , equations 2.1 and 2.2 can be reduced to a single wave equation:

∂2

∂x2
E(x) + (

ω2

c2
n2(x)− β2)E(x) = 0. (2.5)

For this system, there are now two boundary conditions. Firstly, fields must be continuous
at the interfaces. This first condition gives the requirement for a standing wave in the
guiding layer. Taking equation 2.5, this means that ω2

c2
n2(x)− β2 must be positive in this

layer, or:

β <
n2ω

c
. (2.6)

Second, field amplitudes must go towards zero as x goes to positive or negative infinity.
This last condition is satisfied if field amplitudes fall off exponentially outside of the guiding
layer. Again taking equation 2.5, this now requires that ω2

c2
n2(x)− β2 is negative, or:

β >
n1ω

c
. (2.7)
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Any confined modes must now satisfy both of these conditions. As was mentioned pre-
viously, these conditions are also the reason that for this specific structure it is required
that n2 > n1. The guided modes satisfying these conditions are separated into transverse
electric (TE) and transverse magnetic (TM) modes. Extending this structure to 3D, a
TE mode has its electric field perpendicular to the xz-plane, whereas a TM mode has its
magnetic field perpendicular to this plane.
A comprehensive derivation of the TE and TM modes is outside of the scope of this work,
but can be found in [27]. At this moment, it suffices to say that a full derivation finds
both symmetric and antisymmetric modes, with either a maximum or a zero crossing re-
spectively in the wavefunction at the symmetry plane of the structure. The lowest order or
fundamental mode is always symmetric, after which subsequent modes alternate between
anti-symmetric and symmetric. In this structure, a fundamental TE and TM mode always
exist. The existence of higher order modes however is dependent on the properties of the
waveguide. In general, the narrower a waveguide is, the fewer modes are supported.
The propagation constant β of a guided mode can be normalized and written as an effective
refractive index:

neff =
β

ω/c
= β

λ

2π
. (2.8)

This effective refractive index is analogous to the regular refractive index, in that it de-
scribes the propagation speed of light through the system. In other words, a guided mode
with neff in a waveguide propagates at the same phase velocity as light in a homogeneous
medium with n = neff .

Mode beating

The effective index is used to highlight one more important effect that will be discussed
later in this work, namely mode beating. In general, the propagation constants of two
modes, say the fundamental TE and TM modes, are not the same. Therefore, the modes
propagate at different phase velocities, and experience a phase difference ∆φ after a certain
propagation distance ∆z:

∆φ = |βTE,0 − βTM,0|∆z. (2.9)

The distance over which a phase difference of 2π is accumulated is known as the beating
length TL:

2π = |βTE,0 − βTM,0|TL, (2.10)

or, when using equation 2.8,

TL =
λ

neff,TE − neff,TM

. (2.11)

This phenomenon and its effects will be observed in this work, in sections 2.4, 3.2, and 5.3.
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2.2 Magnetic anisotropy

In this work, ultra-thin magnetic films which have their magnetization pointed out of
the plane of the film are investigated. In this section, a short introduction of magnetic
anisotropy and magnetization curves is given as reference for future experimental results.

In general, the magnetic anisotropy of a ferromagnetic material defines the direction along
which the magnetization preferentially aligns. This direction is called the easy axis, whereas
other, higher energy directions are called hard axes. In the ultra-thin films investigated in
this work, the anisotropy can generally be described by two terms [28]:

Keff =
Ks,bottom +Ks,top

t
− 1

2
µ0Ms, (2.12)

where Keff is the effective anisotropy constant, t the film thickness, and Ks,bottom and
Ks,top the surface anisotropy constants originating from the bottom and top film surfaces
respectively. The second term contains the vacuum permeability µ0 and the saturation
magnetization Ms.
In completely ideal, vertically symmetric systems, Ks,bottom = Ks,top. This is generally
not the case in this work. In the ultra-thin films investigated in this work, the surface
anisotropy Ks results from interaction between the surface atoms of the magnetic film
with neighboring transition metal layers. More specifically, orbital hybridization at the
interface between a ferromagnetic material and a transition metal leads orbitals with out-
of-plane angular momentum to become favored, resulting in out-of-plane anisotropy [29].
The strength of this effect is strongly dependent on several factors, such as transition metal
choice, as well as interfacial roughness, as will be touched upon in chapter 5.
The second term in equation 2.12 represents the shape anisotropy. For thin films, the de-
magnetizing field causes an additional self-energy when the magnetization is out-of-plane.
It is the competition between this energy and the surface anisotropy which determines
the easy axis of magnetization. In this case, a positive effective anisotropy constant cor-
responds to an out-of-plane easy axis, typically referred to as perpendicular magnetic
anisotropy (PMA), whereas a negative Keff corresponds to an in-plane easy axis.

A straightforward way to determine the easy axis of a magnetic film is to perform magne-
tization measurements. Either directly or indirectly, the magnetization is measured as a
function of an applied magnetic field. The direction of the applied field combined with the
resulting magnetization curve gives information on the anisotropy direction of the sam-
ple. To illustrate this, the Stoner-Wohlfarth model is used [30]. This model describes the
behavior under applied magnetic fields of a uniformly magnetized ellipsoid with a single
easy axis. Magnetization curves along both the easy and hard axis for such a particle are
presented in figure 2.2.
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Figure 2.2: Magnetization curves of a Stoner-Wohlfarth particle for an applied
magnetic field either along its easy or hard axis. The x-axis is normalized to the

anisotropy field, and the y-axis to the saturation magnetization.

The magnetization of a Stoner-Wohlfarth particle exhibits hysteresis when a field is applied
along the easy axis. This is due to the fact that magnetization reversal requires passage
through the high-energy hard axis direction. The extra energy needed to overcome this
barrier comes in the form of the coercive field, which is the applied magnetic field where
the magnetization suddenly and uniformly switches. In the hard-axis magnetization curve,
there is no hysteresis, as the magnetization does not start or end in a lowest energy state.
In this case, the magnetization can be forcibly aligned with the hard axis, but this requires
a larger applied field than the coercive field along the easy axis.
In practice, thin magnetic films do not behave exactly as Stoner-Wohlfarth particles. For
instance, domains with opposite magnetization can spontaneously nucleate around defects,
changing the switching behavior. Nevertheless, measuring the magnetization of a film along
its easy axis will still result in a magnetization curve with hysteresis, and high remanent
magnetization at zero applied field [31], [32].
In this work, these concepts are mainly used to verify that PMA is present, by measuring
the magnetization under an out-of-plane applied magnetic field.

2.3 Magneto-optical Kerr effect

First discovered by John Kerr in 1877 [33], the magneto-optical Kerr effect (MOKE) de-
scribes the change in polarization state of light when reflecting off a magnetized material.
It has the same origin as the Faraday effect, which concerns light passing through mag-
netized materials. A macroscopic description of this effect is presented here. In general,
when linearly polarized light reflects off the surface of a magnetized material, the light
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will undergo polarization rotation, and become elliptically polarized. Linearly polarized
light consists of equal parts left- and right-handed circularly polarized light. The magne-
tization of a medium causes a difference in permittivity between the two helicities of light
interacting with it, resulting in a change of the polarization state for both reflected and
transmitted light. It has been shown [34] that this effect can be derived by describing a
material not with a complex refractive index, but with a dielectric tensor. For an isotropic
material, the general form of this tensor is:

ε =

 εxx εxy εxz
−εxy εxx εyz
−εxz −εyz εxx

 . (2.13)

This still contains the refractive index, n =
√
εxx, which does not depend on the mag-

netization, and is the same for all directions in this isotropic material. The off-diagonal
elements in this tensor scale with the magnetization, and each of these elements depend on
a different magnetization direction. In this work, a common geometry is that where light
traveling in the z-direction encounters a medium which is magnetized purely along this
same axis. In this case, only one off-diagonal element remains, and the dielectric tensor
reduces to:

ε =

 εxx εxy 0
−εxy εxx 0

0 0 εxx

 . (2.14)

From Maxwell’s equations, the definition of the electric polarization,

P = ε

Ex

Ey

Ez

 , (2.15)

gives the electric field vectors Ex, Ey, and Ez as eigenvectors. Solving finds the eigenvectors
of the dielectric tensor in this case to be(

Ex

Ey

)
=

1√
(2)

(
1
±i

)
. (2.16)

These eigenvectors have eigenvalues ε = εxx± iεxy, corresponding to right- and left-handed
circularly polarized light. Therefore, the permittivity is different for both helicities, giving
a change in the polarization state upon reflection and transmission. For reflection, this
change, known as the complex Kerr rotation, is given by [35]:

Φk = θk + iεk =
εxy√

εxx(εxy − 1)
, (2.17)

where θk is the Kerr rotation, and εk the Kerr ellipticity. In general, both of these effects
can be measured, and a scheme to do so experimentally will be introduced in section 4.3.
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2.3.1 MOKE in waveguides

As from a ray optics point of view, waveguides work via total internal reflection, it stands
to reason that the replacement of a waveguide cladding layer with a magnetized material
will induce Kerr effects in the light propagating through the waveguide. Extending the
analogy from polarization in free-space to guided modes in waveguides, the expectation
is that the Kerr effect will manifest as mode conversion in specific geometries. In fact,
this has been demonstrated experimentally by for instance Holmes et al. [36]. Note that
in that work, the Kerr geometry was longitudinal, meaning that the magnetization of the
cladding lies along the same axis as the propagation direction. It has also been shown
for the transverse geometry, where the magnetization is in the plane of the cladding, but
perpendicular to the propagation direction, that no mode conversion occurs [37]. Magneto-
optical Kerr isolators with this geometry generally make use of a non-reciprocal phase shift
occurring in this geometry [15].
For the polar Kerr geometry, where the magnetization of the cladding is out-of-plane, no
previous research appears to exist at the time of writing. A possible derivation of the effect,
such as that performed by Vanwolleghem [37] is quite complicated, and is outside of the
scope of this particular work. For now, it is assumed that, due to the similar behavior of
the Kerr effect in the longitudinal and polar configurations [28], the effects in a waveguide
are similar as well. More specifically, mode conversion in a waveguide is expected due
to interaction with an out-of-plane magnetized cladding. This assumption will be verified
with simulations in section 3.2, whereas the next section describes a semi-phenomenological
analytical description of the processes which are expected to occur.

2.4 Rate equation description of mode conversion

In order to gain a better qualitative understanding of the behavior of modes in a waveguide
undergoing mode conversion due to interaction with a magnetic cladding, a phenomeno-
logical description based on rate equations is developed. The change in the TE and TM
modes is described with a coupled set of equations, where for the sake of simplicity TE and
TM are indicated with s and p respectively (corresponding to free space polarizations). For
a waveguide supporting only the fundamental TE and TM modes, these coupled equations
are as follows: {

ds
dx

= Rpsp−Rsps− s
ds
− ikss

dp
dx

= Rsps−Rpsp− p
dp
− ikpp

, (2.18)

where x is the distance along the propagation direction, and Rsp and Rps are the conversion
rates from the TE to the TM mode and vice versa. The final two terms in both equations
result from the propagation constant, which contains a real and imaginary part. The real
part describes the attenuation, and is given here by the attenuation lengths ds and dp for
the TE and TM modes respectively, giving the propagation distance over which a mode
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is reduced to 1/e of the initial intensity. The imaginary part of the propagation constant
describes the phase of a mode, given here by the phase constants ks and kp for the TE and
TM modes respectively, describing the change in phase per unit propagation distance.
Future investigations in this work will focus on waveguides in which the input is the
fundamental TE mode, which is partially converted to the fundamental TM mode due to
interaction with a magnetic cladding. Initially, this means that |s| � |p|, and when the
conversion rates Rsp and Rps are relatively small compared to |s|, the first equation can be
solved for s, giving:

s(x) = s0e
−(iks+ 1

ds
)x. (2.19)

Similar to free space, the polarization state is determined by the combination of the two
modes. Therefore, d(p/s)

dx
is determined, and the solution for s from the previous equation

is substituted, giving:

d(p/s)

dx
=

1

s0

dpe(iks+
1
ds

)x

dx
. (2.20)

Filling in dp
dx

and noting that Rpsp disappears for an initial pure TE mode, and remains
small for small |p|, gives:

d(p/s)

dx
= Rsp − (

1

dp
− 1

ds
)
p

s
− i(kp − ks)

p

s
(2.21)

as the final equation describing this limiting case. By substituting different values of the
constants in this differential equation, a few cases can now be examined.
In the simplest case, for an ideal waveguide with no magnetic cladding, there is no mode
conversion (Rsp = 0), and no loss (dp = ds =∞, or 1

dp
= 1

ds
= 0). In this case, no matter the

difference in phase constants between the modes, the TE mode will propagate unchanged,
and no TM mode will be generated. For a cladded waveguide, the system becomes more
complicated, and the differential equation will be solved numerically. In this case, a small
conversion from TE to TM per unit propagation length is present (Rsp > 0). In general for
the waveguides investigated in this work, the attenuation due to interaction with a cladding
will be stronger for the TM than for the TE mode, giving dp < ds. The phase constants
of the two modes will only be equal for very specific waveguide dimensions, therefore in
general it is chosen that kp 6= ks.
To understand the behavior resulting from these conditions, the solution is first solved
for two simpler cases. In the first case, there is no phase difference between the modes
(kp = ks), while the other parameters are as described previously. For the second case,
only the attenuation of both modes is the same (dp = ds). By filling in some generic values
for all parameters, the differential equation can be numerically solved for both cases. A
phase plot with the solutions of both of these cases is shown in figure 2.3a. The solutions
are plotted over a propagation distance that is high enough so that the trajectories no
longer vary.
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Figure 2.3: Phase plots of the real and imaginary part of the ratio between the TM and
TE modes as obtained from solving the differential rate equation for the case where the

initial mode is purely TE, Rsp > 0, and either the phase or attentuation constants are the
same (a) or both different from each other (b). Arrows indicate the direction along which

propagation distance increases.

For the case where phase constants are the same, conversion occurs purely along the
real axis, but a maximum is reached due to competition between conversion and higher
attentuation for the newly generated TM mode. If phase constants differ, but attenuation
for both modes is the same, different behavior occurs. At first, the generated TM mode
is in phase with the original TE mode. However, due to the difference in phase constants,
the TM mode starts lagging behind. As propagation distance increases, the TE mode, and
therefore the TM mode generated at that point, has a different phase than the previously
generated TM mode, eventually canceling itself out. This behavior essentially continues
forever. Both of these effects prevent full conversion from TE to TM under these specific
circumstances.
Finally, the differential equation is solved for the complete system where Rsp > 0, and
both attenuation and phase constants differ for the two modes. This solution is plotted
in figure 2.3b. Here it is seen that the trajectory trends towards a sink with a spiraling
motion, which is sensible when looking at the two effects in figure 2.3a. The location of
this final point of the trajectory depends on all parameters of the differential equation.
This model shows that both converting to a mode with higher attenuation, and having two
modes with different phase constants, is undesirable if full conversion is needed. However,
for consistency with experiments performed in section 5.3, this is the type of waveguide
system that will be investigated further in this thesis. In section 3.2, 3D simulations on
similar systems will be performed, and this rate equation model will be used to compare
the results.
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3
3D Simulations

In this chapter, the results of 3D simulational studies into magneto-optics, and more specif-
ically magnetically cladded photonic waveguides are presented. First, the 3D Finite Dif-
ference Time Domain (FDTD) simulation method is introduced. In the first section, this
method is applied to free-space simulations of the magneto-optical Kerr effect. In the sec-
ond section, photonic waveguides with claddings with an out-of-plane magnetization are
investigated. Both the case of a magnetic cladding with a uniform magnetization, and with
a periodically modulated magnetization are discussed, with a focus on mode conversion
due to the Kerr effect.

To gain some qualitative insight into the interaction of light in photonic waveguides with
perpendicularly magnetized claddings, simulations are employed. The choice is made to
use a 3D Finite-Difference Time-Domain (FDTD) technique, which is capable of giving a
comprehensive view of many experimentally relevant effects. The FDTD method relies on
discretizing time and space, and solving Maxwell’s equations for each point in the simula-
tion space across the simulation time. As mentioned in section 2.3, magnetized materials
have a dielectric tensor with non-zero values for the off-diagonal components. Many com-
mercially available implementations of the FDTD method only allow materials with linear
dielectric tensors, and therefore cannot simulate magneto-optical effects. The choice is
made to use the Lumerical FDTD Solutions solver, which does allow for the simulation
of magnetic materials, albeit with a slight workaround. This procedure is detailed in ap-
pendix A.
In the following simulations, the boundaries of the simulation domain are spanned by Per-
fectly Matched Layers (PMLs), which absorb all incident fields with minimal reflection.
Other types of boundaries, such as periodic boundaries for extended or repeating struc-
tures, are also possible. Several light sources are available, such as plane wave sources
for free space simulations, or mode sources for waveguide simulations. The latter use 2D
mode solvers (similar to those that will be discussed in section 5.1) to calculate the possible
guided modes in a waveguide, after which one mode can be chosen to be inserted. The
final result of the simulation will consist of the magnitudes and directions of electric and
magnetic fields across all points of space and time within the bounds of the simulation.
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However, this is a massive amount of information, and not inherently useful. Therefore,
monitors can be placed in the simulation volume which can for instance display field dis-
tributions across a cross-section, or be used to visualize the response in the time domain.
Other calculations can be performed by these monitors, giving data such as power loss or
mode conversion, which is useful for parameter sweeps.
It is important to note that these simulations will not be able to simulate the effects of
light on the magnetic material itself. One such effect is heating, which is known to reduce
the magnetic moment [38] and therefore the Kerr rotation. Although this and some other
limitations that will be discussed in this chapter prevent fully reliable quantitative data
from being acquired, this method is nevertheless useful to gain more qualitative insight
into magnetic claddings.

3.1 Free-space MOKE simulation

As a first test of magneto-optical interaction in the Lumerical implementation of the FDTD
method, it is useful to look at a basic system with a known response. A system is chosen
where light reflects off of a slab of material in free space. If the material is magnetized,
reflection induces rotation and ellipticity in the polarization of the light due to the magneto-
optical Kerr effect (MOKE), as discussed in section 2.3.1.
A magnetic material with a known dielectric tensor is needed. Determining these material
parameters experimentally is outside of the scope of this work. Therefore, any magnetic
material will suffice for now, and a Co90Fe10 alloy is chosen, where the dielectric tensor is
taken from [39] to be

ε =

−1.6− 44.8i −1.7 + 0.5i 0
1.7− 0.5i −1.6− 44.8i 0

0 0 −1.6− 44.8i

 . (3.1)

These parameters were determined at a wavelength of 1310 nm, which is therefore also
the wavelength that shall be used for these simulations. It should be noted that the mag-
netization direction is determined by which off-diagonal elements are non-zero. In this
configuration, this means that the material is magnetized in the vertical direction. As the
off-diagonal parameters were determined in a longitudinal Kerr effect configuration [40],
that is to say, with an in-plane magnetization, they are not representative for an out-
of-plane magnetization configuration. Quantitatively, results from these simulations are
therefore not expected to correspond to experiments by [40]. Nevertheless, this choice is
deliberate, as future simulations and experiments will be concerned with perpendicularly
magnetized thin films.
A plane wave source is used to send light with a well-defined linear polarization onto the
material from above. The material is chosen to be several microns thick, so that all incident
light is either reflected or absorbed1.

1Penetration depths for Co, Fe, and Pt are all around 20 nm [41], [42].
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A monitor is used to calculate the polarization ellipse across a cross-section. By placing this
monitor behind the source, it is ensured that only the reflected light, which has undergone
Kerr rotation, is captured. A comparison is made between reflection from a non-magnetic
(Pt) slab, and a Co90Fe10 slab with magnetization directed either vertically up or down.
The magnetization direction can be chosen by inverting the signs of the off-diagonal ele-
ments of the dielectric tensor of the material.
From optical theory it is expected that linear polarization is conserved after reflection from
a non-magnetic material (under normal incidence). As mentioned in section 2.3, after re-
flection from a magnetic material, linearly polarized light will become elliptically polarized
with a rotation of the polarization axis. The direction of rotation should reverse upon
reversing the magnetization direction, whereas the magnitude should stay constant.
Figure 3.1 shows a plot of polarization ellipses resulting from simulations of all three cases.

Figure 3.1: Plots of polarizations ellipses determined via 3D FDTD simulations for
linearly polarized light reflected from a non-magnetic (NM) material and a magnetic

material with magnetization directed up and down. The Kerr rotation angle θ is
indicated.

It can be seen that the simulation performs as expected. The polarization of light reflecting
from a non-magnetic material is not changed and remains linear. Light reflecting from a
Co90Fe10 slab gains ellipticity and undergoes a Kerr rotation of ±0.7°, depending on the
magnetization direction.
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3.2 Magnetic waveguide claddings

Now that a basic system has been discussed and fundamentals have been established, it
is possible to investigate magnetically cladded waveguides, the main systems of interest
in this thesis. A standard waveguide system is chosen for all future 3D simulations in
this chapter to be based upon. The dimensions and material choices of this system are
taken from the InP membrane on silicon (IMOS) platform [3], which will also be used
for future experiments in chapter 5. The same Co90Fe10 material used previously will be
employed as a waveguide cladding. Figure 3.2 shows a schematic representation of the
system with relevant dimensions and materials. The directions of the coordinate system
are also indicated.

Figure 3.2: Schematic representation of the standard magnetically cladded photonic
waveguide that simulations in this chapter will be based on.

The SiO2 and BCB (polymer adhesive) layers are the result of the standard fabrication
procedure of IMOS membranes (as will be discussed in section 4.1.1). It should be noted
that, although the interest in this work is specifically in thin film magnetic multilayers
with thicknesses in the order of nanometers, a relatively thick slab of Co90Fe10 is still used
as magnetic material. This is a compromise that is necessary due to the discretization
inherent in the 3D FDTD method. In order to obtain reasonably accurate results, the
computational grid should be chosen such that multiple grid points span each dimension
of each element in the simulation. However, if films with thicknesses lower than 10nm were
to be used as claddings, the discrepancy between the dimensions of the waveguide and
those of the cladding would become too great. For the cladding to be discretized to a level
providing reasonable accuracy, simulation times would become unmanagable. On the other
hand, if the grid size is chosen to be larger, accuracy would drop below acceptable levels, as
one grid cell would contain sections of InP, cladding material, and air simultaneously. This
would give rise to undesirable effects due to averaging of material parameters. Moreover,
the dielectric tensor of these thim film stacks is difficult to determine experimentally, as
light passing through the thin layers also probes the parameters of underlaying materials.
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The choice is therefore made to use a 50 nm thick strip of Co90Fe10. This means that the
results of the simulation will not be directly applicable to experiments to be performed in
the future. Finally, it should be noted that the magnetization of the Co90Fe10 strip is chosen
to be out-of-plane. This is purely artificial, and would in reality not be possible without the
application of an external magnetic field. Furthermore, the dielectric tensor of this material
was determined for an in-plane magnetization, and is not necessarily representative for out-
of-plane magnetization in an ultra-thin film, further limiting the quantitative usefulness of
these simulations.
These considerations show that care should be taken when interpreting these simulations
quantitatively. However, qualitative information and trends resulting from parameter scans
can still be obtained, allowing for investigation of some relevant effects.

3.2.1 Uniform magnetization

The first and simplest cladded waveguide system to be investigated is that where the
cladding has a uniform magnetization in either the plus or minus z-direction. As discussed
in section 2.3.1, a magnetic waveguide cladding in this polar configuration induces a po-
larization rotation in the light in the waveguide. As discussed in section 2.4, the complete
picture is the result of a complex rotation. As the real part of this rotation provides infor-
mation on both the relative mode amplitudes and mode beating, this Kerr rotation angle
will mainly be used. Polarization monitors as used in section 3.1 are utilized again to
determine this Kerr rotation. Now, multiple monitors are placed spanning the waveguide,
with their plane normal along the propagation direction, to determine the evolution of the
signal during propagation.
The calculation performed to obtain the polarization ellipse relies on the magnitudes of
electric and magnetic fields in the cardinal directions. As discussed in section 2.1, a pure
TE mode has no electric fields along the propagation direction. However, in the highly
confined ridge waveguides used here, it is no longer possible to speak of pure TE or TM
modes, but rather of TE- and TM-like modes. A TE-like mode still has the majority of
its electric fields normal to the propagation direction, but a portion may also lie along the
propagation direction. This is thought to induce an additional error, which is not quan-
tifiable at this moment, in the calculation of the polarization ellipse. Nevertheless, general
trends are still thought to be relatively reliable.
The fundamental TE-like mode is chosen as input mode, which means partial conversion
to a TM-like mode is expected. Figure 3.3 shows a plot of the Kerr rotation as a function
of propagation distance in a waveguide cladded with a 10 µm long Co90Fe10 strip with a
uniform ’up’ magnetization. The location of the strip along the propagation direction is
indicated in the sketch and plot.
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Figure 3.3: Kerr rotation as determined by 3D FDTD simulations of the fundamental
TE-like mode in a waveguide partially cladded with a 50 nm thick Co90Fe10 strip with a

uniform ’up’ magnetization as a function of propagation distance. Region covered by
strip indicated with gray in the plot.

It can be seen that Kerr rotation occurs in the region cladded by the strip, but a maximum
soon appears to be reached, after which oscillation starts to occur. After the end of the
strip, oscillation between the modes with the conversion maximum as amplitude can be
seen. Note again that Kerr rotation is only one part of the total signal, and the absolute
magnitude of the TE- and TM-like modes remains constant after the cladding. This mode
beating was discussed in section 2.1, and is the result of two modes coexisting with different
propagation constants. The beating length, both in the cladded and the bare waveguide
segments, can be calculated using equation 2.11. Built-in 2D mode solvers provide the
effective indices of the modes. For the cladded section, this calculated beating length is
found to be 2.7 µm. For the bare segment, the beating length is calculated to be 6.2 µm.
Compared to the observed beating lengths of 3.2 µm and 5.7 µm respectively, there appears
to be a discrepancy. This might indicate that other modes than the fundamental TE- and
TM-like modes are propagating in the waveguide. At this time this is not verified.
It is illustrative to view both the Kerr rotation and the ellipticity simultaneously. As was
discussed in section 2.4, these can also be obtained from a rate equation description of
mode beating. In the context of these equations, the rotation and ellipticity are converted
to the real and imaginary parts of TM/TE respectively. Figure 3.4a shows a phase plot
of the solution for these rate equations for a bare-cladded-bare waveguide system with a
TE input. Inside the region covered by the strip, these equations are solved for a finite
conversion rate, propagation constants which are different for both modes, and loss which
is higher for the TM mode than for the TE mode2. In the bare region, the conversion rate
is zero, propagation constants remain different, and loss for both modes is also zero.

2For the TM mode, fields overlap more with the cladding, giving higher loss.
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Figure 3.4b shows a phase plot of the Kerr rotation and ellipticity as obtained from the
3D FDTD simulation of this same system. For both plots, propagation distance increases
along the indicated arrows.

Figure 3.4: Phase plot of the Kerr rotation (y-axis) and ellipticity (x-axis) obtained via
rate equations (a) and via 3D FDTD simulations (b) for a bare-cladded-bare waveguide.

It can be seen that the qualitative behavior of the simulation is reproduced reasonably well
by the rate equations. Exact numbers on the axes should not be compared as they are
arbitrarily chosen for the rate equation solutions. These plots illuminate the behavior seen
in the simulation. The solutions of the rate equations replicate the behavior resulting from
the simulation. In the cladded region, it is seen that conversion reaches a maximum due
to both loss and phase factor discrepancy, as was also discussed in section 2.4. Looking at
the phase plots, it is also more clear that the absolute magnitude of both modes remains
constant in the uncladded region. It should also be noted that the system appears to
overshoot the final equilibrium point during approach. This is due to the fact that the
phase discrepancy of the modes needs a certain propagation distance to become effective.
This overshoot will be used in the following section to increase the mode conversion above
this apparent limit for a uniformly magnetized strip.

3.2.2 Periodically switched cladding

Instead of using a magnetic cladding with a uniform magnetization direction, it is also pos-
sible to segment this cladding into sections which can each have a different magnetization.
A system where the magnetization in the cladding periodically alternates between up and
down along the cladding length is investigated in this section.
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Figure 3.5 shows the Kerr rotation as a function of propagation length in a waveguide with
a 9.6 µm long cladding consisting of 6 segments with magnetization alternating between
up and down.

Figure 3.5: Kerr rotation as determined by 3D FDTD simulations of the fundamental
TE-like mode in a waveguide partially cladded with a 50 nm thick Co90Fe10 strip with

magnetization alternating between up and down every 1.6 µm.

The maximum Kerr rotation in this system is more than three times higher than for the
same cladding length with a uniform magnetization. This is done purely by taking advan-
tage of the resonance inherent in the system. The switching period of 1.6 µm corresponds
with half of the beating length determined for the cladded segment in the previous section.
The increase in rotation for the first period after the end of the strip is thought to be due
to the existence of a higher order mode in the region covered by the cladding. This mode
is quickly attenuated in the region after the cladding, as it is no longer guided there.
To give more insight into how it is possible that periodically switching the magnetization
increases mode conversion, it is illustrative to look at a phase plot of the Kerr rotation
and ellipticity again. Figure 3.6 shows this phase plot for a mode traveling through a few
periods of a cladding with periodic magnetization. The first few periods of the cladding
are not shown, and the propagation direction is again indicated by arrows. It can be
seen how conversion is systematically built up by switching the magnetization direction
of the cladding at the right moment, that is, when the absolute magnitude of TM/TE is
greatest. Each segment of the oscillation is still on a spiraling trajectory as seen for the
uniform cladding, and the trajectory would reach the same equilibrium point if the length
of a segment were to be extended indefinitely. For these larger conversion amplitudes, the
assumptions made in solving the rate equations break down, and it is no longer possible
to reproduce the observed behavior with these equation.
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Figure 3.6: Phase plot calculated with 3D FDTD simulations of Kerr rotation (y-axis)
and ellipticity (x-axis) of a TE mode interacting with a cladding that has its
magnetization periodically switched between up and down along its length.

Figure 3.7: Maximum Kerr rotation of a TE mode interacting with a cladding with
either uniform or periodically modulated magnetization, as a function of total cladding

length, determined via 3D FDTD simulations.
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To investigate how the maximum attainable Kerr rotation evolves with increasing cladding
length, a series simulations are performed. Figure 3.7 shows a plot of the maximum Kerr
rotation as a function of total cladding length for both a uniform cladding, and a periodic
cladding with period 1.6 µm. It is clear that the rotation due to a uniform strip is more
or less constant with increasing cladding length. Conversely, for a periodic cladding the
maximum rotation increases with increasing cladding length with a superlinear relation-
ship. An explanation for the oscillatory behavior seen in this figure is not known at this
time.
One suggestion to end this chapter with is to investigate the effect of the shape of the
waveguide on mode conversion. As has been discussed, due to the rectangular shape of
the waveguide cross-section, the TE and TM modes have different propagation constants,
which causes mode beating that hampers total energy conversion from one mode to the
other. In a waveguide that is not cladded, both modes would have the same propagation
constants if the waveguide has a square cross-section. Because the TE and TM mode in-
teract differently with a cladding, the addition of this cladding means that a rectangular
waveguide no longer gives the same propagation constants. Nevertheless, it should still be
possible to find a waveguide shape where both modes have the same propagation constants,
theoretically giving coherent conversion without beating.

To conclude this chapter, the following observations were made:

� 3D Finite Difference Time Domain simulations have been introduced for magneto-
optical simulations. In free-space MOKE simulations on a Co90Fe10 slab, the expected
behavior of Kerr rotation and ellipticity was replicated, and found to be numerically
consistent with experimental results by [39].

� 3D FDTD simulations were applied to the system of a waveguide cladded with a
Co90Fe10 strip with out-of-plane magnetization. For a uniformly magnetized cladding,
a maximum Kerr rotation of 0.7° was found, independent of cladding length. This
was attributed to the competition between the Kerr effect and the difference in prop-
agation loss and phase factors between the fundamental TE- and TM-like modes.

� It was found that higher mode conversion can be attained by periodically switching
the magnetization of the cladding between up and down along its length, and choosing
this period carefully. For a 9.6 µm periodic strip, Kerr rotation was over three times
higher than for a 10 µm uniform strip. This ratio was found to increase even further
with increasing total cladding length.

� In appendix B, the findings in this section are used to demonstrate the possibility
of reading out the magnetization direction of a single cladding by making use of the
beating between the TE and TM modes. Here it is essential that the position of this
cladding with regard to the mode beating pattern is carefully chosen. It is found
that a cladding with a length of 1.6 µm can already change the ratio between the TE
and TM mode by a factor 4 depending on its magnetization.



4
Experimental tools

In this chapter, the primary experimental methods and tools used in this work are dis-
cussed. The first section concerns the fabrication process for photonic waveguides, as well
as the design of these waveguides and the procedure for transmission measurements that
will be performed later on in this thesis. The second section details the fabrication of
magnetic multilayers via magnetron sputter deposition, and sample oxidation, as well as
the patterned deposition of these stacks for microscale waveguide claddings.

4.1 Waveguides

In this section, the fabrication process and design of waveguides that will be used in this
work are detailed, as well as the technique used to measure the propagation losses in these
waveguides.

4.1.1 Fabrication

All waveguides to be used for experimental investigations in this work will be based on
the InP membrane on Si (IMOS) platform [3]. Waveguide fabrication on this platform
starts with a 300 nm thick InP layer, which is bonded onto a silicon substrate using
benzocyclobutene (BCB), a polymer adhesive1. Next, structures are patterned into the
InP membrane layer. This is a top-down process, which involves a few sequential steps.
First, a SiNx hard mask is deposited on the InP membrane via plasma-enhanced chemical
vapor deposition (PECVD). A resist layer, which is a mix of C60 and ZEP520A resist[43],
is spincoated on top of the SiNx hard mask. Patterns are then written in the resist layer
via electron-beam lithography (EBL). This is followed by two reactive ion etching (RIE)
steps. The first, which uses a CHF3 plasma, etches the patterns from the resist layer into

1The reasoning behind this structure lies in the intent to eventually integrate photonics (InP) and
electronics (Si) in one package. This is not currently relevant for this work.

27



28 CHAPTER 4. EXPERIMENTAL TOOLS

the SiNx hard mask. A CH4/H2 RIE step then etches the InP membrane, transferring the
patterns from the hard mask. For the waveguides used in this work, this entire process is
performed twice. The first time, trenches defining the waveguides are etched into the InP
membrane. For the process used in this work, the etching depth here is typically around
280 nm, leaving a thin InP layer to protect the BCB layer against etching. In the second
step, the grating couplers are etched into the InP membrane, typically with an etch depth
of 120 to 130 nm. The exact design of the waveguides and grating couplers will be discussed
in the following section.

4.1.2 Waveguide design

For the transmission measurements that will be performed in this work, waveguides have
been designed and fabricated with several experimental concerns in mind. First, a sketch
of one of the waveguides will be presented, after which all elements of the waveguide will be
discussed step-by-step. This top-down sketch is shown in figure 4.1. Note that dimensions
are not to scale.

Figure 4.1: Sketch (not to scale) of the waveguide design used in this work. Elements
include grating couplers (1,4), narrow section with tapering (2) and wide section for

cladding deposition (3).

A mechanism is needed to couple light from out of the chip into the waveguide. This
is done with a (TE mode selective) grating coupler. This consists of periodically etched
strips in the waveguide with a period of 660 nm and a depth of 125 nm. These parameters
are designed such that light coming in from a specific angle will diffract from the grating
in such a way that it is coupled into the waveguide. This grating coupler is only able to
couple the TE mode into the waveguide. TM selective or polarization-independent grating
couplers can also be realized by changing the periodicity of the grating, but these were not
available during the design phase. This grating coupler is 15 µm wide and 16 µm long,
roughly matching the size of the mode in the fiber. The maximum coupling efficiency for
these couplers lies at a wavelength of 1550 nm, giving a loss of 6 dB per coupler.
Due to the width of the grating coupler and the waveguide at this point, many modes
can be supported. As the interest lies mainly in the use of the fundamental mode2, it is

2Later investigations and practical applications will most likely use ’standard’ 400 nm wide waveguides,
which only support the fundamental TE and TM modes.
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important to filter out higher order modes. This is done by including a narrow waveguide
section (2). The width of the waveguide is tapered from 15 µm at the grating coupler to
400 nm. By making this tapering gradual (in this case over a length of 250 µm), higher
order modes are cut off and radiate outwards. After a short (100 µm) straight section of
400 nm wide, the waveguide is tapered out again, this time to 10 µm. A straight waveguide
section at this width (3) follows. Magnetic claddings will be deposited on this section of the
waveguide. The width of this section is chosen such that relatively simple nanofabrication
techniques (as will be discussed in section 4.2.1) may be used, instead of higher resolution
techniques, which may be more involved. The fabricated chip contains two different sets
of waveguides, one where the length of this wide section is fixed to 500 µm, and one where
the length of this section is varied. Magnetic claddings will be deposited on the fixed
length waveguides, whereas the waveguides with variable lengths are used to determine
the waveguide losses without claddings.
Finally, the waveguide is tapered back out to 15 µm, and a second grating coupler (4) is
fabricated to couple light out of the waveguide. The parameters for this grating coupler
are the same as for the in-coupler, and it is therefore also TE-selective. This means that
any mode conversion (from TE to TM) due to a magnetic cladding will not directly be
observable. Instead, such a conversion would manifest itself as an additional transmission
loss. However, at this moment it is speculated that with this scheme, the magnitude of
this effect will be too small to observe.

4.1.3 Transmission measurements

In order to determine propagation loss due to the magnetic claddings, transmission mea-
surements will be performed (reported in section 5.3). For these measurements, single
mode fibers are placed under an angle over both grating couplers. A laser light source
is then attached to the fiber pointed at the in-coupler. Between the light source and the
output of the fiber is a manual fiber polarization controller, which is used to ensure that
the light coming out of the fiber is linearly polarized, and in the plane of the sample (s-
polarization), to give maximum coupling efficiency. Light is coupled into the waveguide
through the grating coupler, travels through the waveguide, and is coupled out again by
the out-coupler into the second fiber. This fiber is then connected to a detector where the
light intensity is measured. By setting the power of the laser light source and measuring
the detected power, the transmission loss of the entire setup is known. A fixed loss is
present in all measurements, due to the fibers, grating couplers, and the waveguide itself.
By depositing waveguide claddings of various lengths, the loss due to these claddings will
be investigated. Usually measurements are performed by scanning the wavelength of the
laser between 1500 and 1600 nm to obtain information on wavelength related effects.
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4.2 Sample fabrication

Sputter deposition

In this work, magnetic multilayers are deposited using DC magnetron sputtering. As these
multilayer stacks have layer thicknesses in the range of a few nm, a high vacuum ( 10−8
mbar) is needed to prevent contamination. Figure 4.2 shows a schematic overview of the
sputtering process.

Figure 4.2: Schematic illustration of the magnetron sputtering process. Image
reproduced from [44].

After bringing the substrate into the sputter chamber, it is placed beneath a target disk
consisting of the material to be deposited. Argon gas is fed into the chamber, after which it
is ionized by applying a voltage between the anode ring and the target, creating a plasma
of Ar+ ions. As the target is negatively charged, these ions are accelerated towards it,
impacting the target and freeing atoms of the target material. These atoms move towards
the substrate, where they condense and form layers, with deposition typically occurring
at rates of around 1 Å/s. It should be noted that this rate is an average, and sputter
deposition does not create smooth monolayers. Instead, a minimal film roughness of at
least one monolayer (∼3 Å) should be expected.
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Sample oxidation

In this work, magnetic multilayer stacks capped with AlOx will also be investigated. These
layers are created by first depositing Al, and then oxidizing the sample. After sputtering,
the sample is loaded into an oxidation chamber, which is attached to the sputter chamber,
so that layers can be oxidized in a controlled manner without exposure to atmosphere.
Oxidation is performed by feeding oxygen gas into the chamber, and ionizing this gas
with an electric field, creating an oxygen plasma. The negatively charged oxygen ions are
accelerated towards the sample. These ions will penetrate the surface layer down to a few
nm. By carefully choosing the oxidation parameters, a deposited Al layer can be fully
oxidized with minimal oxidation of the layers underneath.

4.2.1 Cladding patterning

In order to deposit waveguide claddings in a controlled manner on top of waveguides with
micrometer precision, patterning steps are needed. As top-down etching techniques run
the risk of damaging the InP membrane, the choice is made to use a bottom-up process.
This process involves a few steps. First, a resist is spincoated onto the sample. This resist
consists of two layers of poly(methyl methacrylate) PMMA with different chain lengths,
eventually leading to different solubilities. These layers are individually spincoated and
baked at 150 °C for 1 minute. The sample is then loaded into a electron-beam lithography
(EBL) system, which uses a focused beam of electrons to write patterns into the resist.
These electrons break up the polymers in the resist, increasing the solubility only in the
exposed areas. Next, the sample is submerged in a developing solution, consisting of methyl
isobutyl ketone (MIBK) and isopropanol (IPA) in a 1:3 ratio, for one minute. During this
step, the resist is dissolved only in the areas exposed by the electron beam, leaving openings
to the substrate only in these areas. Magnetic multilayers are deposited across the entire
sample via the standard sputtering process described earlier. After deposition, the resist
layer and the multilayers deposited on it are lifted off by rinsing the sample in acetone,
leaving deposited material only in the pre-defined openings. Figure 4.3 shows a schematic
illustration of the sample after deposition but before liftoff.

Figure 4.3: Schematic illustration of a sample after deposition of a magnetic multilayer
stack on a PMMA bilayer that was opened in a selected area by EBL and developing.
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Here, the effect of the PMMA bilayer becomes clear. The bottom PMMA layer has a
lower polymer chain length, and thus higher solubility. This creates an undercut profile in
the bottom layer, preventing shadowing effects and thereby increasing the quality of the
edges of deposited structures. The resolution of this process is in the range of 1 µm. The
magnetic claddings investigated in this work will be upwards of 3 µm long, and 7 µm wide,
making this a suitable process.

4.3 MOKE measurements

Free-space

For sputtered multilayer stacks, it is useful to characterize the magnetization reversal, and
thereby determine if PMA is present (as described in section 2.2). To do this, measurements
are performed making use of the magneto-optical Kerr effect. Due to the inherently small
magnitude of this effect, a specialized measurement scheme is used. A full derivation of
the relevant equations for this scheme can be found in [45] or [46]. A sketch of the setup
is presented in figure 4.4.

Figure 4.4: Schematic illustration of the setup used to measure the magneto-optical
Kerr effect. Key elements are a polarizer P, photo-elastic modulator, sample S, analyzer

A and a photodetector. A magnetic field can be applied either in the plane of the sample
or perpendicular to it.

In this setup, a solid state laser diode is used to generate a beam of linearly polarized light
with a wavelength of 658 nm. In order, this beam passes through a polarizer and a photo-
elastic modulator, reflects off of the sample, passes through a second polarizer (analyzer)
and hits a photodetector. In principle, a setup with only a polarizer and analyzer that have
their polarization axes nearly perpendicular could be used, in which case the Kerr rotation
will manifest as a change in the detected light intensity. However, as the magnitude of
this modulation is rather small, and the Kerr ellipticity cannot be measured in this way,
a different scheme is employed. A photo-elastic modulator (PEM) is placed between the
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polarizer and the sample. This PEM contains a birefringent crystal which is compressed
at a frequency of 50 kHz, inducing a periodic phase retardation. In this scheme, the PEM
is set up to give a retardation of π/2, modulating the light between left- and right-handed
circularly polarized. In this case, the axis of the first polarizer should be at a 45°angle with
the main axis of the PEM, and the analyzer axis should be aligned with the PEM axis.
The detected signal now contains three components [46]:

IDC = R(
1

2
+ θJ0(A), (4.1)

I1f = εRJ1(A) cos(Ωt), (4.2)

I2f = θRJ2(A) cos(2Ωt), (4.3)

where R is the the magnitude squared of the complex reflection coefficient rs, which is
constant. Jn is the n-th spherical Bessel function of the first kind, a function of the PEM
retardation amplitude A. The modulation frequency of the PEM is given by Ω, and ε and θ
are the Kerr ellipticity and rotation respectively. By using a lock-in scheme, and locking in
to either the first or second harmonic of the PEM frequency, the Kerr ellipcity or rotation
can now be measured. These measurements are performed as a function of the applied
magnetic field in order to obtain hysteresis loops as seen in section 2.2. In this setup, the
magnetic field can be applied in the plane of the sample, or perpendicular to it, though
only this last option, the polar Kerr geometry, will be used in this work.

Kerr microscopy

In order to characterize the magnetic behavior of deposited waveguide claddings, which
are too small to give usable signals in free-space MOKE measurements, Kerr microscopy is
used. For this technique, a microscope is equipped with a polarizer and analyzer, allowing
for changes in reflected intensity due to Kerr rotation to be observed in the image. Switch-
ing behavior is analyzed by measuring the intensity in a specified region of the image as
a function of the applied magnetic field. Hysteresis loops obtained in this way will not
directly give information on the absolute Kerr rotation, but will only be used to compare
switching behavior with that of full sheet samples, measured with MOKE.
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5
Results and discussion

In this chapter, the results of both numerical and experimental studies of the integration
of thin film magnetic materials with photonic waveguides are presented. The first section
details 2D simulations used to optimize waveguide claddings and to gain insight into the
systems. In the second section, magnetic stacks sputtered onto full sheets of waveguide ma-
terial (InP) are optimized by varying the materials and the layer thicknesses and measuring
the magneto-optic performance (Kerr rotation) in free space using MOKE. A ’standard’
Pt(x)/Co(y)/Pt(x) stack, where numbers in parentheses indicate layer thicknesses in nm,
is examined first. The dependence of the magneto-optic performance on the presence or
absence of a Ta seed layer is determined for this stack. Finally, the thicknesses of the
non-magnetic layers in Pt/Co/Pt and Pt/Co/AlOx stacks are optimized.
The final section details the deposition and propagation loss measurements for the pre-
viously optimized stacks as rectangular claddings on top of the waveguides which were
designed and fabricated in section 4.1.

5.1 2D Mode calculations

Due to the full discretization of space needed for 3D FDTD simulations, simulating ultra-
thin layers costs a lot of computation time and memory and is not feasible at this moment.
Therefore, to move away from the model system investigated previously, and gain more
quantitative insight into the magnetic claddings that will be experimentally investigated
in this thesis, a different simulation method is employed. The choice is made to use the 2D
Film Mode Matching (FMM) method, as implemented in the FIMMWAVE mode solver
suite. This method involves dividing a waveguide into vertical slices that are horizontally
homogeneous. Each slice is then treated as a film waveguide, stretching to infinity in the
horizontal direction. The modes supported by this film waveguide are calculated analyt-
ically for each slice. Modes with matching propagation constants are paired, and their
field distributions are matched at each slice interface [47]. This method is exact for any
waveguide that can be described by a finite number of rectangles.

35
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As there is no additional discretization in the vertical plane, it is possible to accurately
calculate field distributions in arbitrarily thin layers without significantly increasing sim-
ulation time, which is useful in investigating ultra-thin magnetic claddings. Furthermore,
previously calculated mode distributions can be used as a first guess when calculating the
modes of a slightly modified waveguide. This allows for parameter sweeps that take mere
minutes, compared to hours or even days in 3D FDTD simulations. Although propagation
effects can potentially be simulated using 2D mode calculations, this is not desired at the
present moment. The main reason for this is that, in the FIMMWAVE integration, it is
not possible to define materials with non-zero off-diagonal elements of the dielectric tensor.
Therefore, propagation effects resulting from magneto-optical interaction can not be sim-
ulated. Nevertheless, as the waveguide experiments performed in this thesis will also not
give insight into magneto-optical effects, for now FMM will be a powerful tool to optimize
claddings and gain more fundamental insight into the systems under investigation.
A calculated mode distribution is defined by the E- and H-fields across the structure. How-
ever, this is usually not very insightful, and unhelpful for parameter sweeps. Therefore,
some characteristic parameters of the modes are calculated and used to evaluate them.
The imaginary part of the eigenvalue of a mode, as discussed in section 2.1, is used to
calculated the propagation loss in dB per µm propagation length. Also, a filling factor FF
is calculated, defined as the fraction of the mode power in a user-defined region R [48], or

FF =

∫ R
Pz(s)ds∫∞
Pz(s)ds

, (5.1)

where Pz is the component of the Poynting vector along the propagation direction. As
the mode power in the magnetic region can be taken as a measure of the magneto-optical
interaction, a figure of merit is proposed, defined as the filling factor divided by the propa-
gation loss. This gives an indirect measure of the magneto-optical efficiency of a magnetic
cladding (without taking into account the effect of surrounding layers on the magnetic
properties of the cladding). The importance of this figure of merit depends on the desired
application. For instance, for use in an optical isolator, this measure of the magneto-optical
interaction per unit loss is crucial. However when loss is not as important, as would be the
case for instance when a waveguide is used to read out a magnetic bit, the filling factor
should be maximized to achieve the greatest possible magneto-optical interaction, even if
this entails higher losses.
It is important to note that although the FMM method will find many viable modes, espe-
cially in the relatively wide waveguides used in this thesis, only the fundamental TE mode
will be considered in all of the following simulations. This is done because the waveguide
structures detailed in section 4.1.2 will only be able to give information on the propagation
of the fundamental TE mode, due to the TE selective grating couplers and the narrow
waveguide section filtering out higher order modes.



5.1. 2D MODE CALCULATIONS 37

Figure 5.1: Sketch of the model cladded waveguide system (inset not to scale).

5.1.1 Model system

Before directly simulating the claddings that will be experimentally investigated in this
thesis, it is useful to first look at a model system to gain some fundamental insight into
the effects of material parameters. A sketch of this model system is shown in figure 5.1
This model system consists of the waveguide as described in section 4.1.2. This waveguide
is cladded over a width of 7 µm with a thin film multilayer magnetic stack that will be
investigated layer-by-layer. The final composition of this stack is shown in the inset of
figure 5.1, and is based on future experimental investigations. At the bottom is a Ta seed
layer. This is followed by a generic, lossy, heavy metal layer. The magnetic layer will
always be composed of Co in these simulations, keeping in line with experimental stack
compositions. Finally, the stack is capped with the same heavy metal layer. As a first test,
the fundamental TE mode is calculated for the model system in the case where all layers of
the cladding are absent. For illustration purposes, the z-component of the Poynting vector
of this mode overlayed onto the waveguide structure is shown in figure 5.2. As this bare
waveguide structure contains no absorbing layers, the mode loss will be zero, though in
practice there will still be losses in bare waveguides due to imperfect fabrication.

Figure 5.2: Pz of the fundamental mode in a bare, wide waveguide (note that scales are
not the same in both directions).
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As mentioned previously, this mode distribution does not give much insight into the system.
A 2D slice of the mode distribution can give some additional insight, but mostly the
previously described characteristic parameters of propagation loss, filling factor and figure
of merit will be presented.
The cladding will now be built up systematically, starting with only the Co layer. The
complex refractive index of Co at 1.55 µm is taken from [41] to be 3.56 + 7.12i. Figure 5.3
shows a plot of the propagation loss and filling factor in the Co layer of the fundamental
TE mode as a function of the Co layer thickness.

Figure 5.3: Propagation loss and Co layer filling factor of the fundamental TE mode in
a waveguide cladded with a Co(x) layer.

Both the propagation loss and filling factor appear to scale linearly with Co layer thickness.
However, the fields of the mode actually fall off exponentially outside of the waveguide,
giving a sub-linear relationship. Due to the small thickness of the Co layer relative to the
waveguide size, this effect is not visible here. As both propagation loss and filling factor
scale in the same way with Co thickness, the figure of merit is constant and not shown.
This calculation indicates that the thickness of the Co layer should be optimized based
purely on experimental considerations. The Co layer thickness is now fixed at 1 nm, and
the two surrounding heavy metal layers are included, both 4 nm thick. Since these material
choice for these layers is not fixed, it is useful to investigate the dependence of the mode
parameters on the refractive index of these layers. As the imaginary part of the refractive
index will only affect the magnitude of the propagation loss, only the real part will be
varied. The imaginary part is now fixed to 8i, typical for heavy metals. It is important to
note that the filling factor is only defined in the Co layer, and the propagation loss now
also depends on the non-magnetic layers. Therefore, the scaling of the two parameters is
no longer the same, and the figure of merit will become relevant. Figure 5.4 shows plots
of the propagation loss, Co layer filling factor, and the figure of merit, as a function of the
real part of the refractive index of the heavy metal layers.



5.1. 2D MODE CALCULATIONS 39

(a) (b)

Figure 5.4: Plot of the propagation loss and Co layer filling factor (a) and figure of
merit (b) as a function of the real part of the refractive index of the non-magnetic layers

for the fundamental TE mode in a waveguide with a HM(4)/Co(1)/HM(4) cladding.

Figure 5.5: 2D vertical slice of Pz of the fundamental TE mode in a waveguide cladded
with a HM(4)/Co(1)/HM(4) cladding for different values of the refractive index of the

heavy metal layers. The distance from the top of the waveguide is plotted on the x-axis.



40 CHAPTER 5. RESULTS AND DISCUSSION

It can be seen that both the propagation loss and filling factor increase with the real part
of the refractive index of the surrounding cladding layers. However, the loss increases much
more quickly than the filling factor, resulting in a figure of merit which is highest for the
lowest value of the real part of the refractive index. This behavior can be explained by
looking at vertical 2D slices of the mode profiles for two values of the index, as shown in
figure 5.5. In essence, having a higher index material on top of the waveguide pulls more
of the mode outside of the waveguide. The increase in fields overlapping with the cladding
then increases both propagation loss and Co layer filling factor. As the lossy heavy metal
layers have a higher volume than the Co layer, an increase in mode overlap will increase the
loss much more strongly than the filling factor. Thus, the optimal surrounding material is
that which has the lowest real part of the refractive index, as well as the lowest imaginary
part.
Finally, the Ta seed layer is introduced to the model cladding. The refractive index of Ta
(n = 0.86 + 8.43i) is taken from [49]. The refractive indices of the heavy metal layers are
now fixed to n = 3 + 8i. Figure 5.6 shows the propagation loss, Co layer filling factor,
and the figure of merit as a function of the Ta layer thickness in this cladding. Here it
can be seen that both propagation loss and filling factor decrease with increasing Ta layer
thickness. As the filling factor decreases more quickly than the propagation loss, the figure
of merit is maximal for zero Ta layer thickness. As Ta has a low real part of the refractive
index, this may seem counterintuitive in light of the previous simulations, where low index
materials were found to be optimal. However, it is important to recognize that now it
is also the physical distance between the top of the waveguide and the Co layer which
increases, decreasing mode overlap and filling factor. It should be noted that the change
in figure of merit is relatively small, so usage of the Ta layer should still be considered as
a possibility if beneficial for experimental factors.

(a) (b)

Figure 5.6: Plot of the propagation loss and Co layer filling factor (a) and figure of
merit (b) as a function of the thickness of the Ta seed layer for the fundamental TE mode

in a waveguide with a Ta(x)/NM(4)/Co(1)/NM(4) cladding.
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5.1.2 Cladding compositions

Having established the model system and examined some effects, it is now possible to
simulate some specific cladding compositions. Starting from the model cladding, the Ta
layer is removed, and the heavy metal layer material is chosen to be Pt (n = 5.31 + 7.04i
[42]), both due to experimental considerations. The dependence of the mode parameters
on the thickness of the Pt layers is now examined. This type of stack will be investigated
experimentally in section 5.2.2. As Pt has a high real part of the refractive index, it is
expected from the model system that propagation loss will increase with increasing Pt
thickness. Figure 5.7 shows plots of the propagation loss, Co layer filling factor, and the
figure of merit as a function of the thickness of both Pt layers. As expected, the insertion
loss does increase with increasing Pt thickness. The decrease in filling factor is attributed
to the increase in physical distance between the waveguide and the Co layer, as also seen for
the Ta seed layer. This effect is stronger than the increasing mode overlap expected from
surrounding the Co layer with a relatively high index material such as Pt. This results in a
figure of merit that is maximal for zero Pt thickness. From this simulation it is concluded
that Pt thickness should be reduced as much as is possible. The minimum experimentally
feasible thicknesses for both layers are determined in section 5.2.2.

(a) (b)

Figure 5.7: Plot of the propagation loss and Co layer filling factor (a) and figure of
merit (b) as a function of bottom and top Pt thickness for the fundamental TE mode in a

waveguide with a Pt(x)/Co(1)/Pt(x) cladding.
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It is also illustrative to investigate the effect of replacing Pt by a different heavy metal,
where several choices are possible that also give PMA in the Co layer. Pd/Co/Pd stacks
have been first reported to exhibit PMA by Carcia et al. in 1985 [50]. A possible advantage
of Pd over Pt in this investigation could be the lower real part of the refractive index
compared to Pt (n = 2.95 + 8.33 [41]). As seen in simulations of the model system, a lower
index material surrounding the Co layer could increase the figure of merit. In figure 5.8,
the figures of merit of both a Pt(x)/Co(1)/Pt(x) and a Pd(x)/Co(1)/Pd(x) cladding are
plotted as a function of heavy metal layer thickness. As anticipated, the low real part of the
refractive index of Pd does indeed increase the figure of merit in these claddings. Less of
the mode is pulled into the heavy metal layers, decreasing the loss. At an experimentally
viable heavy metal layer thickness of 2 nm, the loss in the Pd/Co/Pd cladding is 1.1
dB/µm, a significant reduction from 1.9 dB/µm in the Pt/Co/Pt cladding. This reduction
in loss does come at a small cost to the filling factor, but not enough to negatively impact
the figure of merit. In this respect the Pd/Co/Pd cladding seems a preferable alternative
to Pt/Co/Pt. It is important to note that effects of the layers on other properties of the
stack should also be taken into account. Therefore, a conclusive material choice can not be
made at this time, and more detailed studies are needed to determine the optimal material
choice. This will naturally also be heavily dependent on the intended application.

Figure 5.8: Figure of merit for a Pt(x)/Co(1)/Pt(x) and a Pd(x)/Co(1)/Pd(x)
waveguide cladding as a function of both top and bottom layer thickness
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PMA can also be achieved by using a stack composition where the top layer is a dielec-
tric. For instance, spin-orbit coupling is still present between electrons in the magnetic
layer and the Al atoms in an AlOx capping layer, resulting in PMA when the stack is
engineered properly [51]. This possibility appears promising for the current investigation,
as light absorption is low or even absent in many dielectrics. In the following, a cladding
consisting of a Pt/Co/AlOx stack will be simulated. This stack will also be experimentally
investigated in sections 5.2.3 and 5.3.2. AlOx is transparent for the considered wavelength,
making it especially promising in reducing propagation loss. Its refractive index is taken
here to be 1.62 + 0i [52]. Considering again the model system, this low real part of the
refractive index would pull considerably less of the mode into the cladding compared to the
previously considered heavy metals, therefore decreasing both propagation loss and filling
factor. Due to experimental considerations that will be presented in section 5.2.3, a thin
Ta seed layer, as well as a reduction in Co layer thickness will be needed for this cladding.
The complete composition then becomes Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3).
For this cladding we find a loss of 1.1 dB/µm, again a very significant reduction compared
to 1.9 dB/µm the Pt(2)/Co(1)/Pt(2) cladding. At the same time, the figure of merit is
also enhanced, at 5.9·10−4 µm/dB, compared to 4.4·10−4 µm/dB. Other effects arising in
Pt/Co/AlOx stacks can potentially useful for future devices, as will be discussed in the
outlook.
Concluding this section, it is important to note that although a significant reduction in
propagation loss is possible by careful consideration of cladding compositions, the losses
are still in the order of 1 dB/µm. As was shown in section 3.2.2, devices with significant
Kerr rotation would have to be in the order of tens of microns long. Depending on the
application, losses of tens of dBs could be problematic, for instance if the signal has to be
processed further, and detection sensitivity becomes an issue. Among other options, ox-
ide buffers between the waveguide and a magnetic cladding have been proposed to reduce
losses [17].

Concluding this section, the following observations were made:

� 2D mode calculations were introduced to determine optical losses and field over-
lap factors for various waveguide claddings. A figure of merit combining these two
parameters was proposed.

� Using a model cladding, it was determined that the thickness of an experimentally
standard Ta seed layer between the waveguide and magnetic cladding should be
reduced as much as possible to optimize the figure of merit.

� For the cladding compositions which will be experimentally investigated in the coming
sections, propagation losses were calculated. For a Pt(2)/Co(1)/Pt(2) cladding, the
propagation loss was found to be 1.9 dB/µm, whereas it was reduced to 1.1 dB/µm
for a Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) cladding.

� Pd is suggested as a replacement for Pt in heavy metal/Co/heavy metal claddings.
For a Pd(2)/Co(1)/Pd(2) cladding, the propagation loss is found to be 1.1 dB/µm.
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5.2 Experimental stack optimization

As a first test of the magnetic behavior of thin film magnetic materials sputtered on InP,
a Ta(4)/Pt(4)/Co(1)/Pt(4) stack is sputtered onto a bare InP membrane substrate. This
stack is known to result in a Co layer with PMA when deposited on ’standard’ Si/SiO2

(100 nm) or boron doped Si substrates. MOKE is used to measure a hysteresis loop of
this stack, and equation 4.3 is used to convert the measured AC and DC signals to Kerr
rotation. For comparison, a MOKE measurement of a Ta(4)/Pt(4)/Co(1)/Pt(4) stack de-
posited on a Si/SiO2 substrate is also presented.
Figure 5.9a shows a hysteresis loop measured with MOKE of the stack as deposited on InP.
Corresponding with section 2.2, the sharp switch in this loop shows that the Co layer in
this stack exhibits PMA, with 100% remanence at zero field. However, comparing with the
hysteresis loop of the same stack on a Si/SiO2 substrate (figure 5.9b), it is found that the
Kerr rotation is more than halved in the stack deposited on InP. This is attributed to the
100 nm SiO2 layer acting as an anti-reflective coating, as has been reported in [53]. This
significant effect on the rotation with no change to the stack itself indicates that the Kerr
rotation as measured in these experiments should not be taken as an absolute measure.
More complicated ellipsometry experiments, which are outside of the scope of this work,
are needed to determine the absolute values of magneto-optical constants.

(a) (b)

Figure 5.9: Hysteresis loops measured with MOKE of a Ta(4)/Pt(4)/Co(1)/Pt(4) stack
sputtered on an InP (a) and on a Si/SiO2 (100 nm) substrate (b).

Adhesion of the stack on InP is tested by an additional cleaning step in which the sample
is submerged in acetone and left in an ultrasonic bath for several minutes. MOKE mea-
surements of the sample before and after this step show no difference, indicating adhesion
of this particular stack on InP is no issue.
As magneto-optical waveguide isolators in the past have mostly been realized with wafer
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bonding [11], the ability to sputter layers directly on waveguide material provides a signif-
icant simplification of the production process.

5.2.1 Seed layer

A typical step in depositing thin film magnetic materials is to first grow a non-magnetic
seed layer with a high surface energy, in this case Ta, to ensure (111) growth of the sub-
sequent Pt layer. However, as discussed in section 5.1.1, when included in a cladding on
top of a waveguide, this seed layer will decrease the figure of merit due to its low real part
of the refractive index. Therefore, the thickness of this seed layer should be reduced as
much as possible, or the layer should be removed completely, if this does not signifcantly
compromise PMA or Kerr rotation in the Co layer.
To examine the possibility of removing the Ta seed layer completely, a Pt(4)/Co(1)/Pt(4)
stack is sputtered directly onto a bare InP substrate. Again a MOKE measurement is
performed, and the resulting hysteresis loop is shown in figure 5.10. This stack still ex-
hibits PMA. The explanation for this behavior is thought to be found in the substrate
composition.

Figure 5.10: Hysteresis loop measured with MOKE of a Pt(4)/Co(1)/Pt(4) stack on
InP with no seed layer.

The SiO2 layer hinders wetting of Pt [54], resulting in irregular growth and a rough Pt/Co
interface, as previously observed for other materials by [55]. As it is at this interface where
the spin-orbit coupling that gives rise to PMA is strongest, it is vital that this interface
is as sharp as possible, as discussed in section 2.2. It is suspected that wetting of Pt is
somewhat easier on the crystalline InP surface compared to the amorphous SiO2 layer.
Furthermore, the zincblende crystal structure possibly facilitates Pt growth in the (111)
crystal direction. These effects would combine to give well-defined PMA without the need
for a seed layer on InP. Note that future investigations will show that a Ta seed layer is still
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necessary in some cases, indicating that the impact of the InP substrate is not extremely
significant.
This sample is also subjected to ultrasonic vibration, and the hysteresis loops before and
after again show no difference, confirming good adhesion on InP.

5.2.2 Pt/Co/Pt stack

Next the influence of the thickness of the bottom and top Pt layers in the Pt/Co/Pt stack
on the magnetic properties is investigated. As discussed in section 5.1.1, the thickness
of both layers should be reduced as much as possible to increase the figure of merit. In
practice there are some limitations to the thickness of both layers. Firstly, the top Pt
layer should be thick enough to prevent oxidation of the Co layer. Also, since the bottom
Pt/Co interface contributes most to spin-orbit coupling and thus PMA, the bottom Pt
layer should be thick enough to ensure PMA.
To investigate the minimum feasible thickness for both layers, a Ta(4)/Pt(x)/Co(1)/Pt(y)
stack is grown, where the bottom Pt thickness is wedged in the x-direction and the top
Pt thickness in the y-direction. Using MOKE, a hysteresis loop is measured at various
locations on a grid across the sample. These hysteresis loops are analyzed to determine
the remanence, indicating whether or not PMA is present, and this is plotted as a function
of bottom and top Pt layer thickness in figure 5.11. As expected, remanence increases with
increasing bottom Pt layer thickness, with PMA present at 1 nm for all top layer thick-
nesses. Conversely, remanence appears to decrease with increasing top Pt thickness. The
suspected explanation for this behavior comes from recognizing that spin-orbit coupling at
the top Co/Pt interface also contributes to PMA. As more Pt is sputtered on top of the
Co layer, some interfacial Pt atoms get mixed into the Co layer due to the kinetic energy
of incoming Pt atoms, increasing the interfacial roughness.

Figure 5.11: Remanence as determined with MOKE as a function of bottom and top Pt
layer thickness in a Ta(4)/Pt(x)/Co(1)/Pt(y) double wedge grown on Si/SiO2.
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This effect is only visible at low bottom Pt thicknesses, as the bottom interface starts to
contribute more to PMA with increasing bottom layer thickness, and the contribution from
the top interface becomes less significant. This effect has been observed and reported in,
among others, [56] and [57].
Considering the 2D simulations in section 5.1.1, being able to reduce the thickness of both
Pt layers from 4 to 1 nm would give a reduction in propagation loss from 2.6 dB/µm to
1.2 dB/µm.
The influence of the top layer on the magnetic behavior is investigated further by growing
a Pt(1.5)/Co(1)/Pt(x) wedged sample on InP and determining the Kerr rotation. Figure
5.12 shows a plot of the Kerr rotation determined by MOKE as a function of the top layer
Pt thickness along this wedge. The increase in Kerr rotation with thickness between 0 and
1 nm can be partially attributed to Co oxidation for thin Pt. Moreover, since the roughness
of the sputtered layers is around one monolayer, there is a thickness (percolation threshold)
above which at least one monolayer of Pt can be expected across the sample, which drasti-
cally changes the magnetic properties of the Co layer. The decrease in Kerr rotation after
1 nm can be partially explained by the Co/Pt interface degradation mentioned previously,
but is mostly due to light being attenuated more strongly before reaching the Co layer due
to absorption in the Pt layer.

Figure 5.12: Kerr rotation measured with MOKE as a function of top Pt layer
thickness in a Pt(1.5)/Co(1)/Pt(x) wedged sample deposited on InP.

Due to variations in the sputtering process, as well as possible Co oxidation for capping
layers that are too thin, a Pt(2)/Co(1)/Pt(2) stack composition is chosen to be investigated
as a waveguide cladding in section 5.3.
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5.2.3 Pt/Co/AlOx stack

As mentioned previously in section 5.1.2, it is possible to replace the top heavy metal layer
in a stack with a dielectric capping layer, which has no optical loss. In this work, AlOx

is chosen as the dielectric. These layers are fabricated as detailed in section 4.2. First,
the oxidation depth obtained by the described process is determined. For this purpose, a
sample with a wedged Al capping layer is grown and oxidized. Preliminary investigations
show that no PMA is present at any Al thickness in an oxidized InP/Pt(2)/Co(1)/Al(x)
wedged sample. This behavior is explained by recognizing that the top Co/AlOx interface
provides significantly lower spin-orbit coupling, contributing to PMA, than a Co/Pt inter-
face. At the same time, the contribution from the bottom Pt/Co interface is relatively low
due to some roughness caused by the absence of the Ta seed layer. When the top Pt layer
is replaced with a Co/AlOx interface, the contribution from the bottom Pt/Co interface
alone is no longer strong enough to overcome the shape anisotropy.
The choice is made to include a thin Ta seed layer, reducing Pt/Co interface roughness
and ensuring proper (111) growth of the bottom Pt layer, thereby increasing spin-orbit
coupling at the bottom Pt/Co interface. Furthermore, the Co thickness is reduced slightly.
This is also done to increase PMA, as the volume of magnetic material that needs to have
its magnetization tilted out-of-plane is now lower. A Ta(1)/Pt(2)/Co(0.8)/Al(x) wedged
sample is grown and oxidized, and the remanence as determined by MOKE is plotted as a
function of Al thickness in figure 5.13.

Figure 5.13: Remanence as determined with MOKE of an oxidized
Ta(1)/Pt(2)/Co(0.8)/Al(x) stack deposited on InP as a function of Al thickness.
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Here it is found that the optimal Al thickness is between 2 and 2.7 nm. As slightly under-
and overoxidized Al will still give PMA, an intermediate thickness of 2.3 nm is determined
to be the oxidation depth, and is chosen for further experiments.
As an extra check, a full sheet stack with Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) composition is
grown on InP. A hysteresis loop of this sample, measured with MOKE, is shown in figure
5.14.

Figure 5.14: Hysteresis loop measured with MOKE of a
Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) wedged sample grown on InP.

As expected, this stack exhibits PMA, with 100% remanence at zero field. It should be
noted that the Kerr rotation for this stack is somewhat lower than for the previously in-
vestigated stacks due to the decrease in thickness of the Co layer. This particular stack
composition will also be investigated as a waveguide cladding in the following section.

Concluding this section, the following observations were made:

� Thin film magnetic stacks were sputtered on InP and their magnetic behavior was
characterized using MOKE. Standard Ta(4)/Pt(4)/Co(1)/Pt(4) stacks were found to
perform very similarly on InP compared to on Si/SiO2 substrates.

� Pt/Co/Pt stacks on InP without a Ta seed layer were investigated, and found to also
exhibit PMA.

� The thickness of bottom and top Pt layers in these stacks was optimized, and a
minimum thickness of 1 nm for both layers was found to still result in a Co layer with
PMA. Due to uncertainties inherent in the fabrication process, a Pt(2)/Co(1)/Pt(2)
stack composition was chosen for the waveguide claddings in the next section.

� In stacks in which the top Pt layer is replaced by AlOx, it was found to be necessary to
include a thin Ta seed layer, as well as slightly reduce the Co layer thickness, to retain
PMA. The final stack composition was chosen to be Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3).
This stack composition will also be used for waveguide claddings in the next section.
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5.3 Transmission measurements

In this section, thin film magnetic claddings as optimized in the previous section are sput-
tered onto the waveguides of which the design and fabrication were discussed in section 4.1.
As discussed, electron beam lithography is used to define rectangular windows in a PMMA
resist bilayer. Via sputtering and lift-off, the thin film magnetic claddings are deposited
on the waveguides. For both cladding compositions that are investigated, claddings of
increasing lengths are deposited to allow for a systematic investigation of propagation loss.
This also allows for determination of the background loss caused by the efficiency of the
grating couplers and the length of the bare waveguide.
It is illustrative to first perform transmission measurements as detailed in section 4.1.3 on
waveguides that are not cladded. By performing loss measurements on waveguides with
varying wide section lengths, the loss can in theory be determined as a function of the
waveguide length.
A few full transmission spectra measured for varying waveguide lengths at an initial light
power of 10 mW are presented for illustration purposes in figure 5.15. Several observations
can already be made by looking at these spectra. Firstly, some oscillations with a large
period (∼10 nm) are visible. At this time, these oscillations are suspected to arise from
the waveguide design. As discussed in section 4.1.2, the waveguides used for these mea-
surements include a tapering and narrow section which is designed to allow higher order
modes to radiate out of the waveguide. However, these modes propagate at quite shallow
angles relative to the waveguide. Due to the short length of the narrow waveguide section,
it is suspected that these higher order modes are able to couple back into the waveguide in
the following tapering section. As the higher order modes have different effective indices
than the fundamental mode, this causes mode beating as a function of wavelength.

Figure 5.15: Transmitted power as a function of transmitted light wavelength for three
uncladded waveguides with different wide section lengths. Input laser power was 10 mW.
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For now, these oscillations will be present in all spectra that are measured in this thesis.
As a second observation, it seems that there is no discernable trend for these three waveg-
uide lengths. Looking at previous works on these types of waveguides [3] where losses in
the order of 1 dB/cm were reported, it becomes clear that differences between 100 and
1000 µm in length will be hard to discern. The seeming increase in transmitted power
for longer waveguides that is observed here is due to the difficult alignment process. A
small misalignment can already cause a significant drop in transmitted power. Finally, the
peak for the waveguide with a 1000 µm long wide section appears to be shifter relative to
the other peaks. This is also not fully understood at this moment, but may possibly be
attributed to the same membrane variations that have been suggested.
As no clear trend is observed in these measurements, they will not be used to determine
the loss as a function of waveguide length. The loss due to the grating couplers is obtained
by fitting each spectrum with an envelope function to find the peak intensity regardless
of the extra oscillations. As all values of the insertion loss higher than the lowest value
found are attributed to misalignment during measurement, the lowest value of the loss is
chosen as representative. The relatively low loss of the waveguide itself is now neglected,
and the insertion loss due to the grating couplers is found to be 12 dB/µm. This corre-
sponds relatively well with the value of 11 dB/µm (5.5 dB/µm per grating coupler) that
has previously been found for these grating couplers [3]. Now, two sets of claddings with
different compositions are deposited on waveguides via the process detailed in section 4.2,
and investigated further.
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5.3.1 Pt/Co/Pt claddings

The first claddings to be investigated will be composed of the Pt(2)/Co(1)/Pt(2) stack
that was experimentally investigated in the previous section. Top view optical microscope
images of some of the claddings are presented in figure 5.16. The claddings appear quite
well-defined, with sharp edges and corners. Some rotational and translational misalignment
can be seen, owing to the fact that alignment during electron beam lithography was done
by hand instead of automated, using markers. In general the misalignment is quite small,
and is not expected to cause a significant variation in measurements.

Figure 5.16: Top view optical microscope images of InP waveguides cladded with
Pt(2)/Co(1)/Pt(2) claddings of various lengths.

Due to possible effects arising from processing and effects related to the size of the claddings,
the magnetic properties of these claddings may be different than those of the same stacks
deposited as full sheet samples. Therefore, Kerr microscopy is used to examine the magnetic
behavior. Figure 5.17a shows a Kerr microscope image of a 27 µm long cladding under an
out-of-plane magnetic field of 20 mT. The field is high enough to saturate the magnetization
out-of-plane, and the entire cladding shows good magnetic contrast. The low field needed
to saturate the magnetization already indicates PMA is still present, but it is useful to
perform an extra check on the switching behavior. For this purpose, a hysteresis loop of
the cladding is measured with Kerr microscopy, presented in figure 5.17b. It can be seen
that the sharp switching behavior is retained, and remanence at zero field is still 100%.
This process has now also ensured all the claddings are magnetized in the same direction,
and are no longer in a multi-domain state which is expected after growth. This makes the
influence of any magnetization related effects in the loss measurements more consistent.
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Figure 5.17: (a) Kerr microscope image of a 27 µm long Pt(2)/Co(1)/Pt(2) cladding
under an out-of-plane applied magnetic field of 20 mT and (b) hysteresis loop measured

with Kerr microscopy in this cladding.

Transmission spectra are measured for waveguides with cladding lengths increasing from 3
to 51 µm, for an input laser power of 10 mW. A few of these spectra are presented in figure
5.18. It can be seen that loss increases dramatically for even short cladding lengths. Note
that the oscillations that were previously observed are even more pronounced in waveguides
with lower transmission. If the origin of this oscillation is indeed the existence of higher
order modes, this is explained by recognizing that these modes have more field components
towards the sides of the waveguides. Therefore, they experience lower attenuation, causing
a higher beating amplitude when the fundamental mode is strongly attenuated.

Figure 5.18: Transmission spectrum of a waveguide cladded with a Pt(2)/Co(1)/Pt(2)
cladding of 3 µm (a) and 9 µm (b) long. Input laser power is 10 mW.
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The measured spectra are again fitted with envelope functions to determine the peak
transmitted power. These are converted to an insertion loss in dB, and plotted as a
function of cladding length in figure 5.19a. Two regimes can be identified here. For
cladding lengths up and including 12 µm, in regime I, the insertion loss increases linearly
with cladding length (the transmitted power decreases exponentially). This is expected
when increasing the cladding length, and a linear fit in this region gives a propagation
loss of (2.4 ± 0.1) dB/µm. This matches reasonably well with the value of 1.9 dB/µm
that resulted from simulations for the same cladding in section 5.1.2. The relatively small
deviation may possibly be attributed to reflection effects that are not taken into account
in the simulation. An other explanation could be a deviation of the refractive index of
the sputtered materials from the literature values used in the simulation, due to different
thicknesses, crystal structures, or purities. In regime II, for cladding lengths upwards of
12 µm, the insertion loss no longer increases with cladding length and stays more or less
constant. It should be noted that the variations in this regime are the result of the same
alignment errors seen previously for the measurements on bare waveguides. The setup is
sensistive up to 60 dB of loss, so the origin of this behavior should be inherent to the
waveguides.

Figure 5.19: (a) Insertion loss for waveguides cladded with Pt(2)/Co(1)/Pt(2) as a
function of cladding length. A linear (I) and constant (II) regime are identified.

(b) Sketches of slices for which mode profiles are calculated.
(c-e) Horizontal slices of simulated mode profiles for a 10 µm wide waveguide cladded

with a 7 µm wide metallic cladding, before (b), underneath (c) and after (d) the cladding.
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The proposed explanation lies in the width of the magnetic claddings relative to the waveg-
uide. As the claddings are 7 µm wide, an bare section of waveguide of 1.5 µm wide is left
on either side of the cladding. This is expected to provide an additional path for the light
where there is very low attenuation. As the fields of the mode on these edges of the waveg-
uide are relatively weak, this loss path will only become visible once the mode is absorbed
strongly enough in the center of the waveguide.
This hypothesis is tested using 3D FDTD simulations. The mode distributions in the 10
µm wide waveguide are calculated at positions before, underneath, and a short distance
after a 7µm wide metallic cladding. Horizontal slices of these distributions are plotted
in figure 5.19b, c, and d respectively. The results seems to corroborate the proposed ex-
planation, showing that the fields at the edges of the waveguide are much less strongly
attenuated than those in the center, underneath the cladding. In the future, it may be
useful to investigate the effect of the cladding width on propagation loss experimentally.
Some additional fabrication steps may be necessary to achieve full coverage (see Outlook).

5.3.2 Ta/Pt/Co/AlOx claddings

Next, the Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) stack optimized in section 5.2.3 is investigated in
the form of waveguide claddings. The same process described previously is used to deposit
rectangular claddings of varying lengths onto the waveguides. After these fabrication
steps, the sample is oxidized to attain the AlOx capping layer. Figure 5.20 shows optical
microscope images of several waveguides after processing for different written cladding
lengths. At least one step of the processing appears to have partially failed, as the claddings
have ragged edges, holes are present, and some claddings are even completely absent for
lower written lengths. Some black residue is also visible in the claddings.

Figure 5.20: Top view optical microscope images of InP waveguides after processing to
be cladded with Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) claddings of various lengths. The region

where the cladding was expected to be is indicated in the top left image.
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At this time it is thought that developing of the PMMA was not thorough or long enough.
This would result in some PMMA being left in the openings, which explains the roughness
or absence of claddings, as well as the black residue, thought to be PMMA trapped beneath
the claddings.
Despite uncertainty about the structure of the claddings and their irregular shapes, useful
information can still be derived from transmission measurements. Individual transmission
spectra for these claddings functionally vary little from those presented previously, and will
therefore not be shown. Transmission measurements are again performed for all cladding
lengths, and the peak transmitted power is determined via fitting with an envelope function.
However, to find the loss per µm cladding length, taking the length as written via EBL is
not entirely correct any more. The holes and rough edges will decrease the coverage of the
cladding. Moreover, the left-over PMMA residue will increase the distance between the
waveguide and the cladding in places, therefore decreasing loss. Using image recognition
software, the area covered by the cladding is estimated, leaving out holes, rough edges,
and residue. From microscope images, these defects seem to be distributed more or less
homogeneously across the claddings. A modified length is then calculated for each cladding
by dividing the covered area by the fixed width of 7 µm, essentially recreating a rectangular
strip. The insertion loss as a function of this modified cladding length is presented in
figure 5.21. This data shows a significant deviation from the expected linear behavior,
possibly due to errors in determining the covered area and measurement misalignments.
Nevertheless, a linear fit is made through this data, giving a propagation loss of (0.75±0.04)
dB/µm. Comparing this to the value calculated with 2D simulations, 1.1 dB/µm, relatively
decent agreement is found once more. Compared to the Pt/Co/Pt claddings, propagation
loss has been reduced by over a factor 2. However, as the microscale structure of these
claddings is uncertain, the errors in the fabrication of these claddings should be investigated
further, and if possible fabrication should be repeated to validate these results.

Figure 5.21: Insertion loss for waveguides cladded with Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3)
as a function of modified cladding length. A linear fit gives a propagation loss of 0.75

dB/µm.
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Concluding this section, the following observations were made:

� As of yet unexplained oscillations in transmission spectra are observed throughout all
measurements, requiring further examination of waveguide designs and fabrication
errors.

� Pt(2)/Co(1)/Pt(2) claddings were deposited on waveguides and verified to have re-
tained PMA and sharp magnetic switching behavior. Fundamental TE mode propa-
gation loss due to these claddings was determined to be (2.4±0.1) dB/µm, matching
relatively well with 2D simulation predictions of 1.9 dB/µm.

� A floor above the detection threshold was found in transmission measurements of
these claddings. 3D simulations were presented showing that fields at the sides of a
waveguide that is not fully cladded decay much more slowly than fields in the center,
giving rise to the observed constant signal above a certain cladding length.

� Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3) claddings were deposited on waveguides. Fabrication
errors caused rough edges and holes in the claddings, as well as defects thought to be
PMMA trapped underneath the claddings. Nevertheless, transmission measurements
on these claddings were performed, resulting in a propagation loss of (0.75 ± 0.04)
dB/µm, in the vicinity of the value predicted by 2D simulations, 1.1 dB/µm.
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6
Conclusion

In this work, an initial simulational and experimental study into photonic waveguides with
(ultra-thin) magnetic claddings has been performed, giving valuable new insights and pro-
viding a stepping stone towards future research. The main conclusions of this work are
summarized here.

To gain qualitative understanding into mode conversion in photonic waveguides due to
interaction with a magnetic cladding, a model based on rate equations was developed.
This model describes the rate of change of modes in a photonic waveguide due to mode
conversion, attenuation, and phase. For a limiting case where the initial mode is purely
TE, and the conversion rate is small, the model was solved numerically. For modes with
different phase and attenuation constants, this model showed that in this case full mode
conversion due to interaction with a magnetic cladding with a uniform magnetization is
not possible.

3D Finite difference time domain (FDTD) simulations were employed to gain more com-
plete insight into magnetically cladded photonic waveguides. For this investigation, waveg-
uides based on the InP membrane on silicon (IMOS) platform were modeled. Although
simulational considerations imposed limitations on the minimum thickness of magnetic
claddings that could be investigated, useful qualitative information was still obtained. For
a waveguide cladded with a 50 nm thick strip of Co90Fe10 with a uniform magnetization in
the vertical direction, a maximum mode conversion was found, independent of the length
of the cladding. This behavior was also seen by solving the rate equation model for a
similar system, validating this model for this limiting case. It was further shown that this
maximum mode conversion can be overcome by creating a cladding which has its magne-
tization periodically switched between ’up’ and ’down’ along its length. This effect makes
use of the beating between the two propagating modes. Further extending this concept,
a proposed method to detect the magnetization state of single claddings is discussed in
appendix B.
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Moving towards more quantitative results, investigations were performed to optimize mag-
netic cladding compositions and determine optical losses due to these claddings.
2D Film mode matching (FMM) simulations were employed to overcome the computa-
tional limitations of the previous 3D FDTD simulations, allowing for easier optimization
of claddings. These 2D simulations did not directly include magneto-optic interaction,
but were based purely on refractive indices of materials. Optical losses and field overlap,
a measure for magneto-optic interaction, were calculated for different ultra-thin metallic
waveguide claddings. Using a model system, a systematic investigation of these claddings
was performed. Placing a commonly used Ta seed layer between the waveguide and the
cladding resulted in a lower field overlap, showing the inclusion of such a layer to be un-
desirable. Furthermore, it was found that heavy metal layers, necessary in fabrication of
ultra-thin perpendicularly magnetized films, negatively impact cladding performance, both
increasing loss and decreasing field overlap. However, replacing the top heavy metal layer
with a dielectric, in this case AlOx, has the potential to almost halve optical losses. For two
cladding compositions that were investigated experimentally, namely Pt(2)/Co(1)/Pt(2)
and Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3), propagation losses per unit cladding length of 1.9 and
1.1 dB/µm respectively were calculated.

Sputter deposition was used to deposit ultra-thin magnetic films on InP substrates. These
stacks were characterized using free-space magneto-optical Kerr effect (MOKE) measure-
ments. It was shown that these stacks exhibit perpendicular magnetic anisotropy (PMA)
on InP even without the inclusion of a Ta seed layer. For Pt/Co(1)/Pt stacks, an opti-
mization of the Pt layer thickness yielded a minimum of 1 nm for both where PMA was
still present. A stack composition with an AlOx top layer was also optimized, where it was
found that both a thin Ta seed layer and a reduction of the Co layer thickness were needed
to retain PMA.

Photonic waveguides on the IMOS platform were designed and fabricated to facilitate
the measurement of propagation losses due to magnetic claddings. Using electron beam
lithography and a lift-off process, rectangular claddings were deposited on these waveg-
uides. For claddings consisting of Pt(2)/Co(1)/Pt(2) stacks, a propagation loss of (2.4±0.1)
dB/µm were found, corresponding relatively well with the simulated value of 1.9 dB/µm.
Some fabrication errors were encountered for deposition of Ta(1)/Pt(2)/Co(0.8)/AlOx(2.3)
claddings. Despite these errors, a propagation loss per effective unit cladding length of
(0.75 ± 0.04) dB/µm was determined for these claddings, in the vicinity of the 2D sim-
ulation prediction of 1.1 dB/µm. For all measurements, oscillations in the transmission
spectrum as a function of wavelength were found. At present, these are suspected to be
an artefact of the waveguide design, which inadvertently allows for interference between
the fundamental and a higher order mode. Due to the availability of only TE selective
grating couplers, these waveguides were not able to give insight into magneto-optical mode
conversion.
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Outlook

Although the research described in this work was merely a first step into the investigation
of ultra-thin magnetic photonic waveguide claddings, many useful insights were still ob-
tained. Some suggestions for further research are discussed in this chapter.

In this work, experimental detection of magneto-optically induced mode conversion in
photonic waveguides was not possible. To probe these effects, new waveguide structures
should be designed and fabricated that can give more complete insight into the processes at
play. A vital component of these new waveguides should be the inclusion of both TE and
TM-selective grating couplers. For instance, by designing a waveguide with both TE and
TM in- and out-couplers, it is theoretically possible to detect mode conversion. However,
as it has been shown that the mode conversion is relatively small, and attenuation is signifi-
cant, other schemes may have to be employed to improve detection. One such scheme is the
use of a waveguide polarization converter, allowing the magneto-optically converted mode
to interfere with a fully converted mode, giving a modulation of the transmission signal as
a function of wavelength. Furthermore, issues arising from the use of wide waveguides, as
seen in this thesis, should be alleviated. A challenge with using the IMOS standard 400
nm wide waveguides is the deposition of magnetic claddings via a lift-off process with a
resolution of ∼1 µm. One proposed solution for this problem is the deposition of a SiN
mask onto the waveguide chip, which is then partially etched away so that only the top
surfaces of the waveguides are exposed. This allows for the same, relatively straightforward
fabrication process to be used, without the risk of sidewall coverage generating undesired
effects. Waveguides with such schemes are being designed at the moment of writing.

As was first discussed in section 2.4, it is essential to tune the basic properties of waveguides
if full magneto-optical mode conversion is desired. Mainly, the phase mismatch between
the fundamental TE and TM mode should ideally be zero to allow for coherent mode con-
version. This can be achieved by tuning the dimensions of the waveguide, although this
will also depend on the exact composition and dimensions of the magnetic cladding. This is
expected to be a useful starting point for further simulational investigations. Furthermore,
it is important to optimize the attenuation for both modes. For claddings with higher TM
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than TE attenuation, coupling in the TM instead of the TE mode would eventually lead
to almost complete mode conversion. However, this results in a strongly attenuated TE
mode, which is undesirable for further signal processing. If a device which can convert both
the TE to the TM mode and vice versa is desired, the attenuation for both modes should
at least be comparable in size. This can be achieved with careful design of the cladding
and waveguide geometry.

To further reduce attenuation due to the claddings, a few cladding compositions have
been investigated. However, many more materials, both magnetic and non-magnetic, are
possible. The full optimization of these claddings involves many facets, and requires much
more numerical and experimental research. Furthermore, the ideal cladding composition
will differ depending on the intended application. As an example, consider the Pd/Co/Pd
cladding, which was discussed in section 5.1.2. This was found to give lower propagation
loss than a comparable Pt/Co/Pt cladding. Therefore, in a scenario where minimizing
optical loss is paramount, such as a polarization converter, Pd might seem a promising
candidate. However, Pd/Co/Pd stacks have also been shown to exhibit considerably lower
Kerr rotation than Pt/Co/Pt stacks [58]. Furthermore, Pd/Co interfaces have been shown
to induce lower spin-orbit torques than Pt/Co interfaces. These torques are crucial for
efficient current induced domain wall motion [59] in racetrack memory applications. These
two effects make Pd a less suitable candidate for an optically read magnetic racetrack
memory.
A few more novel materials may also be interesting to investigate for use in waveguide
claddings. For instance, cesium substituted yttrium iron garnet (YIG) magnetic films
show very low extinction coefficients for photonic wavelengths [60]. YIG has been used in
Faraday rotators for decades, but also shows potential for waveguide cladding applications,
as demonstrated by [15]. It should be noted these materials provide significant challenges
in fabrication compared to the relative ease of sputter deposition.

In section 3.2.2 it was shown that periodically switching the magnetization of a magnetic
cladding between up and down along its length has the potential to increase mode conver-
sion. To experimentally investigate this effect, a few methods are suggested, which should
be used together with the new waveguide designs discussed previously. To generate regions
in a magnetic strip where the magnetization can differ from the surrounding regions, it is
possible to use focused ion beam irradiation. By bombarding a magnetic multilayer stack
with high energy Ga or He ions, interfaces between layers become more rough, locally
changing the anisotropy [61]. Irradiating select regions in a magnetic cladding allows for
the creation of a periodic structure, by applying an out-of-plane magnetic field that is
high enough to switch the irradiated regions, but too low to switch the remaining regions.
By applying a stronger magnetic field, the entire cladding can be magnetized in the same
direction, allowing for direct comparison of the uniform and periodic configurations. The
downside of this method is that the period over which the magnetization switches is fixed
by the irradiation process. It is therefore not possible to easily change this period once it
is set, meaning it should be carefully determined before fabrication using simulations. It is
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also suggested that irradiation is preferably done with He rather than Ga. Because Ga is
a dopant for InP, it runs the risk of changing the waveguide properties if Ga ions are able
to penetrate into the waveguide.
A different scheme to create a periodically magnetized cladding makes use of femtosecond
laser pulses to optically switch the magnetization. In GdFeCo alloys, it has been demon-
strated that a single fs laser pulse can deterministically switch the magnetization in a
region, depending on the helicity of the light [25]. For Pt/Co/Pt stacks, it has been shown
that multiple fs laser pulses are needed to switch the magnetization [26]. By either focus-
ing the laser spot or making use of interference (similar to laser interference lithography
[62]), it should be possible to write segments with opposite magnetization in a magnetic
cladding. The advantage of this approach is that the period of the magnetization can be
more easily adjusted, without requiring fabrication of new claddings.
In order to move towards not only reading, but also writing bits in a magnetic racetrack
using photonics, this phenomenon of all-optical magnetization switching can also be inves-
tigated in reverse. That is, using the light in a waveguide to switch the magnetization in a
cladding. As power densities needed to switch the magnetization are typically quite large,
it may be necessary to make use of plasmon resonance with for instance gold nanoparticles
to locally focus light into a cladding.

The promising results and insights gained in this first exploratory work inspire confidence
for the continuation of research into ultrathin magnetic waveguide claddings. The signifi-
cant challenges still to overcome are expected to provide many exciting research opportu-
nities in the future.
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Appendix A

Dielectric tensors in FDTD Solutions

As was discussed in chapter 3, it is necessary to take the full dielectric tensor of a magne-
tized material into account in order to simulate magneto-optical effects. In the Lumerical
FDTD Solutions suite that was used in this work, a material can normally only be defined
by the diagonal elements of its dielectric tensor. However, it is still possible to define the
full dielectric tensor, using a small workaround which is described in this appendix, and is
based on [63]. This process is based on the decomposition of a normal matrix A into the
form:

A = UDU−1, (A.1)

where D is a diagonal matrix, and U a unitary transformation matrix.
This is illustrated with a dielectric tensor for a material magnetized in the z-direction, of
the form:

ε =

 εxx εxy 0
−εxy εxx 0

0 0 εxx

 . (A.2)

The first step for defining a material with this dielectric tensor in FDTD Solutions is to
create a new material with specific ’refractive index’ values. Note that these are now not
the actual values of the refractive index. Rather, the values that are needed here are the
square roots of the eigenvalues of the dieelectric tensor. For ε, the three eigenvalues are
given by:

εxx ± iεxy, εxx. (A.3)

The square roots of these eigenvalues are then filled in as nxx, nyy, and nzz respectively.
The second step is to determine the transformation matrix. This is done by constructing
a matrix for which each column is one of the eigenvectors of the original matrix. For ε,
this gives the transformation matrix:

U =

−i i 0
1 1 0
0 0 i

 . (A.4)

Due to a technicality in the software, it is necessary to take the complex conjugate transpose
of this matrix. The resulting matrix, U∗, is then assigned to a matrix transform grid
attribute. This also normalizes this matrix, which is needed to be able to apply the
unitary transformation in equation A.1. Finally, shapes can be defined, composed of the
material that was constructed out of the eigenvalues. After applying the matrix transform
grid attribute, these shapes will behave as if their material has ε as its dielectric tensor.
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Appendix B

Using waveguide mode beating to read
out magnetic domains

One of the future goals described in this work is reading out of magnetic bits in a racetrack
memory via a photonic waveguide. As was discussed in section 3.1, reversing the magne-
tization direction of a magnetic film also reverses the direction of the Kerr rotation light
undergoes upon reflecting from this film. Applied to a waveguide cladding, this means that
the phase of the converted mode is changed. Although reading out the magnetization di-
rection of a cladding could theoretically be done with phase-sensitive detection techniques,
a different method is proposed here. This method makes use of mode beating, in such a
way that the magnetization direction of a cladding changes the relative amplitudes of both
propagating modes. This method is explored making use of the 3D FDTD simulations
discussed in section 3.2.
To generate beating modes, polarization converters can be implemented. In this case, the
magnetic cladding with periodically modulated magnetization presented in section 3.2.2 is
used. At the moment, this is a relatively inefficient polarization converter. It should be
noted that this choice is merely out of convenience at this moment.
A magnetic cladding of 16 µm long, consisting of 10 segments of 1.6 µm long with alternat-
ing up and down magnetization, is used to generate a TM mode from an initial TE mode.
Both modes again propagate at the same time, with different propagation constants, giving
a beating pattern. The Kerr rotation for this initial waveguide section is presented in figure
B.1.

Figure B.1: Kerr rotation as determined by 3D FDTD simulations of the fundamental
TE-like mode in a waveguide partially cladded with a 50 nm thick Co90Fe10 strip with

magnetization alternating between up and down every 1.6 µm.
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A second magnetic cladding is now placed on the waveguide a short distance after this first
cladding. The position of the second cladding with respect to the beating pattern is found
to strongly influence final results. For now, the optimal position is determined by trial and
error. The Kerr rotation in the section of the waveguide containing this second cladding,
with magnetization both up and down, is presented in figure B.2. The difference in mode
conversion for the two magnetizations is at least a factor 4. For a down magnetization, the
beating pattern and magneto-optical conversion are in phase, whereas they are out of phase
for the up magnetization. This results in a lower conversion for the up magnetization. It
should be noted that conversion already becomes lower for the down magnetization, likely
due to increased attenuation for the TM mode. Also, beating with a double frequency can
be seen for the up magnetization, which is speculated to be due to a higher order mode,
as the intensity decreases with propagation distance.
By placing a polarization-dependent waveguide splitter after the second cladding, the TE
and TM mode could be separated. The relative intensities of the two modes will then be
dependent on the magnetization direction of the second cladding. Note that this is merely
a proof of principle, and much more optimization can be done. One obvious suggestion is
the use of a more efficient polarization coupler, for stronger beating and lower attenuation,
resulting in more intense signals which are more easily detectable.

Figure B.2: Kerr rotation as determined by 3D FDTD simulations in a waveguide
containing beating modes, partially cladded with a 50 nm thick Co90Fe10 strip with

magnetization either up or down.
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