EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Towards integrated magneto-photonic devices for all-optical
reading of non-volatile memories

Citation for published version (APA):

Demirer, F. E. (2022). Towards integrated magneto-photonic devices for all-optical reading of non-volatile
memories. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Applied Physics and Science Education].
Eindhoven University of Technology.

Document status and date:
Published: 01/12/2022

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 17. Nov. 2023


https://research.tue.nl/en/publications/9cee3c1d-ced7-4715-ae4e-cb3a08a9f69c

Towards integrated magneto-photonic devices
for all-optical reading of non-volatile memories

THESIS

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven, op
gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,

voor een commissie aangewezen door het College voor Promoties, in het openbaar te
verdedigen op donderdag 1 december 2022 om 16:00 uur

door

Figen Ece Demirer

geboren te Bartin, Turkiye



A catalogue record is available from the Eindhoven University of Technology Library.
ISBN: 978-90-386-5613-7

This work is part of the Gravitation program (Zwaartekracht) “Research Centre
for Integrated Nanophotonics” which is financed by the Netherlands Organization for
Scientific Research (NWO).

Cover design by Juana Borbolla https://issuu.com/juanaborbolla/docs/210301 p._juana_bit



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:

voorzitter:

promotoren:

copromotor:

leden:

adviseur:

prof.dr.ir. G.M.W. Kroesen

prof.dr. B. Koopmans

dr. J.J.G.M. van der Tol

dr.ir. R. Lavrijsen

prof.dr. A. Fiore

prof.dr. A.l. Kirilyuk (Raboud University, The Netherlands)
prof.dr.ir. S. van Dijken (Aalto University, Finland)
prof.dr. B. Dagens (CNRS (C2N), France)

dr.Y. Jiao

Het onderzoek of ontwerp dat in dit thesis wordt beschreven is vitgevoerd in
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.



Contents

Introduction
11 Background . . ...
1.2 Integrated photonics . . . . . ... ...
1.3 Spintronics and non-volatile magneticmemory . . . . . ... ... ...
1.4 Magneto-Optics . . . . . . . .. L
1.5 Thisthesis . . . . . . . .
State of the art
2.1 Computermemory hierarchy . . . . . ... ... oL
2.2 Spintronicmemory . . . . ... L
2.2.1  Spintronicmemoryandlight . . . . ... ... oo oL
2.3 Integratedphotonics . . . . . . ...
23.1 Siphotonics . . . ...
2.3.2  Indium phosphide membrane photonics . . . . . .. ... ... ..
2.4 Opticalmemory . . . . . . . ..
2.5 Magneto-optics and integrated photonics . . . .. .. ...
Methodology
3.1 BackgroundonMOKE . . . . . ... ... ...
3.12.1  Microscopicoriginof MOKE . . . . .. ... .. ... ... .. ..
3.1.2 Macroscopic observationof MOKE . . . . . . . ... ... .....
3.2 Free-space MOKE measurementset-up . . . .. .. ... ... ......
3.2.2  MOKE in multi-layered thin-films . . . . . ... ... ... .. ...
3.3 Design of integrated photonicdevices . . . . . . ... ... ... ... ..
3.3.1 Designtoolbox . . . . ...

O 00 N

16
17

19
20
21
23
25
25
26
27
28



3.4

35

3.3.2 MOKEinwaveguides . . . . . . .. ... 41

3.3.3 Designprocess . .. ... 43
Sample fabrication . . .. . ... o 46
3.4.1 Magnetron sputterdeposition . . . ... ... 46
3.4.2 Fabrication of photonicdevices. . . . . . .. ... ... ... ... 47
Characterization of integrated photonicdevices . . . . . .. ... ... .. 50
3.5.2  Kerrmicroscopy . . . . . . ... 51
3.5.2 Integrated optics transmissionset-up . . . . . .. ... ... ... 51

An investigation of the interface and bulk contributions to the magneto-optic

activity in Co/Pt multi-layered thin films 55
4.1 Introduction . . . . .. 56
4.2 State-of-the-art . . . . . . ... 58
4.3 Methodology . . . . . . ... ... 60
4.3.1  Sample fabrication and MOKE measurementsetup . . . . . . . .. 61
4.3.2 Magnetization profiles in multi-layers . . . . . ... ... 61

A
4.5

4.3.3  Anoptical transfer matrix method for MOKE in multi-layered thin-

films . . . . 64
Resultsanddiscussion . . . . . . . . . .. ... 64
Conclusions . . . . . . . 71

Design and modelling of a novel integrated photonic device for nano-scale mag-

netic memory reading 73
5.1 Introduction . . . . . ... 74
5.2 MaterialsandMethods . . . . . ... ... .. 76

5.2.1  Optical Simulation and Device Concept . . . . . . . ... .. ... 76

5.2.2 Mathematical Modelling and Fourier Transformation . . . . . . .. 78
5.3 Resultsand Discussion . . . . . . . ... 81
5.4 Conclusions . . . . . ... 84

An integrated photonic device for on-chip magneto-optical memory reading 85

6.1
6.2

Introduction . . . . . ... 86
Methodology . . . . . . . . 88
6.2.1 DesignandModelling . . . . .. ... ... ... 88
6.2.2 Fabrication . . ... ... ... ... 94



6.2.3 Measurementset-up . . . . ... L Lo
6.3 Resultsand Discussions . . . . . . . . ...
6.4 Conclusions . . . . . . ...
7 Outlook
Appendices

A Appendices

Al
A.2

A3
A.4

Mathematical model for MOKE in multilayered thin-films . . . . . . .. ..
An effective permittivity tensor definition for multi-layered magnetic ma-

terials . . . . . e
Appendix: Characterization of the photonic components . . . . . . . . ..
Appendix: Theoretical bandwidth limit of the memory read-out . . . . ..



Chaptera

Introduction

The aim of this chapter is to provide the reader with a short motivation that
lies at the basis of the work presented in this Thesis. The chapter starts with a
general introduction, thereafter the fields of integrated photonics, spintronics,
and magneto-optics are introduced. At the end of this chapter, an outline of
the rest of this thesis is presented.



1.1 Background

Over the past decades, the field of electronics experienced immense miniaturization
efforts for its components, mainly motivated by performance improvement needs [1]. Cur-
rently, the downsizing of components has reached such a level that the further shrinking is
not favorable due to heat dissipation [2]. Often referred as the heat wall, the effect implies
that the electronic circuitry simply gets too hot to perform operations [3]. An ‘easy’ fix to
the over-heating circuitry problem is to continuously cool it down, which leads to a sizable
energy consumption. To exemplify, in a conventional data center half of the total energy
consumption is spent in cooling operations [4]. Furthermore, an ever-increasing number of
devices is connected to the internet, i.e. the internet of things, is making the energy con-
sumption considerations even more crucial. Reports indicate that the total energy footprint
is expected to increase exponentially with time [5]. In 2020, amongst all the communication
related activities, data centers dominated the electricity consumption with approximately
200 TWh [6]. This is a significant amount, corresponding to approximately 1 % of the to-
tal electricity consumption over the globe [7]. This problem requires attention from mul-
tiple disciplines with the common aim of delivering technological advancements for more
energy-efficient computational operations. With the work presented in this thesis, we take
a step towards improving the speed of memory operations by introducing on-chip optical
reading of non-volatile magnetic memory components. When combined with parallel ef-
forts on all-optical writing of magnetic information [8], the research is expected to lead to
more energy efficient memory operations. The reason we focus on non-volatile memory is
duetoitsintrinsic property of maintaining stored information without the need for constant
feed of electric charge. This is highly valuable when the energy consumption and heating
are considered. Prior to describing our work, let us depict the current situation including
the recent advancements around this field.

Adata centeris agreat example to depict the computational processes that involve non-
volatile memory since the majority of operations include communications with e.g., hard
drives. Depicting the current status and the recent advancements will allow us to spot areas
thatlong forinnovation. A computerin a data center frequently retrieves and delivers infor-
mation to the non-volatile memory from its Central Processing Unit (CPU). These two areas
are often realized in different chips and the conventional communication channel between
them is an electrical ‘bus’. Recently, products utilizing integrated photonic waveguides as
buses in their computer architecture were shown to increase the speed of communication



[9]. This makes the overall system more energy-efficient by reducing the idle time that con-
sumes energy. The handled data was carried into different parts of the electronic circuitry in
the optical form, taking advantage of the optical communication speeds. In addition to the
field of photonics, the field of spintronics is also providing solutions that increase the energy
efficiency of such computational processes. To exemplify, recent advancements demon-
strating novel phenomena [10] in multi-layered thin-film interfaces [11] are starting to be
utilized as products for high-performance data-handling (read, write and transport) [12].
So far we have mentioned the improvements provided by the fields of photonics or spin-
tronics alone. On top of that, at the intersection of the two fields, the interaction between
light and magnetized matter is enabling higher speeds and increased energy efficiencies.
To exemplify, there are engineered thin-film magnetic materials whose magnetization di-
rection (thus the memory state) can be changed via ultrafast (femtosecond) laser pulses.
This leads to faster memory writing processes [8, 13] what is referred in the literature as the
All-Optical Switching (AOS) of the magnetization direction.

Magneto-optics

Opto-magnetism

Spi )
AtoniCS Pintronic
pho

Figure 1.1: A schematic depicting the proposed magneto-photonic device that has all-
optical reading and writing of magnetic memory. Figure by Bert Koopmans.

We position our work at the strategic cross-section of the integrated photonics and spin-
tronics fields. The work utilizes the interaction between light and magnetized matter, more
specifically the Magneto-Optical Kerr Effect (MOKE) to deliver the memory reading func-
tionality. As depicted in Fig. 1.1, the dream is to combine all-optical magnetic memory
writing with reading and deliver fast and energy efficient memory processes.

1.2 Integrated photonics

An integrated photonic circuit can be described as an analogue to an electronic circuit



where photons replace electrons as the information carriers [14]. Photonic waveguides con-
nect optical components to one another and serve a similar functionality as the conductive
printed connections in electronic circuits. Unlike the behavior of light in a free-space op-
tics, in photonic circuits the light is bound to the medium, thus follow its boundaries when
propagating (e.g. in sharp turns).

Let us take a look at the relatively brief history of integrated photonics. Demonstration
of the world's first semiconductor laser in 1960s [15] inspired the concept of integrating op-
tical components on a chip [16]. Today, the field of integrated photonics spans such a great
range of applications that we all rely on this technology, e.g. for the high-speed internet we
use. Despite the fact that it had been addressed for its faster data transmission and band-
width capabilities in the early 1970s, the field progressed rather slowly until the mid-1980s
[14]. It was the demonstration of superior performance (when compared with electronics)
in long-distance data communication that gave the field its long-anticipated momentum
[17,18]. Presently, the photonic circuitry serves a broad range of applications. What was
previously possible only by using an entire laboratory of optical components is now realized
on asmall area of a semiconductor wafer (known as a chip) in a photonic circuit setting. The
applications are not only limited to fiber-optic communication, but include biomedical [19],
agricultural [20], automotive [21], defense [22], aerospace [23] and quantum computing
[24] fields. One specific use case is photonic interconnects. Such on-chip photonic struc-
tures replace the slow and heat-dissipating electronic current based connections (buses)
in modern computer architectures. They serve as an optical communication channel be-
tween the spatially distanced chips that are fabricated in different material stacks such as
the non-volatile memory chip and the CPU. It was shown that photonic interconnects de-
crease the memory latency tremendously and contribute to more energy-efficient compu-
tations [9, 25]. Adoption of the integrated photonic technology is rapidly increasing. This is
thanks to the modular design possibility with on-demand added functionalities, as well as
the reduction in production costs via Multi-Project Wafer (MPW) runs offered by multiple
foundries. Figure 1.2 (a) depicts a component library with some optical components, the so-
called building blocks. These blocks are readily optimized in terms of certain design param-
eters while some parameters are variable to be adjusted on-demand. The top-part of Fig.
1.2 (3) indicates that the cross-sections of the building blocks may differ from one another
despite having been realized in the same material platform. The bottom part shows the
3-D appearances (artist's impressions) and the 2-D design masks. Typical building blocks

include lasers, detectors, polarization converters, modulators and filters. Availability of a
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Figure 1.2: (a) Schematic depicting some of the optical components (building blocks) avail-
able in the IMOS fabrication platform. Cross-section views, as well as 3-D impressions and
2-D mask layouts are provided. (b) Image of an example integrated photonic cell. (c) Depic-
tion of a full wafer for Multi-Project Wafer (MPW) run where each participant contributes
to the cost of the cleanroom fabrication. Image retrieved from [26].

building block library allows users to compose circuits in a modular fashion for a desired
functionality [27]. Figure 1.2 (b) shows a readily fabricated integrated photonic chip. This
is a single cell from the overall wafer (MPW). Figure 1.2 (c) depicts a full-wafer design in a
MPW run where each participant reserves a defined area (cell) on the full wafer surface. This
feature enables smaller scale enterprises to access the integrated photonic circuit technol-
ogy since it drastically decreases the production (e.g. prototype) costs. In the framework
of this thesis, we submitted our dedicated designs and benefited from such a service.

For integrated photonics there are fabrication platforms with different substrate mate-
rials. The substrate material is of great importance since the design parameters and certain
functionalities depend on it [28, 29]. To exemplify, silica-based integrated photonic plat-
forms, such as silica on silicon, silicon on insulator (SOI) and silicon nitride (SisNy4), have
comparatively low losses and thermal sensitivity; however, they cannot deliver lasing com-
ponents due to Si being an indirect bandgap semiconductor. The InP-based platforms on
the other hand can provide the so-called active components such as lasers and amplifiers
[30] thanks to the direct bandgap of the InP material [31]. One of these platforms is the InP
Membrane On Silicon (IMOS) platform, in which we base the photonic components utilized
in this work [32]. As will be discussed further in Chapter 3, the platform is preferred due to
the strong interaction of guided light with the cladding in a mambrane configuration and
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due to the availability of polarization rotator components and the possibility of integration
with electronic circuits.

Despite the large selection of building blocks and the application areas, there is room for
improvement within the field of integrated photonics. One such area is the optical memory.
Currently, there are optical memories based on phase-change [33] and liquid crystal materi-
als[34], as well as optical cavities [35] and materials that have induced opacity /transparency
[36]. All these optical memory alternatives are currently outperformed by their electronic
counterparts, thus require a performance boost to stay competitive.

Zooming out and looking at the outlook of integrated photonic components, it is ex-
pected that novel physical phenomena, such as the ones that stem from the interaction
between light and magnetized matter, will provide new functionalities and increase per-
formance. There are currently available photonic components that use such interactions.
To exemplify, time-reversal symmetry breaking introduced by the magneto-optical effects
is used to deliver optical isolator [37] and circulator [38] functionalities. However, using
magneto-optic effects in integrated photonics is not straightforward due to the birefrin-
gence problem which arises when the light is confined to a geometry (i.e. waveguides)
[39]. This simply causes the guided light modes to acquire a phase difference relative to
one another and causes (often undesirable) mode beating phenomena. A solution to this is
to use a quasi phase matching method as demonstrated in earlier works [40, 41]. Another
challenge is the magneto-optically active material of choice. When the Faraday effectis uti-
lized (which occurs while propagating in a magneto-optically active medium), transparent
and low propagation loss garnet materials are used as the magneto-optically active medium
[42]. However, these crystalline materials often cannot be grown directly on top of the pho-
tonic waveguides due to a lattice mismatch [43] or the growth conditions should be engi-
neered with strict temperature requirements considering the compatibility with the pho-
tonic waveguide material itself [44]. Therefore, garnet materials are often bonded/glued to
the waveguides [45—47]. The material selection criteria changes for applications that utilize
MOKE. Since the effect occurs upon reflection from a magneto-optically active medium,
coatings/claddings that are not transparent are preferred. Up until now, the works that
rely on MOKE for their functionalities used ferromagnetic thin-films [48, 49].

In this thesis, we use the mentioned often-hindering phenomena of mode beating to
our advantage and utilize a magneto-optical phenomenon to deliver the novel functional-
ity of optically-read integrated photonic memory. As will become clear later in the thesis,

ultra thin-film multilayered ferromagnetic materials that were historically studied as optical
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memory recording media are chosen as the magneto-optically active integrated photonic

memory material.

1.3 Spintronics and non-volatile magnetic memory

The work presented in this thesis is based on the interaction between the waveguide-
confined light and the non-volatile magnetic memory materials. The magnetic memory
materials we utilize are extensively studied for magneto-optic recording media. Addition-
ally, the recent developments in the field of spintronics are of great importance for the po-
sitioning of our work. Therefore, we dedicate this section to the introduction of the non-
volatile magnetic memory concept and the field of spintronics.

Magnetism has its roots in the magnetic dipole moment created by electron spins. A
material is considered magnetic when its response to an externally applied magnetic field is
significantly different than that of the free space [50] [51]. Ferromagnetic materials respond
to an externally applied field by orienting their unpaired electron spins in this direction. Ad-
ditionally, ferromagnetic materials have a net magnetic moment, despite the absence of an
applied magnetic field. Ferromagnets that retain magnetization orientation for significant
amount of time (>10 years) can be utilized as non-volatile memory materials [52].

The field of spintronics is defined on the basis of providing device functionality using
the spin property of electrons. Despite the fact that the magneto-optic memory record-
ing technology has been using the magnetization (spin) orientation of materials to deliver
functionality since 1965 [53], it was the discovery of the Giant Magneto-Resistance (GMR)
effect in 1988 that marked the beginning of the field of spintronics [54, 55]. The GMR ef-
fect showed that the electrical resistance between the two magnetic layers separated by a
non-magnetic (conductive) layer changes drastically when the mutual magnetization ori-
entation of the two changes. Using the GMR effect, the magnetic sensor sensitivity in
hard disk drive read heads was improved drastically. Combined with the advancements in
nanofabrication techniques, the motivation of increasing performance via miniaturization
had led to the realization of smaller bit-sized memory components, increasing the density
of memory storage. Currently, the state-of-the-art spintronic memory products include the
Magneto-resistive Random Access Memory (MRAM) [56] and the racetrack memory [571.
While MRAM is a technologically matured concept, Racetrack memory is still in its infancy.

In this thesis, the racetrack memory is of particular interest since it enables the sug-
gested device functionalities that will be described in Chapters 5 and 6. A schematic rep-
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Figure 1.3: A schematic depicting the racetrack memory concept. Magnetic domains that
indicate the memory type is shown with red and blue areas (bits ‘o’ and '1'). By running
a current through the wire (racing road), the memory bits (magnetic domains) are trans-
ported without physically moving parts. Sections where reading and writing take place are
indicated. The figure is adapted from [57].

resentation of it is shown in Fig. 1.3, where the memory information (often referred to as
the bits ‘1’ and ‘0’) are stored in the form of magnetic domains with opposite magnetization
directions (red and blue). As the name racetrack is a metaphor for a racing road, the mag-
netic domains can be seen as racing cars that move over the road. When a spin current is
injected into the racetrack with application of an electrical current, the domains move due
to the force exerted on their domain walls [58]. Note that this is a simplification and there
are aspects such as the domain wall type that are decisive for this motion [59]. Recent ad-
vancements in the racetrack memory material systems show domain wall velocities up to
2000 m/s [60]. Since the domain wall velocity correlates directly with the transfer rate of
memory bits, a higher velocity is desired. As an example, for 50 nm bits, 2000 m/s would
correspond to 40 Gbits/s. It is important to stress that the racetrack memory is a maturing
technology with aspects of improvement requirements. Thus, there is ongoing research
aimed towards its commercial success.

As described earlier in this chapter, energy efficiency of the circuitry is a crucial point
awaiting improvement. In the frame of this thesis, data centers and their electricity con-
sumption are of particular interest since many operations in data centers include communi-
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cation with non-volatile memory components [61]. Therefore, an analysis of the processes
that contribute to the heat dissipation is presented briefly. The focus is on the non-volatile
memory components, hence, its relation to this work. In electronic circuitry, certain compo-
nents require periodically (also referred as the computational cycle) supplied electric charge
in order to function. Within each cycle, the supplied charge is released into the surround-
ings due to leakage, contributing to the heating. One might suggest that the non-volatile
memory components do not take a major part in the dissipated heat since they don’t need
to be supplied with electric charge to retain their memory. However, the performance of
the non-volatile memory components contributes to the dissipation thus the overall energy
consumption in the following ways. First, since the non-volatile memory is fabricated on a
different material stack, thus positioned on a different chip than that of the CPU, there ex-
ists the problem called the memory latency. This delay in the retrieval of memory causes
significant heat dissipation. To describe it briefly, communication of information from non-
volatile memory to CPU is conventionally mediated by electrical connections (buses). This
transfer is the slowest step in all operations (i.e. Von Neumann bottleneck [62]). While the
retrieval is ongoing, all other computational operations are put on hold, wasting compu-
tational cycles thus power. Second, to prevent the memory latency problem of the non-
volatile memory (realized on a different chip than the CPU), the computer architecture is
pushed towards accommodating volatile memory types that have faster memory retrieval
(i.e. can be placed on the same chip as the CPU) but need constant supply of charge to re-
tain memory: volatile memory alternatives (e.g. cache). Additionally, the relatively high
cost of realization of non-volatile memory leads to a scenario that favors the use of volatile
memory components, consequently increasing the heat dissipation.

In the light of the presented insights, the following properties of non-volatile memory

components are desired.
* Faster retrieval and minimized memory latency
* Lower energy requirements for read /write operations
 Lower fabrication costs

The field of spintronics and non-volatile memory technologies are readily exploring novel
methods to improve the above-mentioned points. Fruitful results come at the intersection
of fields. One such example is the use of integrated photonics as vectors for sending and
retrieving information from the spintronic memory. It already has been realized as a com-
mercial product [63]. In this product, when the on-chip photonic interconnects replace the
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conventional electrical buses, a faster and more energy efficient retrieval of information
from the non-volatile memory is provided [9g, 25]. Albeit this example brings together the
two fields of spintronics and photonics, the boundaries of each field is still clear-cut without
merging between the two. In this thesis we utilize the magneto-optical phenomenon and
merge the fields of photonics and spintronics, providing novel functionalities with a great
potential to increase energy efficiency.

1.4 Magneto-Optics

The term magneto-optics broadly refers to the interaction between light and magne-
tized matter. The first ever reported magneto-optic phenomenon was the Faraday effectin
1846 by Michael Faraday [64]. It was shown that the polarization plane of a linearly polar-
ized light propagating in a transparent magnetized medium rotates by an angle (defined as
the Faraday rotation), which is linearly proportional to both the magnetic field strength and
the length of propagation. This was the first experimental evidence indicating the presence
of a relationship between light and electromagnetism, prior to being laid out by Maxwell's
equations in 1864 [65]. Nearly thirty years after the discovery of the Faraday effect, John
Kerr reported the MOKE in 1877, showing that a linearly polarized light reflecting off a per-
pendicularly magnetized surface obtains rotation and ellipticity in its polarization state [66].
The Kerr rotation and ellipticity are intrinsically small in amplitude, which is the most prob-
able reason behind its three decades late detection with respect to the Faraday effect. Fol-
lowingly, two other effects of magneto-optical origin, namely the Cotton-Mouton [67] and
the Voigt [68] effects were discovered. At the origin of all magneto-optical effects lays a
symmetry breaking in optical transitions that can be mediated by light with right and left
handedness. In materials with net magnetization, the exchange interaction and the spin—
orbit interaction [69, 70] cause the energy levels to split in such a way that they are shifted
differently for up- and downward directed spins. Macroscopically, this leads to a differ-
ence in polarizability when right- and left-handed circularly polarized light is used. Since
the MOKE plays a major role in the frame of this thesis, we describe its microscopic origins,
as well as its macroscopic observations and mathematical formulation in Sect. 3.1.

Historically, technological products based on the magneto-optical phenomena started
to emerge after the demonstration of a magnetization compensation temperature in ferri-
magnets in 1960 [71]. The concept of a thin-film magneto-optic memory was suggested
for the first time in 1965 [53]. Later, the use of multi-layered films with a metallic core
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sandwiched between dielectric layers [72] followed in 1967. The golden age of magneto-
optic recording media was marked by the use of ferromagnetic Co/Pt multilayered thin-
films in 21990s [73]. Following the rapid advancements in the field of integrated photonics,
the magneto-optic phenomena have been referred to for providing novel on-chip photonic
functionalities [48, 74—77]1 . In this work, we focused on the optical magnetic memory read-
ing functionality in integrated photonic circuits using the MOKE. Therefore, we dedicated
the following chapter to describe the state-of-the-art at the intersection of the two fields of
photonics and magnetism.

1.5 This thesis

In this thesis, we explored the fruitful area at the intersection of the fields of spintronics
and photonics. Chapters that make up this thesis is given below as bullet points.

* Astate-of-the-artin relevant fields is given in Chapter 2.

* Thefabrication techniques, characterization and measurement methods that are used
throughout this thesis are discussed in Chapter 3. Additionally, optical design aspects
and mathematical models are presented.

e Chapter 4 describes the research performed to investigate the enhanced magneto-
optic activity at the interfaces of multi-layered Co/Pt thin-films and to quantify it in
terms of a magneto-optic constant. For this, samples with continuous thickness vari-
ations are analyzed with a magneto-optical characterization technique. A mathemat-
ical model that accounts for (magneto-) optical effects in multi-layered thin films is
used. Asshown laterinthe thesis, the determined constants are shown to be effective
in predicting experimental observations when used in optical simulations as inputs.

* Using the studied multi-layers as a non-volatile memory element on integrated pho-
tonic devices, Chapter 5investigates an integrated photonic device design that allows
the optical read out of the magnetic memory. Here, the results of optical simulations
and mathematical models are presented.

e Chapter6isfocused on a robust magneto-photonic device design. Combining the po-
larization manipulation via the MOKE and the propagation in an asymmetrical cross-
section waveguide, experimental results are shown to follow the predictions of both

17



the mathematical models and the optical simulations. Accurate quantitative deter-
mination of the MOKE that takes place in a confined volume measured in the or-

der of nanometers provides insights on the capabilities of the presented integrated
magneto-photonic devices.

e Lastly, Chapter 7 gives a brief outlook on the possible routes the future research can
take.
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Chapter 2

State of the art

The work presented in this thesis is performed at the cross-section of two
fields, namely spintronics and integrated photonics. The aim of this chapter is
toprovide the reader with a state-of-the-art in these fields, to put the presented
work into context. The chapter starts by describing the types of computer mem-
ory in an effort to map the characteristics, strengths and shortcomings of each
memory type.
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2.2 Computer memory hierarchy

Currently types of computer memory span a broad range where each type emerged
due to different needs. These types differ in terms of read/write and access/retrieval speed,
volatility and non-volatility features, energy consumption during operation andinidle state.
Physical locations where these types reside are also different and this is of importance due
to directimpact on the access/retrieval speeds, cost and complexity of the overall chip fab-

rication process and the total amount of memory capacity.

Cache

Main memory

Hard disk

Off-chip

The cloud

Figure 2.1: A schematic of the so-called memory pyramid which depicts the memory hierar-
chyin conventional computers. Memory retrieval is faster at the top of the pyramid whereas
memory latency increases towards the bottom. Memory types located on the same chip as
the central processing unit are marked as on-chip while the rest are off-chip. Mainly due to
the physical storage location, the total storage increases towards the bottom of the pyra-
mid. Schematic inspired by [78].

Different memory types are often visualized using a pyramid shape where the bottom
layers refer to the low speed (high-latency), low energy consumption types that lie further
away from the CPU, while the top layers are reserved for faster operating types that typi-
cally have higher power consumptions and lie in the close proximity of the CPU. The pyra-
mid also implies that the total amount of stored information per memory type increases
towards the bottom layers. This is partly due to the available space near the CPU. One
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such memory pyramid is depicted in Fig. 2.1. Here, the bottom layers are reserved for hard
disk and the cloud types that both accommodate further away from the CPU. Note that
the memory pyramid is a simplistic way of describing and is valid for conventional com-
puter memory types, thus it becomes inadequate to place the emerging, state-of-the-art
memory types on a map. For more detailed comparisons between the conventional and
the newer memory types about various performance parameters, we refer to the review
paper by Barla et al. (Table 1in [79]).

From a fundamental ‘principles of operation’ point of view, the computer memory can
be categorized into two. The first is the CMOS electronic memory type which uses the
charge property of electrons while the second is the spintronic memory and flash memory
types which use both the spin and the charge property of electrons. While CMOS electronic
memory types are fast and have higher retrieval speeds due to their location on electronic
chips, they suffer from leakage current and require constant feeding with electric charge,
thus consume more energy [3]. The non-volatile nature of the spintronic and flash memory
types allows for retention of information indefinitely, cutting the costs in energy supply.
The caveat for flash memory is the limited endurance [80]. Thanks to its low energy con-
sumption and high endurance, a high potential is anticipated for spintronic memories in the
fields of burgeoning big data, Al and information and communication technologies (ICT)
[81, 82]. What was previously a disadvantage for the spintronic memory types is the write-
speed. With new mechanisms such as spin transfer torque (STT) or spin-orbit torque (SOT),
spintronics based random access memories are becoming more competitive [79]. There are
ongoing challenges that prevents the use of spintronic memories for certain applications.
One is the long memory retrieval times known as the memory latency [62]. Current ad-
vancements including integration with photonic waveguides [9] work towards elimination
of this memory bottleneck by improving retrieval speed. Research is ongoing in the fields
of spintronic memories to achieve faster and more energy efficient operations. Since the
work presented in this thesis paves the way towards a spintronic memory combined with
integrated photonics, the following section dives deeper into the state-of-the-art spintronic

memory types.

2.2 Spintronic memory

Spintronic memories utilize the spin degree of freedom of electrons unlike CMOS elec-

tronic memory types that solely rely on the charge property of electrons to deliver func-
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tionality. Research in this field is directed towards delivering more energy-efficient and
faster memory operations while taking the accuracy and life-time aspects into considera-
tion. Certain magnetic materials can maintain alignment of their spins despite the absence
of an externally applied magnetic field. This feature is used to deliver non-volatile memory
functionality which brings about low static energy dissipation and overall energy efficient
devices [83].

Read currentl

a) b) Reference Iayerl

Tunnel barrier

Read
current

Write
current

Free layer

Reference Iayerl cV\{':i:Et s ¥y g, ¢ §
Tunnel barrierI U—iﬁ ]
S A R A

Free layer
Spin transfer torque
Spin-orbit torque

Figure 2.2: Schematic depicting the read and write mechanisms of (a) Spin transfer torque
(STT) and (b) Spin-orbit torque (SOT) in Magnetic Tunnel Junctions (MTJ's). The figure is
modified from [84].

Currently, the cutting-edge spintronic devices include MRAM based on Magnetic Tunnel
Junctions (MTJ), domain wall motion-based racetrack memory and skyrmion-based mem-
ories. Since it plays an important role in this work, we highlighted the racetrack memory
in Section 1.3. It should be noted that, amongst the mentioned memory technologies, only
MRAM is in the stage of commercial availability while others are still being developed. In
this regard, MRAM stands out as the most matured technology, delivering competitive per-
formance parameters. A typical MTJ is made of ferromagnetic thin-film layers separated by
a thin-film oxide layer [85]. Note that the material of ultra-thin ferromagnetic layers is used
in other spintronic memories as well. Therefore, any advancement in materials science as-
pect of MRAM is of importance for the overall field of spintronics. MRAM technology is ad-
vantageous since its fabrication is well integrated into CMOS processing steps. The earlier
versions of MRAM used in-plane magnetized thin films that were written via the Oersted
fields generated by the currents passing through the addressing wires [81, 86]. The newer
versions exploit out of-plane (OOP) magnetized materials since it allows for faster, more
energy-efficient, and scalable read / write operations such as the spin-transfer torques (STT)
and spin—orbit torques (SOT) [10, 81, 87—90]. To briefly sketch the STT and SOT, in both
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mechanisms, the writing of memory is done by using the current of electrons as depicted in
Fig. 2.2. Figure 2.2 (a) shows the STT where a transfer of spin angular momentum occurs
between two magnetized layers across the tunnel barrier [13, 89]. Figure 2.2 (b) depict the
SOT. The following phenomena of interaction of spin—orbit coupling, magnetic exchange,
and symmetry breaking at the interface [13, 91] are utilized as the functioning mechanism,
in addition to the flow of spin currents from the non-magnetic metal to the magnetic layer
[92, 93]. In STT-MRAM devices, switching time (switching of the magnetization direction)
ranges from a few nanoseconds (ns) to tens of ns depending on the write current density
and pulse width. A reliable switching with write error rate less than 107 was shown with
2-3 ns switching time [94], which indicates prospect use as the last-level, on-chip cache
memories [95, 96] that can be thought of as the top levels of the memory pyramid. The
state-of-the-art SOT-MRAM devices are faster than the STT-MRAM, delivering sub-ns to
few ns switching times [97—-100] which in certain cases [93, 101, 102] are better in terms of
energy-efficiency. For further details on the writing energies and times, we refer the inter-
ested reader to review articles [79, 84].

In the scientific agenda of the spintronic memory research, there are major points such
as improving performance and energy efficiency while decreasing productions costs. Cur-
rently, spintronic memories deliver faster writing speed than flash memory alternatives
however are slower compared to the CMOS electronic memories. This speed refers to the
time it takes to change the magnetization orientation direction in a magnetic domain, and
it is limited to the precessional dynamics at thermal equilibrium of ferromagnetic materi-
als. Recent studies showed ultra-short light pulses allow for fast magnetization direction
switching, increasing the writing speed of spintronic memories.

2.2.1 Spintronic memory and light

As hinted atin the previous section, spintronic memory technology benefits from ultra-
short, all-optical switching mechanism using ultra-fast light pulses. Due to its ultrafast time
frame, the field is referred as “femto-magnetism”. The first observation within the field was
made in 1996 when Beaurepaire et al. [103] showed that a sub-ps magnetization quench-
ing in Ni thin-films is possible upon irradiation with ultrafast laser pulses. Scientific interest
to the field grew over time due to its potential to drastically improve the writing speed of
spintronic memories. The mechanisms behind this ultrafast switching (of magnetization di-
rection), on the other hand, are still topics of scientific discussions. When Stanciu et al.[104]
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first reported the all-optical control of magnetic orientation in amorphous ferrimagnets us-
ing circularly polarized femto-second laser pulses, the team attributed the magnetization
switch to the inverse Faraday effect (IFE) [8, 105, 106]. Later, it was shown that the same
material can be switched using a linearly polarized light, attributing the switch to purely
thermal effects the pulse has on the media [107, 108]. Currently, the helicity dependent
switching is attributed to the magnetic circular dichroism (MCD) in combination with reach-
ing a threshold temperature where the light pulse gets absorbed differently by the memory

medium depending on the polarity and orientation of the magnetization [109].

Figure 2.3: Aschematic describing a photonic circuit (top-part) integrated with an electronic
memory chip (bottom-part). Direct coupling-out of the guided light onto a Multi-Tunnel
Junction (MTJ) memory element is shown. This design proposed by the EU SPICE network
is adopted from [110].

The research efforts in the field of femto-magnetism are taking two distinct directions.
Oneistodiscoverthe potential spintronic memory applications that outperform other tech-
niques due to fast and energy efficient magnetization switching, thus writing of informa-
tion. The other is to use the ultrafast actions as a scientific tool to probe the spin dynamics
atfemto-second time scales [111, 112]. In the first category of efforts regarding the techno-
logical use of this mechanism, researchers investigate using all-optical magnetization re-
versal to write MTJ-based spintronic memory [110, 113]. As depicted in Fig. 2.3 adapted
from [1120], the European ultrafast spintronics network SPICE [114] proposed that when in-
tegrated photonic circuitry is embedded with electronics, normally material-confined light
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can be used for all-optical writing of magnetic memory. The drawing shows light that is
in photonic waveguides being locally extracted with help of grating couplers onto a MT)J
memory elements. When combined with to the work presented in this thesis, the proposed
scheme of all-optical writing of magnetic memory via integrated photonics is expected to
deliver the spintronic memory products of the future.

2.3 Integrated photonics

As introduced briefly in Chapter 1, integrated photonic circuitry brings value to a va-
riety of fields including biomedical [19], agricultural [20], automotive [21], defense [22],
aerospace [23] and quantum computing [24]. Depending on the desired functionalities of
each field, a photonic circuit can be composed using passive (e.g. couplers, switches, mod-
ulators, multiplexers) and active components (e.g. amplifiers, detectors, and lasers). Note
that the active components require the use of direct bandgap semiconductors (lll-V). Dif-
ferent platforms co-exist for integrated photonic circuit fabrication. Some platforms offer
direct bandgap semiconductors, thus include active components in their library. Evidently,
the material system is also decisive on the design and the footprint in addition to the perfor-
mance and the functionality of its components. For a summary of different material plat-
forms, the components they deliver and certain performance parameters, we refer to the
Jeppix roadmap 2021-2025 [115]. Amongst different platforms, we introduce the Si and
InP membrane-based ones briefly here. The choice is due to Si photonics being one of the
most widely adopted platform while the latter enables the use of active components and
offer easy integration with electronic circuits.

2.3.1 Si photonics

Currently, silicon photonics is the most widely adopted material platform for integrated
photonic research. This is partly due to its compatibility with the mature Complementary
Metal-Oxide-Semiconductor (CMOS) technology [116], and partly due to the record low
losses [117] that are demonstrated within the platform. To exemplify, typical losses are
between 0.1 dB/cm to 1 dB/cm [118] in silicon-based waveguides. One major set-back of
the platform is that the silicon is an indirect bandgap semiconductor. To mitigate this, ad-
ditional processing steps that introduce direct bandgap semiconductors are implemented
during fabrication. For further details on the three methods of implementing active materi-
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als in photonic circuitry, namely heterogeneous, hybrid and monolithical implementations,
we refer the reader to [119]. While photodetectors [120] and modulators [121] can be re-
alized by monolithical implementation of Ge (germanium) layers, semiconductor optical
amplifiers and lasers require heterogeneous or hybrid methods [122, 123]. Until today, sev-
eral techniques including transfer printing, flip-chip bonding and direct wafer bonding are
successfully demonstrated [118, 119, 124].

2.3.2 Indium phosphide membrane photonics

As the platform utilized in this work, Indium phosphide membrane photonics deserves
a dedicated section. The main strength of this platform is its ability to deliver laser and
amplifier components, yielding fully functional and intact photonic integrated circuits. The
membrane causes enhanced optical confinement which leads to compact (small footprint)
devices. Additionally, it can easily be integrated with electronic chips because the mem-
brane bonding technology does not cause disruption in the conventional CMOS processing
steps. Despite the mentioned advantages of having a thin membrane, it comes at the cost
of harder-to-control optical losses. An overview of the available active components and the
state-of-the-art performance details can be found in [125, 126].

The components utilized in this work are purely passive. Let us provide some details on
them. InP-family of membrane waveguides can be made out of InP [127], InGaAsP [128] or
InGaP [129]. Single mode waveguides (with only one mode per polarization direction i.e.,
TE and TM) typically have 400-600 nm width and 150—300 nm height [125]. These param-
eters are chosen such that the single mode condition is fulfilled while assuring a low optical
loss. Asdocumented in a review paper [125], depending on the core material and the lithog-
raphy processes, obtained propagation losses for the waveguides range from more than 10
dB/cm to under 2 dB/cm. The record low propagation loss of 1.8 dB/cm is on the IMOS plat-
form [130], which is the platform of choice in this thesis. This is comparable to a typical
loss value in fully etched SOl waveguides [131]. What causes propagation loss is the surface
roughness of the guiding medium with respect to its surroundings. Since the top surfaces
of the waveguides are defined with wet-etching utilizing the crystallographic orientation
of the InP membrane, they are smooth and contribute very little to the optical losses. It is
mostly the side-wall roughness that contributes to the propagation loss. To overcome side-
wall roughness, several methods including using improved EBL resist [127, 132] or switching
to DUV lithography [130] were demonstrated. As a disadvantage of the direct band gap of
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InP, these waveguides demonstrate the undesirable two-photon absorption at elevated op-
ticalinputs[126]. Another passive componentis a multi-mode interferometers (MMI) which
serve as splitters. Novel design layouts of MMI that reduce detrimental back-reflections (>
10 dB reduction of the back-reflections) are used in InP [133] and IMOS platforms [134]. Ad-
ditionally, passive components of polarization-selective grating couplers are common com-
ponentsinthe IMOS platform. Animproved version of regular grating coupleris the focused
grating couplers with smaller footprint. This was initially demonstrated in SOI platforms
[135, 136] with insertion losses of 5-8 dB. Lastly, polarization converters can also be found
inthe IMOS platform as passive components. Previously, examples of it that were based on
mode-evolution, which typically occurs while propagating in an asymmetrical waveguide,
were demonstrated in InP-based platforms [137-141]. A partial polarization converter that

played a major role in this work was adapted from the work of Reniers et al. [141].

2.4 Optical memory

As previously highlighted, transfer of information over long distances is realized in the
optical domain due to its fast speed. Despite the transfer of information is fast in the opti-
cal domain, there needs to be conversion steps from electronics to optics and vice-versa for
implementing optics-based solutions to electronics. As a result, in the field of computer
memory, conventional electronic components that function in the electrical domain are
preferred over their optical counterparts due to speed and overall energy efficiency con-
siderations. Advancing the field of optical memory in terms of speed, storage density and
energy efficiency offers to unlock tremendous benefits. IBM stresses that using optical
memory integrated into the photonic circuitry in a photonic circuit computation setting is
an attractive solution to the current speed bottlenecks [142]. However, the relatively poor
performance parameters of currently available optical memories are obstacles on the way
to achieve efficient optical computation. Better-performing optical memories are expected
to unlock faster operations and decreased energy consumption [143]. Furthermore, the po-
tential of all-optical writing of the next-generation photonic memory devices is projected
to deliver ultra-fast and energy efficient operations [144]. In this regard, the current work
aims to contribute to an optical memory technology by incorporating the optical read-out
functionality.

In the path to achieve the desired photonic performance parameters, let us take a brief
look at the historical development of optical memory components and its state-of-the-art.
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Early attempts of optical memories date back to 1997 when pulses in recirculated optical
fiber loops served as the reservoir of information [145, 146]. The system was bulky, addi-
tionally the memory needed to be replenished every few hours, yielding relatively short
retention times. Since then, there have been various optical memories proposed that rely
on the fact that two distinct optical outputs can be encoded to store information. Among
them, there are materials with induced opacity/transparency [36], liquid crystal materi-
als [34], optical cavities and resonators [35, 147-150] in addition to injection-locking and
switching between bistable laser modes [151-154]. Since they require continuous energy
input to hold their memory state, they can be classified and utilized as volatile memories. To
compete with electrical circuit analogues in terms of power consumption and speed, non-
volatile alternatives with potentially energy efficient operations are sought after. There
are a few non-volatile optical memory alternatives such as utilizing the novel property of
formation/annihilation of nanoscale silver filaments inside a waveguide [155] and charge
trapping inside a ring resonator [156]. However, the most well-established optical non-
volatile memory is based on the phase-change materials whose atomic structure can be
altered by heating [157] or other excitation process [158-161]. This change leads to a sub-
stantial change in the electrical and optical properties of these materials and allows to set
the two distinct memory states [162]. There are some challenges that prevent the broader
use of phase change material-based optical memories. Despite write energies at a pico-
joules level can be achieved, it does not yet achieve the high sensitivity required for areliable
multibit operation since it requires a higher signal-to-noise ratio, thus higher power [163].
Additionally, the memory footprint is relatively large, preventing a high storage density.

2.5 Magneto-optics and integrated photonics

As briefly introduced in Section 1.4, magneto-optic phenomena take place when light
and magnetized matter interacts. Since the work presented in this thesis is positioned at
the intersection of magneto-optics and integrated photonics, we dedicated this section to
mention previous works that contributed to this area. Additionally, we introduce how the
previous work has set the stage for photonic waveguides with ferromagnetic claddings for
memory reading functionality.

Actually, magneto-optic phenomena have found very little use within the field of inte-
grated photonics. As to date, its use is mainly limited to integrated optical isolators. An op-
tical isolator is a component commonly used together with a laser. It permits the light prop-
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agationin one direction while preventing it for the other. This way, the degradation-causing
back-reflections into the laser is prevented. Historically, optical isolators were realized in
free-space and were made of magneto-optically active transparent media. They were used
in a strong magnetic field environment and functioned thanks to the non-reciprocal phase
shift that the Faraday effect causes [69]. A phase shift of 9o° (2x45°) of reflected waves
enabled their elimination with orthogonally placed polarizer elements. After integration of
lasers into photonic chips became mainstream and the field of integrated photonics was
born, various integrated optical isolator analogues were suggested. Amongst these optical
isolator designs, only some utilized the magneto-optic effect to deliver the isolation func-
tionality [48, 164, 165]. Others functioned via non-reciprocity causing phenomena that are
not of the magneto-optical origin [166—168]. Despite most of the works demonstrating op-
tical isolators utilizing magneto-optic effects were using garnet materials, some utilized fer-
romagnetic metal claddings on their photonic waveguides [48, 165]. In these studies, the
magnetization direction of the claddings were in-plane, perpendicular to the direction of
light propagation. The resulting transverse MOKE was used as the mechanism of isolation.
Both studies highlighted that within the waveguide, a quasi-phase matching condition is
required to obtain an additive MOKE. For this, they suggested the use of claddings with al-
ternating magnetization directions. This was very relevant for the work presented in this
thesis, and it was studied by members of our research group in the form of optical simula-
tions [41]. Inthis work we explored a configuration with out-of-plane magnetized claddings
which has not been utilized before despite the advantages of an increased MOKE in this po-
lar MOKE setting.
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Chapter 3

Methodology

This chapter describes the methodology that was used to achieve the pre-
sented results in this thesis. We divide the chapter into five subsections, each
describing different aspects of the methodology. Since the MOKE is used ex-
tensively throughout this thesis, we start by presenting the background on this
effect, painting a microscopic and macroscopic picture of it. In the second sec-
tion, we define the measurement set-up that allowed us to detect and quan-
tify the MOKE. Since the magnetized samples used in this work are all multi-
layered thin-films, we stress the MOKE that occurs in this configuration. We
continue the chapter with its third section by describing the photonic design
and elaborating on the design toolbox including the optical simulation tools.
Then we describe the special configuration of the MOKE in waveguides and give
an overall summary of the design process. On the fourth section, we describe
the fabrication techniques that allowed us to realize the magneto-photonic de-
vices. Lastly, in the fifth section, the measurement set-up used for magneto-
photonic device characterization is elaborated.
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3.1 Background on MOKE

The MOKE occurs upon the interaction between light and magnetized matter. It takes
a central role in the frame of this thesis, since it enables reading of the magnetically stored
memory. In this section, we first describe the microscopic origins of MOKE by zooming
in to the optically induced electronic transitions and explain the mechanisms behind this
effect. Then, we zoom out to list the macroscopic observations of the effect and represent
it mathematically.

3.1.12  Microscopic origin of MOKE

Optical techniques are often used to probe the electronic band structures in materials
due to the photons ability to mediate electronic transitions [169]. Probing the spin orienta-
tions (magnetism) of electrons via an optical technique however, is only possible due to the
phenomenon called spin-orbit coupling [170]. In a typical ferromagnet, thanks to the cou-
pling between the spin and the orbital motion, electronic transitions become sensitive to
the magnetization direction of the material. This way, the MOKE spectroscopy indirectly
probes the magnetization in materials. This is depicted in Fig. 3.1 via the relative energy
level splittings of the spin-down and spin-up electrons (p and d orbitals) in a ferromagnet.
The levels are split due to the spin-orbit coupling (= 0.05 eV [51]) and the exchange interac-

tion (= 1 eV [51]). The spin-orbit coupling is formulated as

Eso(p) =&(r)SL, (3-2)

where &(r) is the material specific spin-orbit coupling constant; and S and L are the spin
and the orbital numbers, respectively. Since the Sin Eqn. 3.1is +1 and -1 for the spin-down
and the spin-up electrons, the energy splitting occurs by opposite signs as indicated in the
figure. The selection rules [171] indicate that the light with Left and Right Circular Polariza-
tions (LCP and RCP) interact with spin-down and spin-up electrons differently. The allowed
transitions between the p- and the d-orbitals of the ferromagnet are indicated in the figure
for the LCP and RCP light (red and blue) and the spin-down and spin-up electrons (left and
right-hand side). It is important to highlight that both the exchange interaction and spin-
orbit coupling are required for the observation of MOKE. In case of absence of one, the
difference in the absorption energies for spin up and down states remains present. How-
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ever, RCP and LCP light get absorbed equally which results in a zero-sum for macroscopic
observations. The right-most side of the figure shows the absorption spectrum for LCP and
RCP light. The difference in the absorption energy is the reason behind the difference in

interaction with the magnetized matter.

For spin-down e~ For spin-up e: Absorption
spectrum:
pl10> P 101>
Fermi A 4 Cala
level | |
ro LCP,
|
L . RCP
LC(T:,: ~
: [211>
! IRCP " <
|k4/ |2'1T> 5
1 | g — Lﬁ
1 1 w wJ
E L -
1 | %
Co ey * 1 9
e AT oF| Y
SO 1 |2u>/
Legend:

ESOZ Spin-orbit coupling  LCP : Left-circularly polarized light

EExc: Exchange interaction RCP : Right-circularly polarized light

Figure 3.1: Left-hand side: Allowed electron transitions mediated by LCP and RCP light in
spin-up and spin-down electrons between the d and p orbitals of a ferromagnet. The levels
are named according to the spectroscopic nomenclature. The first number is the orbital (L)
(d = 2 and p = 1) and the second is the magnetic sub-levels (m;). Note that the selection
rule dictates that Am = +1 and Am = —1 for the RCP and LCP light [172]. Right-hand side:
The difference in the absorption spectrum for LCP and RCP light. The schematic is modified
from the original [173].

3.1.2 Macroscopic observation of MOKE

The macroscopic observation of MOKE is the consequence of a different absorption of

RCP and LCP light when both spin-orbit and exchange interaction are present in a material.
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This is the case for all the transition metal based ferromagnets in this thesis. Depending on
the geometry, which is the magnetization direction of material with respect to the plane
of incidence of the probing light, MOKE has different macroscopic outcomes. Figure 3.2
shows the three geometries of polar, longitudinal and transversal MOKE.

(a) (b) (©

jmay &Sy 525y

Polar Longitudinal Transversal

Figure 3.2: (a) Polar, (b) longitudinal and (c) transversal MOKE geometries. The magnetiza-
tion direction with respect to the plane of incidence is used for the categorization.

In a polar MOKE geometry, initially linearly polarized light that reflects from a perpen-
dicularly magnetized surface attains an elliptical polarization. This elliptical polarization is
described by the Kerr rotation (8) and ellipticity (€). In this thesis, only the samples with
the perpendicular magnetic anisotropy, thus the polar MOKE geometry is used. It is often
regarded simply as MOKE in the text. Figure 3.3 (a) depicts the elliptical polarization that
the light obtains upon reflection from a magnetized surface. Upon reflection, an amplitude
difference occurs between the LCP and the RCP light, which is communicated via the size
of the drawn circles. Figure 3.3 (b) visualizes the rotation and ellipticity geometrically.

We can mathematically describe the magneto-optical response of an isotropic mate-
rial by using a permittivity tensor with off-diagonal elements. The permittivity tensor (€)
relates to the conductivity tensor (o) by the formulae =1+ i%c, where @ is the angular
frequency. Presence of an externally applied magnetic field or permanent magnetization
ensures that off-diagonal components of the conductivity tensor, thus the permittivity ten-
sor are non-zero. The presence of off-diagonal components can be intuitively explained as
follows. When a magnetic field is present, the conduction electrons that are transported in
an orthogonal direction to the field will experience a Lorentz force and be deflected. The
off-diagonal elements are the mathematical representation of this action. For the polar
MOKE geometry, the permittivity tensor and its non-zero off-diagonal elements are shown
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as:
E&x & O
€=|-&; &, O (3.2)
0 0 &,

where 2 is the direction perpendicular to the sample surface. Recalling that MOKE stems
from a difference ininteraction between the RCP and LCP light and the magnetized matter,
thus the effective refractive indices of the two polarization states are slightly different from
one another, it comes as no coincidence that the eigenvalues of the permittivity tensor are
€ = & t i€y, which correspond to the RCP and LCP light. The complex Kerr effect, with
its real and imaginary components being Kerr rotation (8) and ellipticity (€) (geometrically
described in Fig. 3.3 (b)), can be formulated in terms of permittivity tensor elements as [175]:

£y

VEa(&y— 1)

It is important to note that when the magnetization direction is flipped, Kerr rotation and

d=0+ie= (3.3)

ellipticity that occur in polar geometry change sign while the magnitude of the complex
Kerr signal remains the same. Eqgn. 3.3, combined with the quantitative observations of
the MOKE (Kerr rotation and ellipticity) are used to construct the off-diagonal permittivity
tensor elements of the magnetized materials.
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. LCP L
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Figure 3.3: (a) Initially linearly polarized light, that is composed of an equal amount of the
LCP and the RCP light, reflects off of a perpendicularly magnetized surface. LCP and RCP
interact differently with the material (depicted by the difference in reflected circle sizes).
As a result, the reflected light attains an elliptical polarization. Modified from [174]. (b) An
elliptical polarization state can be defined by rotation (6) and ellipticity (€) parameters. The
rotated axes of the ellipse are indicated with x and y, while the original axes are shown with
sand p.

€= Arctangent (b/a)
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3.2 Free-space MOKE measurement set-up

MOKE that occurs when light is reflected from a magnetized surface can be measured
using a free-space optics set-up. This section describes the working principles of such a set-
up and proceeds to a more complex version, the one that is used in the frame of this study.

Let us describe a MOKE set-up in its simplest form and stress how an intrinsically small
signal such as MOKE can be detected without using a signal modulation technique, but by
using (nearly) crossed polarizers. A source emits the laser light and a first polarizer element
Py setsthe linear polarization state of the light to a certain angle. Then the light reflects offa
perpendicularly magnetized sample where the polar MOKE takes place. The reflected light
that carries Kerr rotation and ellipticity (8 and €) in its polarization state then passes through
a second polarizer (P,) which is set at an angle o with respect to the first polarizer. Finally,
the light reaches a detector, and its intensity is recorded. The normalized light intensity
reaching the detector can be formalized via the Jones formalism [176] as:

’;’—g’ = R (cos*(a) + (62 + 6%) sin®(er) + Osin(2z) ), (3.4)
where R is the reflectivity of the magnetized sample. Considering the Kerr signal is intrinsi-
cally very small, thus disregarding the higher order terms on 6 and € yields:

Idet

T = R (cosz(a) + Gsin(Z(x)). (3.5)

Following from Eqn. 3.5, the Kerr rotation is observed at its best when the relative angle
a between the two polarizers is nearly crossed (almost orthogonal). This is a simple set-
up which yields results albeit with a low signal-to-noise ratio. Additionally, the set-up can
only determine the Kerr rotation 0 as indicated in Eqn. 3.5. Despite these disadvantages,
the (nearly) crossed polarizer configuration is used in the Kerr microscopy set-up, detailed
further in Sect. 3.5.1.

In the frame of this study, we used a MOKE measurement set-up that implements a
signal modulation technique together with a lock-in amplifier, to achieve a higher signal-
to-noise ratio and determine both the Kerr rotation and ellipticity in a single measurement.
Let us describe this advanced set-up which is depicted in Fig. 3.4. As a method of signal
modulation, a Photo-Elastic Modulator (PEM) is used. A PEM is a voltage controlled crystal
that oscillates the light's polarization state between the right- and left-handed polarization
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states at a 50 kHZ frequency. A diode laser is used which provides non-polarized light. The
first polarizer P, is positioned right after it, with its main axis at 45° angle with respect to
the y-axis. A PEM whose fast axis makes 0° angle with respect to the y-axis is placed after
the polarizer. A lens is used to focus the polarization modulated light onto a sample holder
containing the magnetized sample. The diameter of the laser spot is measured to be 2 pm
on the sample surface. After a perpendicular incidence, the reflected light that carries the
MOKE in its polarization state is focused on a second polarizer (P,) whose main axis is 0° an-
gle with respect to the y-axis. Passing through the last polarizer, the light is received at an
amplified Si detector where its intensity is recorded. Thanks to the communication with the
lock-in amplifier, the time dependence of the detected light intensity is matched with the
first and the second harmonic oscillations of the PEM and recorded as an AC signal. In ad-
dition to time-dependent signal, the component that is independent of time is recorded as
a DCsignal. As depicted in Fig. 3.4, an electro-magnet (the one with two poles) is included
in the set-up that can apply up to 500 mT of magnetic field between its poles, in both direc-
tions. Prior to describing how a typical measurement in the free-space MOKE set-up looks
like, let us formulate the output obtained from the set-up in this configuration.

The optical components of the set-up, including the sample itself, can be described us-
ing Jones matrix formalism. This allows us to formulate the observed results to later fit the
unknown parameters such as the Kerr rotation and ellipticity. Table 3.1 lists the matrices
corresponding to the various elements in the optical set-up.

Additionally an element that is not listed in Table 3.1, a polarizer oriented at an angle «
can be defined using the rotation matrix as:

1 0

P(a) = R(a)-( 0 0

)'R(—a)- (3-6)

When all the optical components are defined as such, the electric field vector of light
that reaches the detector (E,,,) is calculated by simply multiplying the matrices according
to the sequence of interaction as depicted in Fig. 3.4.

Eger = P(0°)-S-PEM(0°) - Eq(45°%), 37)

Where S indicates the sample matrix. Since the intensity of a field is proportional to its field
amplitude squared:

Lier = Bger * B* ger (3-8)
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the detected intensity is formulated as:

Lig = IOR(% + 6 cos (Bo cos(a)t)) — gsin (BO cos(wt))). (3.9)

As briefly mentioned earlier, PEM causes the light’s polarization to oscillate between the
RCP and LCP states at a certain frequency. The oscillatory phase difference that the PEM
causes is described in Eqn. 3.9, where the term By indicates the amplitude of this phase
difference (also referred to as the retardance), while the term w indicates the frequency by
which the retardance is oscillating. Trigonometric functions of By cos(wt) can be expanded

Sample Pz(oo) Detector Laser

stage:
Lens Y @ « 1

PEM (0°)

Lock-in
amplifier

Poles of

R N electro-magnet<—I

Figure 3.4: Schematic depicting the free-space MOKE measurement set-up. A laser light
(A = 638 nm) is polarized (via P;) then modulated at 50 kHz (via PEM) and incident on a
magnetized sample. The reflected light is filtered with a polarizer (via P,) and then its inten-
sity is recorded at the detector. In addition to a time-invariable signal, the detector records
the first and the second harmonic oscillations of the PEM with a lock-in amplifier. During
measurements, electro-magnet poles applied magnetic fields (perpendicular to the sample
surface) up to + 500 mT on demand. The sample stage movement in the xy plane enables
monitoring different regions of the sample. This is useful for samples with continuous spa-
tial layer thickness variations (wedge thickness).
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Name Matrix Remarks

o is the angle wrt.

Eo input field () cps(oc) p-polarized light's E-field
sin( o)
Sample with MOKE \/E( @ ) D =0+ie
- 1
PEM(0°) 1 0 B = Bycos(ot)
0 cos(B)+isin(B)

o is the angle wrt.

Rotation(a) cos(ar)  sin(a) -polarized light's E-field
(—sin(a) cos(00) p-polarized light's E-fie

Table 3.1: A table describing the optical components of the free-space MOKE set-up and
listing their formulations using Jones matrices. In the first column, the names of the compo-
nents with additional information on the optical axis orientations are given. In the second
column, the matrices that correspond to their functionalites are listed. The third column
is reserved for the explanations. Defined within the sample matrix, R and & indicate the
sample’s reflectivity and the complex Kerr signal. Within the PEM matrix, the cosinusoidal
dependence B indicates that the polarization of light is modulated with frequency o as a
function of time ¢ where By is the retardance [177].

into harmonic series of the PEM frequency by the relations

cos (Bocos(a)t)) =Jo(By) + ZZ(—l)ngn(Bo)cos(Zna)t),

n=1

sin(Bocos(wt)) - 22(—1)”12n+1(30)cos((2n+ or),

(3.120)

for which J,(x) is the n'™ order Bessel function of the first kind. Replacing the terms in Eq.

3.9 with these expansions up to the second harmonic degree, the intensity measured by
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the detector can be determined in terms of a constant (I,.), the first (1, ;) and the second

harmonic (I;7) oscillation contributions. The normalized light intensities are

Lie 1
Id—o =R (E + 9.]0(30)),
I
Il—of = —R2¢eJ,(By) cos(wt), (3.12)
I
% = —R20J,(By) cos(2wt).
0

Since the values of Bessel functions at the retardance of By are known, what follows from
Eq.s 3.11 is that using a lock-in amplifier and monitoring the 1f and 2f frequencies, one
obtains signal amplitudes that are proportional to Kerr ellipticity (¢) and rotation (8), re-
spectively. However, it should be stressed that in order to translate signal amplitudes that
are detected at different frequencies into a quantitative Kerr signal analysis, calibration co-
efficients are needed [178]. In the frame of this work, we used a reference sample, grown
and measured by our collaborator [179] to determine the calibration coefficients.

3.2.2  MOKE in multi-layered thin-films

In the frame of this thesis, ferromagnetic multi-layered thin-film stacks that combine mag-
netic and non-magnetic metals are used as the non-volatile memory components. The
stacks are formed by sandwiching ferromagnetic Co layer(s) between Pt layers that are non-
ferromagnetic (under normal conditions) [180, 181]. MOKE which occurs after reflection
from a multi-layered medium is a combination of multiple optical phenomena such as re-
flection, refraction and magneto-optic effects. A mathematical model suggested by Zak et
al. [182] is used to account for the magneto-optic contributions of the magnetized layer(s).
Using the model, a magneto-optical Voigt constant is assigned to the magnetized layers.
By combining the model with a tailored sample-set that has variations in Co and Pt layer
thickness, the magneto-optic activity as a function of thickness is probed. Findings of this
study which shed light on the effect of the Co/Pt interface on magneto-optic activity are
reported in Chapter 4.

Let us describe the model in more detail. Since the total thickness of the contribut-
ing layers of a multi-layered thin-film stack is significantly smaller than the wavelength of
the probing light, the MOKE from each layer contributes to the overall effect in a cumu-

lative manner. In the model, the cumulative MOKE is analytically described via the layer-
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dependent parameters of the refractive index (), the magneto-optical Voigt constant (Q)
and the thin-film thickness (d); as well as the layer-independent parameters of the angle of
incidence at the first medium (0) and the probing light wavelength (1). A non-magnetic
layer is defined simply by assigning Q = 0. For the light's propagation within a layer, a
medium propagation matrix is defined. For the interface between the two layers, a medium
boundary matrix that embeds the boundary conditions is formed. By using the Jones ma-
trix formalism [176] a multi-layered stack is described in terms of matrix multiplications of
medium propagation and medium boundaries. The details of this process are described in
Appendix A.1.

3.3 Design of integrated photonic devices

This section is dedicated to the design and the mathematical modelling of the inte-
grated magneto-photonic devices. The design process is aimed at delivering magneto-
optical reading of a non-volatile memory. As briefly mentioned earlier, a magnetic cladding
that is placed on top of a waveguide gives rise to MOKE, which in return causes an intrin-
sically small mode conversion between the eigenmodes of the waveguide, TE and TM. De-
pending on the magnetization direction of the cladding (up- or downwards magnetized),
the mode conversion occurs with an opposite phase, while the amplitude of the conver-
sion is the same for both magnetization directions. In other words, the phase of the emer-
gent mode encodes the information of the magnetization direction of the cladding, thus its
memory state. Correspondingly, we designed a device that yields two different transmitted
light outputs depending on the magnetization direction of its built-in memory component.
This is achieved by two different designs. The first one that is based on interferometer is
described in Chapter 5 while the second one combining a polarization rotator element and
polarization-selective (mode-selective) in- and out-couplers is described in Chapter 6.

3.3.1 Design toolbox

In this section we introduce the photonic design tools used in the frame of this work.
A commercial software [183] is used for simulating the optical phenomena. Depending on
what is the aim of the simulation, different solvers that belong to the same software packet
are preferred. The first -and the most complex- solver uses a 3-dimensional (3-D) Finite
Difference Time Domain method to solve the time-dependent Maxwell’s equations over a
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finite grid [184]. In the FDTD method,the electric and magnetic field vector components
are calculated over a volume, for consecutive time frames and in a repeated manner; until
a steady-state electromagnetic field solution is reached. It allows us to define shapes and
optical material properties (including magneto-optic effects) within the computational vol-
ume. ltincludes specialized light sources for integrated photonics. Such sources include
monitors that calculate the existing modes in a certain cross-section and allow for injection
of the preferred mode(s) onto this section on-demand. Additionally, its various monitors
help visualizing if the simulated volume reflects the reality well enough. The results from
these monitors include 2-D refractive index maps and 2-D electric and magnetic field distri-
bution maps. Positive notes aside, the FDTD solver has its limitations. Its high memory and
computational requirements when simulating relatively small structures, made it harder to
afford the standard operations such as parameter sweeps for optimization purposes. For
this reason, in the parts of the device that do not require definition of magnetized materials
(whichis a partial cladding in this work), we used another solver: the Eigen Mode Expansion
(EME) [185]. This solver calculates the modes that can exist within a defined cross-section
geometry, and projects them onto the modes that exist in different cross-section regions.
We used it extensively for the mode-beating visualizations. The last and the simplest solver
that is used in the frame of this work is the Finite-Difference Eigenmode (FDE) [186]. We
referred to it when solutions regarding mode profiles and mode effective refractive indices
are needed.

3.3.2 MOKE in waveguides

This section focuses on the MOKE in waveguide modes. We describe the setting in
which the MOKE takes place in waveguides. As mentioned earlier, the desired function-
ality of magneto-optical memory reading in magneto-photonic devices is built around the
MOKE. Therefore, prior to designing magneto-photonic devices, it is important to quanti-
tatively predict the MOKE in waveguides.

Let us describe the waveguide configuration in which the MOKE takes place. Figure 3.5
shows a waveguide section that is equipped with a built-in non-volatile magnetic memory
bit, in the form of a multi-layered, ferromagnetic, thin-film top-cladding. The cladding has
PMA as shown by the up- and downwards arrows, which means the preferential magneti-
zation orientation lays out-of-plane. In this setting, the MOKE occurs as the confined light
in the waveguide interacts with the magnetized top-cladding through the evanescent tail
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of the guided mode. The interaction volume is depicted as an exponentially decaying inten-
sity profile, away from the waveguide towards the magnetized top-cladding layer. Unlike
the single reflection in free-space MOKE set-up, the setting described in Fig. 3.5 presents
a magneto-optic interaction that continues throughout the cladded region. For didactic
purposes we simplify the wave-guiding principles and describe the guided mode as a set
of wave vector components (k, and k, in the figure). Among the two components, only k,
contributes to the polar MOKE. An intuitive reasoning for this is that the polar MOKE occurs
only if the projection of the wave vector onto the cladding’s magnetization vector is non-
zero. This is mathematically described as the perpendicularly magnetized material’s off-
diagonal permittivity tensor elements. As shown in Eqn. 3.2, the off-diagonal components
are present only at positions €,,. The k. contribution of the guided mode is determined
by the waveguide geometry, specifically its cross-section. To maximize the polar MOKE in
waveguides, thickness and width can be engineered. However, one should bearin mind that
the wave-vector description is an over-simplification. Changing the waveguide geometry,
changes the number of modes and their spatial distributions (optical power distributions) as
well. Considering such complexity, we used the commercially available optical simulation
software mentioned in Sect. 3.3.1 to calculate the MOKE in waveguides.

In this paragraph we provide details on the settings of the optical simulations. Regard-
ing the values of refractive indices and magneto-optic Voigt constants of all contributing
materials, we refer the reader to Chapter 4. In simulations, the magneto-optical phenom-

Evanescent
mode

Figure 3.5: Waveguide section with magnetic top-cladding (non-volatile memory). The
guided mode is indicated via the wave vectors (k). Evanescent tail of the guided mode is de-
picted as exponentially decaying optical intensity outside the waveguide core. The waveg-
uiding condition is simplified by the wave vector (arrows inside the waveguide) depiction
and total internal reflection condition (angle 0). The vector is separated into components
of k, and k; to highlight that only the k, contributes to the polar MOKE.
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ena are emulated by defining a grid attribute as communicated in the knowledge base re-
ports [187]. As the boundary condition of the calculation windows, Perfectly Matched Lay-
ers (PML) are used to absorb the electromagnetic waves that are incident on them, mini-
mizing reflections. A conformal mesh, whose size is decided by the most critical dimension
(thickness of the cladding), is added with 2 nm accuracy. Dedicated optical power inputs
are used to inject the guided mode of choice, in most cases the fundamental TE mode. To
probe the MOKE in waveguides, we use two types of two-dimensional monitors. The first
one monitors the polarization state of the light, irrespective of which guided mode con-
tributes to such a polarization [187]. The second one monitors the mode-specific changes
in optical power by calculating mode expansions [185]. The outputs from the former mon-
itor are better represented in the Poincaré sphere format due to their success in providing
insightful polarization state evolution plots. The outputs from the latter monitor are used
to depict the mode conversion due to the MOKE.

Asindicated in earlier sections, the FDTD simulations have high computational and mem-
ory requirements, which gets worse when the MOKE is introduced. To help the solver, we
reconstructed the magnetized multi-layered thin-film cladding to have larger volume that
effectively has the same refractive index. We refer to this larger volume material as the di-
luted refractive index material and we explained its mathematical formulation including the
magneto-optic Voigt constant calculations in Appendix A.2.

3.3.3 Design process

This section describes the design process of the integrated magneto-photonic devices.
Prior to describing the design process, it is important to highlight that the design and the
fabrication are coupled processes. The ability of realizing a certain structure via nano-fabrication
determines the boundaries of the design. The photonic design process starts by defining
the desired functionality. In the frame of this thesis, the desired functionality from an in-
tegrated photonic device is the all-optical reading of it's built-in magnetic memory. As the
next step in the design process, one considers what kind of an engineered response from a
device can serve this functionality and what combination of optical components should be
chosen to yield such a response. As the works presented in this thesis demonstrate, differ-
ent component combinations can serve the same functionality. Chapters 5 and 6 present
interferometer and partial mode converter devices that that exemplifies this. More details
on their designs, such as considerations on the performance and size (the footprint) are
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given in respective chapters. Fig. 3.6 summarizes the following steps in the design process
that starts after determination of the optical components.

Optical The library of Mathematical Design file
simulations building blocks modelling creation
Optimization ertist’g(jimpression vs. Exposure pattern* Predicting the Details for

aveguide: ;
of individual E — overall device cleanroom
A " B behavior. C ;

components _ Splitter: g% or. processing are
via FDTD and Partial mo_de (ato2) J __: Modelling embedded as
MODE converter: s via Jones patterns and
modules. \ \a e matrix layers.

Grating < | formalism.

coupler: &g, | * Different design layers are

v v color-coded.

Figure 3.6: A schematic describing the design process. The process starts with optical sim-
ulation of individual components (building blocks). Then, the mask patterns (for exposure)
of each block is decided upon. Later, a mathematical model describing the overall device
behavior is used to predict what would be the output when building blocks are composed
in a certain way. Lastly, a design file containing necessary information for the cleanroom
fabrication is compiled.

As the arrow A indicates the optical simulations (FDTD and MODE) assisted the com-
ponent design. Length parameters of the structures are swept for obtaining better perfor-
mances. The optimized components are collected in the library of building blocks. This is
kept up to date by the collective efforts of the Photonic integration group. More informa-
tion about the library and its uses are presented in the following paragraphs. As indicated
with arrow B in Fig. 3.6, a mathematical model based on Jones matrix formalism is used to
predict the collective functioning of the individual components. Lastly, as indicated with
arrow C, the design process is finalized by preparing a digital design file [188] to be used
during the cleanroom fabrication process. The file is generated by using a Python-based
module called Nazca [189]. The module implements the IMOS library of building blocks
where each component is matched with an exposure pattern and a layer number. The ex-
posure patterns are placed at different layers in the design file depending on the order of
processing (i.e. the order of the e-beam lithography sessions). Prior to concluding this sec-
tion, let us provide more information on the IMOS library of building blocks. The building
blocks used in this work are listed in Table 3.2, together with their respective definitions.
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A list of optical components

Name:

Definition:

Waveguides

Confines the light in its core (cross-section of 300 * 400 nm, thickness
* width) and guides toward intended locations. Its length is chosen on-
demand. By design, only the fundamental TE and TM modes are sup-
ported.

Bends

Connect waveguides to one another by curvature sections of a desired an-
gle.

Grating
couplers

TE and TM mode-selective focusing grating couplers [135, 136] are avail-
able to couple-in and couple-out the light. Their grating’s periodicity and
fill factor are designed accordingly to match the effective refractive in-
dices of the modes they are selective for.

Splitters

Multi-mode interferometers split the guided light intensity in desired pro-
portions. They function by allowing an area in which multiple modes in-
terfere with one-another. At positions of constructive interference, their
branching waveguides are positioned. 1x2, 2x1 and 2x2 splitters are used
[134].

Mode
converters

Also called polarization converters [141]. In this work, triangular cross-
section waveguides are used to partially convert the guided modes (differ-
ent polarizations) into one-another. The conversion occurs due to propa-
gation in an asymmetric waveguide cross-section whose eigenmodes are
tilted with respect to the rectangular waveguide.

Delay
lines

These are added propagation path lengths that are formed by curved
waveguides arranged in swirling or escargot patterns. The path length
parameter is chosen on-demand.

Interfero-
meters

In this work, an unbalanced Mach-Zender interferometer is used. It is a
combination building block made out of splitters, waveguides, delay lines
and mode converters.

Table 3.2: Names and definitions of some of the optical components (building blocks) used
in this work. More details on their morphology and the exposure patterns during lithogra-
phy are depicted in Fig. 3.6. The components are based on the IMOS fabrication platform
[190]. The starting material stack and the references to the refractive indices are detailed

in Sect. 4.
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3.4 Sample fabrication

This section explains the fabrication techniques used for realizing ferromagnetic multi-
layered thin-films and magneto-photonic devices.

3.4.1 Magnetron sputter deposition

Sputteringis a physical vapor deposition technique where high purity materials of choice,
called targets, are condensed on a substrate in the form of a thin-film. The multi-layered
thin-film ferromagnets used in this study are fabricated via the magnetron sputter deposi-
tion technique. Thin-films grown with this technique are amorphous up to a critical thick-
ness of approximately 2 nm, which later becomes ‘textured polycrystalline’. For ferromag-
netic multi-layers studied in this thesis, no annealing step is required. The deposition equip-
ment and the process are depicted in Fig. 3.7. During depositions, the inert gas of Ar with
ultra high purity is kept at 1072 mbar pressure inside the chamber. Via the implementa-
tion of an anode ring and the setting of the target as a cathode, a high voltage difference
is created which causes Ar atoms to ionize into Ar” and e”. As shown with arrows in Fig.
3.7, Ar' ions are accelerated towards the target (cathode) and the collisions eject the tar-
get atoms from their locations. The ejected atoms are sputtered on to the substrate. As
the ejected atoms reach the substrate with enough energy, they settle down at energeti-
cally favorable positions, resulting in the highly textured polycrystalline thin-films [191]. A
magnet is placed behind the target to increase the rate of the sputtering and to prevent
growth rate deviations. The growth rates of the materials Ta, Pt, and Co were 0.564 A/s,
0.803 A/s, and 0.420 A/s, respectively. A previous study conducted in our group has shown
that by varying the background gas pressure, the properties such as the growth mode and
the surface roughness of the thin-films can be controlled up to a certain degree. This effect
is explained by the background gas pressure changing the energy of the incoming atoms
during deposition [192].

As demonstrated in Chapter 4, studying multi-layered samples with thickness variations
in certain layers offers valuable insights into the interfacial magneto-optic activity. These
samples are fabricated with using a wedge mask that shades the substrate surface from a
short distance above as shown in Fig. 3.7. This is used to fabricate samples with a thickness
variation in the lateral direction. These samples with thickness variations are then mea-
sured using the set-up described in Sect. 3.2 using a focused laser spot. As a result, the
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dependence of the MOKE on the layer thickness is determined using a single sample, while
achieving high resolutions.

3.4.2 Fabrication of photonic devices

This sub-section explains the fabrication of integrated photonic waveguide structures
with magnetic thin-film stacks, structured as top-claddings. These devices are a combina-
tion of photonic and magnetic components, among which the photonic parts make up the
largest portion. In this work we refer to them as magneto-photonic devices. The photonic
parts were fabricated by our collaborators [193] in a multi-project wafer run using the In-
dium Phosphide Membrane On Silicon (IMOS) platform [190]. The process takes place in a
cleanroom environment and is accomplished by using multiple Electron Beam Lithography
(EBL) steps followed by dry and wet etching of InP. “Dry"” refers to gaseous plasma etching
while "wet"” refers to acid solution etching. The magnetic components, namely the non-
volatile memory components were added to the photonic components as waveguide top-
claddings with overlay EBL, followed by magnetron sputter deposition and lift-off steps.

In the current study, the photonic components are first processed and then bonded to a
Si substrate with a method called pre-bonding. The starting medium for fabrication was an
InP substrate carrying an epitaxially-grown multi-layered InP membrane. The thickness of
the membrane layers are of great importance since these layers later became the body of

Substrate
00000000000000000

ESRetisse™ Wedge

Target-
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Figure 3.7: A schematic depicting magnetron sputter deposition. An applied voltage par-
tially ionizes the Ar gas. Positively charged Arions are accelerated towards the target. Upon
collision, the target atoms are removed from their original positions and deposited onto the
substrate. A magnet assists the process and ensures uniform deposition rates. A motion
controlled wedge mask is shown that is used to control the thickness profile of the sample
over a lateral distance.
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the photonic components. Recall that these components are listed and briefly introduced in
Sect. 3.3.3. Due to a smaller required thickness of the regular components (e.g. the rectan-
gular waveguides) with respect to the triangular cross-section waveguides (that are used for
partial mode conversion), an acid etch-back procedure on areas with reqgular components is
done. Etch-stop layers of InGaAs and InGaAsP are included in the multi-layered membrane
stack. A summary of the pre-bonding process steps is provided below with Fig. 3.8 demon-
strating some of the actions. Additionally a more detailed recipe (numbered steps) is given

below.
Crystal
(a d plane
) InPlasonm) InGaAsP (20 nm) (@ (112)
InP (300 nm)
InGaAs (300 nm)
InP (substrate)
Nitride Rect.
hard-mask wave Tri.wave Grating
o o |
(b) Acid etched ——» © guide -guide  coupler
BCB (=1.5 um)
Si substrate
Magnetic
Vertical dry-etch ) {claddmg}

¢ el L

Figure 3.8: Schematic description of the fabrication steps for realizing magneto-photonic
devices. (a) Shows the starting stack, (b) depicts the membrane height defining wet-etch,
(c) depicts the vertical side-wall etch, (d) shows the wet-etch for the sloped side-walls of
triangular waveguides, (e) shows the flipped structures bonded with BCB to a Si substrate
and (f) shows the placement of magnetic claddings on waveguide sections.
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1) A (100)-oriented InP wafer substrate with the stack order of (subst.)/[A]/[B] where [A]
is InGaAs (300 nm) and (B) is InP (300 nm)/ InGaAsP (20 nm)/ InP (140 nm) is chosen as the
starting medium. Note that the numbers indicate the growth order on the InP substrate.
The first part [A] served as an etch-stop layer to protect the InP wafer and the second [B],
formed the photonic components.

2) The first EBL step is dedicated for defining the EBL markers that will be used for the
upcoming overlay exposures. The depth of the markers is made larger than 1 um to provide
enough e-beam reflection contrast for automated detection by the lithography equipment.
An Inductively Coupled Plasma (ICP) etching is used to create the vertical side-walls.

3) With the second EBL session, high and low thickness membrane regions are deter-
mined. 5o nm thick silicon nitride (SiN,) is deposited on the InP wafer as a hard-mask. On
top of it, the positive resist ZEP 520 is spin-coated. Despite the required exposure area be-
ing large, the positive resist is adopted due to the superior performance and reproducibility
reasons. During the EBL session, the regions of the future devices minus the regions of
the triangular waveguides are exposed. Following this, by using Nitride Reactive lon Etch-
ing (RIE) tool, the resist pattern is transferred onto the hard mask. The remaining resist is
cleared off by using Polymer RIE equipment. To decrease the membrane thickness in de-
sired areas, a two-step selective (acid) etching is followed. First, an HCl:H3POy (1:4) solution
is used to etch back the InP layer. After the top InP is consumed and the etch-stop layer (In-
GaAsP) is reached, a second acid solution of H,SO4:H,0,:H, 0 (1:1:10) was used to remove
the InGaAsP layer. Then the nitride hard-mask is removed by a buffered Hydrofluoric acid
(BHF) solution, preparing the wafer for the next steps.

4) This step is dedicated to define the grating couplers that have a different vertical side-
wall carvings depth with respect to the waveguides. With an EBL step, the positive resist
is transferred to the nitride hard-mask. Upon creating the desired openings in the nitride
hard mask, a vertical dry-etch (ICP) is realized. Aiming for 120 nm (and reaching at 127 nm)
vertical depth carved into the InP membrane, the nitride mask is cleared off once again.

5) In this step, the vertical side walls of the components (including triangular wave-
guides) are defined. After the EBL step, the pattern in resist is transferred to the nitride
layer and the openings in InP are created. By using ICP dry etching, the vertical etch is com-
pleted. The hard-mask is removed.

6) In order to create the sloped side walls of the triangular sections, wet etching with
HCI:H3POy4 (2:4) and HySO4:H,05:H,0 (2:1:10) are followed to etch the InP and InGaAsP
membranes, respectively. Since the etching is self-limiting when the denser (112) crystal
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plane is reached, a 35° angle slope starting from the nitride protected vertical wall and
reaching till the InGaAs etch stop layer is created. Afterwards the hard mask is removed
with BHF.

7) Following these steps, the structures are prepared for bonding with a Si substrate.
This is done by deposition of 200 nm and 400 nm SiO, claddings in InP membrane and the
Si wafer, respectively. This step helped to increase the adhesion with the bonding agent.
The bonding agent is Benzo Cyclo Butene (BCB) with an approximate thickness of 1.5 um.
The InP wafer is bonded to a Si wafer in a way that the structured parts are buried in BCB.
Later, the carrier substrate InP and the etch-stop layer are etched away, leaving behind the
high refractive index contrast photonic components.

8) The last EBL step is realized to place the magnetic memory components on top of
the photonic components. For this lithography step, a bilayer negative resist polymer is
used considering the ease of the metal lift-off procedure that would follow. The predefined
EBL markers ensured that the memory bits are placed precisely as top claddings on the
waveguides, at desired locations. After the EBL session, resist openings are de-scummed
by a short oxygen plasma etching. This etching is very mild and does not disturb the non-
exposed resist. The importance of the de-scumming step is to ensure a clean crystalline InP
surface where metal layer can be grown on top with minimum transferred surface rough-
ness. Following this, the sample is placed in UHV chamber for magnetron sputter deposi-
tion of the desired multi-layered stack order. The lift-off procedure involved soaking the
sample in acetone overnight. Unlike standard lift-off procedures, a sonic bath is avoided, in
this way protecting the integrity of the membrane-based photonic devices.

One of the important aspects to be considered prior to the fabrication was the direction-
ality of the photonic components with respect to the crystalline plane orientation of the InP
membrane. Since defining the sloped-wall triangular waveguides relied on the wet etch
procedures that self-terminate in certain plane orientations, a maximum angle of 1.5° was
allowed between the primary flat of a (100)-oriented InP wafer and the light's propagation

direction.

3.5 Characterization of integrated photonic devices
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3.5.1  Kerr microscopy

In some of the work presented in this thesis, magneto-optical characterization of small area
samples with feature sizes of 400 nm is needed. This is not possible using the conventional
MOKE set-up described in Sect. 3.2, due to the 2 um spot size of the probing laser which
averages out the nano-scale features. In Kerr microscopy on the other hand, a spatially
resolved image can be obtained, similar as in optical microscopy. In this case the light in-
tensity is proportional to the magneto-optic Kerr Effect, as indicated by the Eqn. 3.5. Let
us describe the Kerr microscopy used in this work, and explain its functioning principles in-
cluding how the obtained image’s light intensity corresponds to the Kerr amplitude. As de-
picted in Fig. 3.9, two polarizers that are almost crossed with respect to one another are
positioned in the light path of the microscope. As explained in Sect. 3.2, this setting causes
the intensity of the reflected light to be proportional to the Kerr effect. A MOKE-mode se-
lecting aperture, located between the light source and the objective, is used to regulate the
angle of incidence of light onto the magnetized sample surface. By choosing an angle of in-
cidence that is relatively more perpendicular to the surface, the microscopy set-up is made
sensitive to the out-of-plane component of the sample magnetization. In other words, this
set-up is tuned for probing the polar MOKE. A magnet coil that is positioned under the sam-
ple is used to apply perpendicular external magnetic fields up to 300 mT. By changing the
applied magnetic field while recording the changes in optical intensity, magneto-optic ef-
fects are measured. Note that the spatial resolution is limited to the diffraction limit as in
regular optical microscopy.

3.5.2 Integrated optics transmission set-up

This section describes the optical transmission set-up that is used for the characterization
of the magneto-photonic devices. The set-up is built such that the optical transmission
through devices can be measured while the magnetization direction of the built-in ferro-
magnetic memory bits is alternated. The aim of the set-up is to provide experimental evi-
dence on the functioning of the magneto-photonic devices, by determining the difference
in the output mode intensities for opposing memory states. The schematics of the set-
up is given in Fig. 3.10. An external Tunable Laser Source (TLS) that operates at telecom
wavelengths (1460-1565 nm) is coupled into the devices by using a fiber-optic cable. With
a microscope, the fiber’s position with respect to the mode-selective grating couplers are
determined. Movement of fibers is enabled by 3-axis stage that can be positioned with mi-
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cron accuracy. Fibers are held by the holders at a 10° angle to the surface normal, which
corresponds to the angle that the grating couplers work optimally. A second fiber posi-
tioned above the out-coupler directed the transmitted light into an external power meter.
An electromagnet served as the sample holder. With that, magnetic fields up to 300 mT
can be applied in both positive and negative directions. The field is used to set the mag-
netization direction of the claddings, thus to set the memory state of the bits. Computer
control of the set-up is realized for TLS light input, power measurements and the externally
applied magnetic field. The measurements are automated, repeated and processed using
scripts which ensures consistent sampling.

This paragraph describes the measurement protocols in greater detail. In the frame of
this project, two different methods are used to collect the optical transmission data from
the fabricated devices. The first one, called the hysteresis method, is aimed at demon-
strating the effect of the magnetization history on the optical transmission. The hysteresis
measurement starts by setting the magnetization direction of the built-in memory compo-
nent (top-cladding) at a certain direction. This is done by applying an external magnetic

e CCD camera
i
Kerr-mode |
) == Polarizer-2
selecting
aperture Polarizer-1 |
Lamp 4 "7

Reflector

Collector

lens Magnetized

sample

Figure 3.9: Schematic depicting the Kerr microscopy set-up. Light from a randomly polar-
ized, high intensity Mercury arc light source (lamp) is collected by the collector lens. The
light path is selected by arranging the size of the Kerr-mode selecting aperture. After the
light passes a collimating lens and the first polarizer, it is reflected onto the sample. The re-
flected light is collected by the objective before passing the second polarizer that acts as an
analyzer, i.e. the change in polarization between polarizer1and 2 is proportional to the Kerr
signal. This is then projected onto a CCD camera allowing for wide field Kerr-Microscopy.
The illuminated region of the sample, showed as a zoom-in inset, bordered by black and
blue light paths, visualizes the function of the mode-selector aperture on how polar (black)
or longitudinal (blue) MOKE-mode is chosen.
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field in the desired direction for 0.1 seconds, which is strong and long enough to overcome
the coercivity of the cladding. Hereafter, the magnetic field is swept from high to low field
magnitudes. When the applied field is decreased to zero, the field changes to the oppo-
site direction. By consequently increasing the field magnitude, a branch of the hysteresis
is measured. A complete hysteresis is measured by repeating this process with the starting
magnetic field in the opposite direction. To obtain a data-point in the hysteresis, the mag-
netic field is turned on for 5o ms and the transmitted power is measured 5o ms after turning
off the external magnetic field. The reason applied field is switched off prior to measuring
and the systemis allowed to rest for a short while is the heating effect caused by the running
currentinthe magnetic coil. For interested reader, this problem and its solution is explained
in more detail elsewhere [194].

This is repeated at each magnetic field value of the sweep. With this method, the field
at which the magnetization direction change occurs is recorded, both for negative and posi-

Microscope

Sample

Ma net/
l Holder I Current
Ilﬂl source

Figure 3.10: A schematic showing the set-up dedicated to measure the optical transmission
from integrated photonic devices. The sample holder is an electro-magnet that can apply
+300 mT perpendicular magnetic field. This is used to set the magnetization direction of
the built-in memory component in devices. When the memory is set, the field is removed
and the optical transmission measurement starts. The tunable Laser Source (TLS) sends
the light (A = 1550 nm) into the input fiber. As shown on the left-hand side with a zoom-
in section, a grating coupler couples the light into the device. After transmission through
the device, another grating coupler couples out the light and the output fiber collects it and
sends to the power-meter. The microscope is placed on the set-up to allow for the manual
alignment of the fibers on top of the grating couplers.
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tive directions. Although with this method it is possible to determine the difference in trans-
mission for two magnetization directions, it is time-wise costly to sweep all the field values
before obtaining a magnetization direction switch. Therefore, a second method that in-
duces a faster switch is developed. The second measurement method is focused on prob-
ing the difference in the light transmission rather than the field at which the magnetization
switch is induced. Therefore, the magnetization direction of the cladding (the memory bit)
is constantly switched between up- and downwards magnetized states by applying a strong
magnetic field that is equal in amplitude and opposite in sign.
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Chapter 4

An investigation of the interface
and bulk contributions to the
magneto-optic activity in Co/Pt

multi-layered thin films

We report an experimental study which focuses on the magneto-optic interaction between light
and perpendicularly magnetized ferromagnetic thin-film multilayers. Samples containing multiple Co/Pt
interfaces are measured via the polar MOKE. Thanks to a continuous Co thickness variation, and single
and double Co layered samples, interface and bulk contributions to the magneto-optic activity are sepa-
rately determined. Kerr signals are recorded as a function of the Co thickness. The results are analyzed
via a transfer matrix method that accounts for the standard optical and magneto-optic effects in multi-
layered thin-films. Bulk magneto-optic contribution of Co (Qco pulk) that is in accordance with literature
is consistently determined despite the use of thin-films. Interfacial Co (Qco in.) and magnetized Pt (Qpy)
contributions are presented in terms of two models. Interface phenomena of the large spin-orbit coupling
between Co and Pt and the proximity induced magnetization in Pt layer are represented in the models.
The strength of interfacial magneto-optic activity is interpreted as an indicator of the relative interface

quality among the samples ™.

*This chapter has been published in Journal of Applied Physics [195]
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4.1 Introduction

During the 90's, vast amount of research was dedicated to study Co/Pt multilayers with
perpendicular magnetic anisotropy (PMA) due to their use in magneto-optic (MO) recording
media [73]. Recently, upon demonstration of novel spintronic devices that utilize the phys-
ical phenomena at heavy metal/ ferromagnetic metal interfaces [196—201], the research in-
terest has been revived. As evidenced by the commercial product of STT MRAM [202], the
fabrication processes of the multi-layered thin-films are compatible with large scale semi-
conductor production. Therefore, it is expected that innovative devices incorporating the
multilayers will reach a technological maturity level required for large scale production, in
a relatively short time. As commonly seen in the family of thin-film multilayers with PMA,
Co/Pt multilayers demonstrate high chemical stability [73], enhanced MO activity [203] and
tunable magnetic properties via adjustments in the fabrication processes [192] which are
proven to be crucial for device applications. Considering these properties of Co/Pt multi-
layers and the demand for novel functionalities provided by integrated photonic devices,
Co/Pt thin-film multilayers with PMA were suggested to be implemented on photonic chips
forincreased functionalities such as integrated photonic memory devices and optical isola-
tors [199]. The suggested functionality relies on the interaction between confined light and
a thin-film permanent magnet, which is in the vicinity. This raises an urgency to map the
MO properties of Co/Pt thin-film multilayers to simulate, design and engineer novel func-
tionalities for devices.

Assuming non-local effects [204] are not present, the MO interaction between light and
the thin-film stack can be simulated for any device configuration and material stack with
inputs of MO Voigt constants (Q) of magnetized layers in a multi-layered thin-film stack.
The simulation can quantitatively predict the MO interaction in terms of complex Magneto-
Optic Kerr Effect (MOKE), namely Kerr rotation and ellipticity. There is a large spread in
the previously reported Qc, values of thin-film Co. Apart from differences caused by the
crystal structure type [205] and the preferred magnetization orientation, the degree of ex-
pression of the interfacial magneto-optic phenomena leads to scattered findings of Qc,.
Earlier works that reported the differences due to different strain states [206] and differ-
ent fabrication techniques [207] of thin films indicate to this direction (see further in Sect.
4.2). We suggest that highlighting the underlying cause can bring clarity to future find-
ings. In a quest to separate the interface and bulk activity, we unambiguously defined the
bulk Q constants and assigned interface Q constants. We developed and used two optical
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models that account for the MO enhancement at the Co/Pt interface. In these models, the
proximity induced magnetization in the Pt layer and the large spin-orbit coupling at the in-
terface were considered separately. The MO contributions from interface-dominated and
bulk-dominated Co regions were probed experimentally using a specially designed sample
set with a continuous Co thickness variation (wedge) over the samples. A typical sample
deposited via DC magnetron sputtering consists of a Ta(4 nm)/ Pt(2 nm)/ Co(o-2 nm)/ Pt(2
nm) stacking, where the Co layer thickness is changed from o to 2 nm over a range of 15
mm. Additionally, structural effects at the interface were probed by using single and dou-
ble Co-layered samples. MO constants of bulk Co (Qc, puik) Were determined which agreed
well with literature. Using models, interfacial Co (Qco,int.) and magnetized Pt (Qp,) contribu-
tions were assigned to the samples. Comparing the differences in the obtained Qo i, and
Oco pulk Values quantitatively explains the differences in the reported Qc, for thin-films. Ad-
ditionally, quantitative comparison of the MO properties of Co and Pt at the interface were
shown to have direct correlation with the interface quality.

This work is structured in the following way. Sect. 4.2 describes the state-of-the-art
by focusing on the physical phenomena that occur on a Co/Pt multilayers with a special in-
terest in Co/Pt interface and presents a review of the literature about previously reported
QOc, values (and in very few cases, Qp; values). It includes methodologies used by previous
studies to pinpoint the reasons behind the vastly different MO constant findings of thin-
film Co. Sect. 4.3 summarizes the methodology used in this work in three subsections.
First, subsect. 4.3.1 describes the specially designed sample set, its preparation and MOKE
measurement set-up. Second, subsect. 4.3.2 depicts the models that describe the magneti-
zation profiles of Co and Pt. Third, subsect. 4.3.3 elaborates on the transfer matrix method
used for multilayered thin-films to separate MO and optical effects. In Sect. 4.4, the results

are presented and discussed. Lastly, in Sect. 4.5 the conclusions are given.
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Figure 4.1: An overview of the literature reported complex Q¢, values. The values measured
atHe-Ne laser wavelength (632 nm) are presented. Details about each presented data point
can be found in Table 4.1.

Table 4.1: Details of the literature findings in Fig. 1

Symb. & Ref. Oco Ico (nm) | Crys. lattice | Magn. dir.
® [208](Co3Pt alloy) 0.0174 -0.0151i >50 fcc-hep in-plane
® [207] 0.033 -0.011i 50 - in-plane

O [207] 0.041 -0.04i 0-0.85 fcc OOoP

B [207] 0.04 -0.025 I <0.4 fcc OooP

4 [209] 0.02 -0.0051 <1 - OOP
S [210] Co/Pt mult. 0.027 +0.007i 80 - in-plane
V [73] 0.029 -0.009i >50 fcc in-plane

& [211] 0.047 + 0.012i 0.5 fcc OOP
© [212] (Co+Pt alloy) 0.032 -0.001i >50 - in-plane
O [213] 0.0299 + 0.0122i >50 - in-plane

4.2 State-of-the-art

In presence of a large spin-orbit interaction, the orbital moment connects the spin mo-
ment to the atomic structure of a material. For Co/Pt thin-film multilayers, the hybridization

of the Co 3d and Pt 5d orbitals at the interface causes in-plane orbitals to become dominant,
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thus the magnetic moment points out-of-plane (oop) [214]. Structural effects at the inter-
face, such as interfacial roughness, intermixing, alloying, strain and dislocations [192, 215—
217], are decisive for the strength of the PMA in multilayered thin films. The hybridized
orbitals formed at the Co/Pt interface give rise to other physical phenomena as well: a prox-
imity induced magnetization on Pt atoms near the interface [218, 219] and an enhancement
of the Co atomic magnetic moment at the interface [220]. Similar to PMA, the strength of
proximity induced magnetization is also affected by the structural effects at the Co/Pt in-
terface [181, 221—223]. Experimental results [211, 224] supported by ab-initio calculations
[225] showed that the induced magnetization in Pt rapidly decays away from the interface
with a decay length of just a few tenths of a nm [226, 227]. Some works reported asymme-
tries in Pt layer magnetizations among top and bottom interfaces for samples that contain
multiple ferromagnetic metal/Pt interfaces [181, 211, 228]. Structural asymmetry between
top and bottom interfaces were held responsible for this. In addition, the total thickness of
the Pt layer was shown to cause no difference in proximity induced magnetization, provided
that there is no structural change at the interface due to the Pt thickness [228, 229].

MOKE indirectly probes the magnetism in a material by monitoring the allowed orbital
transitions governed by the spin-orbit interaction. The preferential absorption of left- over
right- handed light causes the observed MOKE signal. The signal is sensitive to changes
that occur in sub-nanometer scale in electronic orbitals. Thereby, MOKE can offer valuable
characterization of Co/Pt multilayers, revealing structural effects at the Co/Pt interface, at
sub-nanometerscale. It has been shown that changesin fabrication method [207], as well as
changes in deposition conditions of a certain method [230], can be probed by using MOKE.

Table 4.2: Sample names and corresponding material stacks
Sample name Stack order” 3
Double Coon1nmofPt(d1) SiB/Ta1/Pt1/Coo-2/Pt1/Coo-2/Pt2
Double Coon 2 nmof Pt (d2) SiB/Ta1/Pt2/Coo-2/Pt2/Coo0-2/Pt2
Single Co on 2 nm of Pt (s2) SiB/Ta1/Pt2/Coo-2/Pt2
Single Co on 3 nm of Pt (s3) SiB/Ta1/Pt3/Coo-2/Pt3

MOKE is a cumulative effect that results from standard optical and magneto-optical
phenomena. When standard optical and magneto-optical effects are separately accounted
for via use of a transfer matrix method, the MO constant Q of all magnetized layer(s) can
be determined. Figure 4.1 displays the literature reported Q¢, obtained by using MO Kerr
rotation and ellipticity as inputs in the mentioned method. Insights such as sample thick-
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ness, crystal lattice type and magnetization direction of the literature reported values are
provided in Table 4.1. There is a large scattering in the reported values especially compar-
ing thin-film and bulk Co (shown with filled symbols). As evident in Fig. 4.1, the Q of Co/Pt
bilayers and Co thin-films are larger than that of bulk Co [210]. Previously, the differencesin
fabrication methods were proposed as the main reason behind the difference [207]. Some
works adopted practices to separate the interfacial Co and (sometimes) the magnetized Pt
contributions from that of bulk Co. Fiedler et al. introduced an excess Kerr rotation and
ellipticity signal for each Co/Pt interface and excluded this amount while calculating Qc,
[207]. Some studies assigned a MO constant Q to the Pt layer. The magnetization profile
in the Pt differed among these studies. Moog et al. assumed the whole Pt layer to be mag-
netized homogeneously [231], while others used a monolayer of homogeneously magne-
tized Pt layer with the rest being non-magnetic [232, 233]. An in-situ MOKE measurement
taken during Pt growth on Co showed that the Pt magnetization decays exponentially from
the Co/Pt interface [211]. This is found to be in accordance with proximity induced mag-
netization studies [219]. It is the aim of our work to apply different models to the same
experimental data on a specially designed set of samples in order to establish a more un-

ambiguous description.

Table 4.3: Complex refractive indices of materials

Material Refractive index
Si with native oxide (subst.) [234] 3.84 + 0.02i
Ta* 4.31+ 4.260
Pt[207] 2.35 + 4.82i
Co[207] 2.57 + 4.141

4.3 Methodology

This section describes the sample set used in this study and the method of fabrication,
followed by a description of the MOKE set up used for our experiments. Then, we discuss
in more detail the magnetization profiles introduced in Sect. 4.3.2. Lastly, we explain the
method we used to fit the Q values for the bulk and the interfacial Co, as well as the prox-

imity induced contribution from the Pt.
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4.3.1  Sample fabrication and MOKE measurement setup

The sample set used in this work is designed to distinguish the interface and bulk MO
contributions. This was achieved by using wedged Co layers varying in thickness from o to 2
nm over a lateral extend of 15 mm. Additionally, single and double Co-layered stacks were
used for comparison of the interface effects. Names and stack orders of single and double
Co-layered samples are reported in Table 4.2. The samples were fabricated via computer-
controlled DC magnetron sputtering at room temperature by using high purity (99.99 %)
metal targets. This fabrication technique is well-established and was previously shown to
result in (111) textured face-centered cubic (fcc) Co [235]. The wedged Co thickness was
achieved by a knife-edge shutter which moves over the substrate and shadows it during
deposition. The base pressure of the deposition chamber was kept at 10~ mbarto prevent
oxidation. During deposition, 102 mbar Argon (99.9999 % purity) pressure was used. The
samples were grown on boron doped silicon substrates with a native oxide layer. Growth
rates of the materials Ta, Pt and Co were 0.564 A/s, 0.803 A/s and 0.420 A/s. MOKE mea-
surements were performed using a red laser diode (632 nm wavelength) in a polar MOKE
configuration at room temperature. Perpendicular magnetic fields were swept between +
oo mT and hysteresis loops were gathered from which the saturation value of the Kerr ef-
fect were extracted. To increase sensitivity of Kerr rotation and ellipticity data collection, a
photoelastic modulator (PEM) is used together with polarizers. A Si amplified detector de-
tected the light intensity at the fundamental (50 kHz) and the second harmonic (100 kHz)
frequency of the PEM, which correspond to Kerr ellipticity and rotation, respectively. Ow-
ing to the motor-controlled motion of the sample holder in the setup, wedged samples that
have spatial variation of thickness are measured by incremental steps. The approximate
FWHM of the focused laser spot was 0.2 mm, which yields a spread of 0.026 nm thickness
per data point.

4.3.2 Magnetization profiles in multi-layers

In this section, the two models describing the magnetization profiles of Co and Pt in
Co/Pt multi-layered thin-films are presented in more detail. Both models are derived from
experimental evidence [211] and theoretical calculations [225] reported in literature. In this
work we attempt to resolve which of the two models better represent the reality based on
the experimental evidence. InFig. 4.2, the magnetization profiles corresponding to the two
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Figure 4.2: Magnetization profiles of multi-layers according to Models 1 and 2. Co and Pt
monolayers are assumed to be 0.22 [236] and 0.27 [237] nm thick, respectively. Proximity
induced magnetization in Ptis assumed to decay exponentially (red dashed lines) according
to the Egn. 4.1. The models are derived by using experimental and theoretical findings

described in Sect. 4.2
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Figure 4.3: Applied magnetic field dependence of the magneto-optic signal obtained from
various Co thicknesses of the sample s2. Thicknesses of 1.5nm, 1.2 nm, 0.8 nm and 0.4 nm of
Co are shown where the PMA range of the sample is from 0.4 nm to 1.42 nm. Perpendicular
toin-plane transition is seen at 1.5 nm Co. The magneto-optic signals are normalized to the
maximum value measured for each Co thickness.

models are sketched. Model 1 assumes that the magnetized regions of the multilayers are
confined to the Co layers and the MO activity is enhanced for the first monolayer of Co at
the interface with Pt (shown with Qc, in.. While the rest is the bulk value Q¢ pui)- Model
2 assumes that the magnetization is homogeneous within the Co layer (Qco puik) and the
neighboring Pt layers are magnetized symmetrically through proximity induced magneti-
zation, as indicated with Qp. As previously reported [211], the magnetization decay in Pt
with respect to Pt thickness dp, is assumed to be:

Op = QPtmaxe_ﬁ(dPt_O.zx (4.2)
Only Pt thicknesses above 0.2 nm are considered since a monolayer coverage is reached at
this value [237]. The exponential decay constant 3 is 6.36 nm_l, adopted from the findings
of Didrichsen et al. monitoring in-situ MOKE. It denotes a high magnetization decay within
just a few tenths of nm. Op max corresponds to the Q value of the monolayer of Pt which is
directly adjacent to the Co. Note that as long as the numerical value of the amplitude of § is
large, the precise numerical value of it has no significant effect on the resulting Op max value.
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Therefore, we have chosen to work with previously obtained results for easier comparison.
If the B amplitude is taken as infinite, which would mean that only the first monolayer of Pt
is magnetized, the Op max value would increase approximately by 25%.

4.3.3 Anoptical transfer matrix method for MOKE in multi-layered thin-
films

An optical transfer matrix method for determination of MOKE in multi-layered thin-
films containing magnetic and non-magnetic layers has been developed by Zak et al. [182].
Using this method, the Kerr rotation and ellipticity from a multilayered thin-film with mag-
netic and non-magnetic layers can be simulated given the inputs of layer thicknesses, re-
fractive indices, MO constant(s) of the magnetized layer(s) and angle of incidence of the
incoming light. In this work, the method is used in reverse order and the MO constant(s) of
the magnetized layer(s) in multi-layered samples are determined by using the experimental
data (Kerr rotation and ellipticity). Assuming Co is the only magnetized layer with homoge-
neous magnetization resultedin Qc, cfr. vs. Co thickness behavior where the magneto-optic
activity is enhanced at the Co/Pt interface. Therefore, the magnetization profiles described
in Sect. 4.3.2 are employed and the MO constants for bulk and interfacial Co, and the mag-
netized Pt are determined separately. Refractive indices of each layer are given in Table 4.3.
Note that the bulk Co and Pt refractive indices [234] differ slightly from the thin-film values
that are used in this study.

4.4 Results and discussion

In order to separate bulk and interface contributions in Co/Pt multilayers, we performed
MOKE experiments on our specially designed structures. We analyzed them by a transfer
matrix method [182], using two different models to extract bulk and interface values for the
respective complex Q-values.

A sample set of thin-film multilayers designed to probe the interface and bulk effects
separately was used. Measuring them in a polar MOKE set-up, complex MOKE signals were
obtained as a function of Co thicknesses. A magnetization state that is saturated and sta-
ble is assured for each data point in the indicated PMA window. Fig. 6.4 shows full hys-
teresis loops of applied H-field versus normalized magneto-optical signals for varying Co
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Figure 4.4: Complex polar Magneto-optic Kerr effect vs. total Co thickness (nm) behavior
of the samples. (a) and (c) depict Kerr rotation (6) (real) and ellipticity (e) (imaginary),
while (b) and (d) depict the modulus. The color-coded dashed lines frame the regions where
samples show PMA. Sample color-code legend is given in the plot (d). The detailed stack
compositions can be found in Table 4.2.
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Figure 4.5: Effective Co MO constant (Qc, efr.) vs. Co layer thickness (nm) for different sam-
ples. Qco efr. values are found by assuming the Co is the only magnetized layer and is mag-
netized homogeneously. (a) and (c) show real and imaginary parts of O, ., while (b) and
(d) depict the modulus. The color-coded dashed lines frame the regions where samples
show PMA. Legend for the samples is given in the (d). The detailed stack compositions can
be found in Table 4.2.
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Figure 4.6: The expected behavior of Qc, ¢fr. according to the Models 1 and 2, depicted in
red (dashed) and blue lines respectively. Experimentally obtained Qc, cfr. value is shown
in half filled light blue circles. The sample chosen for this demonstration is s2 (see Table
4.2 for details). Yellow shaded area indicates the region of PMA. Horizontal blue and red
dashed lines indicate interface and bulk contributions from the Co layer named as Qc jnt.

and Oco bulk-
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Figure 4.7: Summary of the values obtained by using the models (see Sect. 4.3.2). Azoom-
in section is added in blue shaded region to show the error bars obtained from the fitting
procedure. Model 1 yields Qco puk @and Qco int, While Model 2 yields Oco puik and Opy max-
Each data point is labeled with the corresponding sample (s2, s3, d1, d2) and the model
(m1, m2). Detailed stack orders of the samples are given in Table 4.2.

thicknesses of sample s2. The saturation ranges shown in Fig. 6.4 were used in our quanti-
tative analysis.

In Fig. 4.4, the evolution of the Kerr signal vs. total Co thickness for the sample set with
single (s2, s3) and double (d2) Co layers is shown. On the left column, real and imaginary
parts correspond to Kerr rotation and ellipticity, respectively. The regions where samples
demonstrate PMA are framed with color-coded vertical dashed lines. The first line indicates
the completion of a closed, ferromagnet film, while the second line marks the point where
the Co layer becomes too thick to sustain PMA, and the in-plane shape anisotropy takes
over. It was seen that, upon reaching approximately 0.3 - 0.5 nm of single-layer Co thick-
ness, i.e. 0.8 - 1.0 nm total Co thickness for the double-layer structure (d2), the sample
has developed an OOP magnetization. This thickness corresponds well to the thickness of
2 monolayers of fcc Co oriented (211), which is 0.44 nm [236]. It was observed that upon
exceeding ~1.5 nm individual Co layer thicknesses (~3.0 nm total thickness for the double
layer), the magnetization turned in-plane. Expectedly, the Kerr rotation and ellipticity, thus
the modulus, increase with increasing Co thickness in the PMA region, the region framed
between the dashed lines.

68



The MOKE data shownin Fig. 4.4 were firstanalyzed with a simplified optical model that
does not explicitly account for the Co/Pt interface phenomena. This optical model assumes
that only the Co layers are magnetized and their Q values are homogeneous throughout
these layers, denoted by Oc, cfr.. The resulting values of Qc, cfr. are depicted as a function
of individual Co layer thickness in Fig. 4.5. For all structures, a maximum is found near the
thickness where a ferromagnetic OOP layer has developed at around 0.44 nm and a de-
crease is observed upon further increase in Co thickness. The strong dependence of the
observed QOc, cr. @s a function of thickness strongly suggests that at least one of the as-
sumptions in the simplified optical model is not valid.

In Fig. 4.5, the thickness at which the maximum Qc, .. is observed corresponds well
with two monolayers of fcc (111) orientated Co. Hence, we conjecture that the Co/Pt in-
terface is responsible for the increased MO activity when reducing the Co layer thickness.
In order to account for the Co/Pt interface effects and map the MO activity with respect
to thickness, the two optical models described in Sect. 4.3.2 were used (see also Fig. 4.2).
Model 1 assumed that the Co is the only layer which contributes to the MO activity, and its
activity is enhanced at the Co/Ptinterface due to large spin-orbit coupling, whereas Model 2
assumed that Pt contributes to the MO activity as well via its induced magnetization due to
proximity to the Co layer. As indicated via color-coded regions in Fig. 4.2, Model 1 accounts
for Oco int and QOco puik Values separately, whereas Model 2 distinguishes Op; and Oco puik
values. We assume the respective Q values being independent of the layer thickness, and
the same for each sub-layer / interface.

In Fig. 4.6 a simplified picture of the fitting procedure is shown indicating the asymp-
totes of Qco puik for Models 1 and 2 and Qcg in. for Model 1. The results obtained by the
exemplified fitting procedure are depicted in Fig. 4.7. Each data point is tagged with the
sample name and the model (See Table 4.2). The error margins of the fitting procedure are
included in the graph, albeit only visible at the blue-shaded zoom-in section. The two mod-
els yield slightly different Qc, puix values. The extracted Qp; and Qc, in; values were found
to be grouped in two clusters of data-points, corresponding to single and double Co-layered
samples. These clusters were speculated to be due to the difference in the Co/Pt interface
quality. Since addition of each layer contributed to the roughness, the single Co-layered
samples were expected to have smaller interface roughness than the double ones. Conse-
quently, the single Co-layered samples showed greater amplitudes of Q¢ inc and Opy max-
Works presented in the state-of-the-art section support this conclusion as they mentioned
the microscopic ordering at the interface affects the spin-orbit coupling strength and the
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degree of proximity induced magnetization in the Pt layer [181, 222]. Additionally, an inter-
face asymmetry between top and bottom Co/Pt interfaces which causes only the bottom
Pt layer to be magnetized should be considered as it was previously observed [228]. In this
respect it can be argued that the Co layers grown on rougher Pt layers (double-layered Co
samples) show more disorder which prevents the induced magnetization in the Pt layer.
One can argue that the quantitative comparison of the obtained Op; and Q¢ in¢ values be-
tween samples s2 and s3 (as well as d1 and d2) suggests that the thicker Pt layers (in the
range of 1-3 nm) contribute to smoother and well-defined Co/Pt interfaces, and increases
the amplitude of Op; and Q¢ in¢ for sample s3 (as well as d2). As seenin Fig. 4.5 (b) and (d),
the earlier PMA onset and the broader thickness window of PMA in sample s3 with respect
to s2 supports the argument that sample s3 has sharper interface. However, further studies
on Pt thickness vs. roughness are required before concluding.

Comparing quantitatively, the average bulk Co MO constant Qc, puik 0f 0.033 - 0.030i
is found to be in good agreement with the literature values [207, 208], albeit with a larger
amplitude of the imaginary component. This difference was inferred to be due to struc-
tural differences between used samples. In literature reported cases, annealed bulk sam-
ples (thickness larger than 5o nm) of fcc (111) oriented epitaxial Co with in-plane magne-
tization were used. Continuing the quantitative comparison with the Pt MO constant, the
average Op max Value of 0.0102 - 0.0333i reported in our work is smaller than what has been
reported in literature [211, 231—233]. It should be stressed that a quantitative comparison
for Op, was not straightforward. To our knowledge, the amount of studies reporting Qp;
values is limited to a few. Additionally, the profile of the induced magnetization in the Pt,
decaying away from the interface, differed among the reports. To exemplify, Didrichsen et
al. used a decaying magnetization in Pt, supported by in-situ MOKE. Lee et al. [233] and
Train et al. [232] assumed a homogenous magnetization in Pt that is only present at the
first monolayer at the Co/Pt interface. Since thicknesses of the magnetized Pt layers dif-
fered among studies, we based the comparison on the integral MO effect. As a result, the
Pt layer contribution in our samples are found to be smaller than the literature reports.

It is also interesting to compare the obtained Q¢, with Qp; values and the theoretical
(ab-initio) predictions by Reichl et al. [225], although the structural differences between
the analyzed Co/Pt multilayers of the two works should be kept in mind. More specifically,
the ab-initio work simulated Co/Pt layers where Co is epitaxially grown on (111) oriented fcc
Pt while the samples used in our study are polycrystalline, textured in the (111) direction.

Nevertheless, the strong first-monolayer Qp; contribution at the Co/Pt interface predicted
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by the ab-initio work signaled the importance of a sharp interface for high Qp,. Thisisinline
with our findings of larger Qp, contribution in single Co-layered samples where interface
roughness is smaller.

Lastly, a discussion on which one of the two models better describe the physical picture
at the Co/Pt interface is presented. As seen in Fig. 4.6, the predictions of the two mod-
els differ greatly at the region framed between the minimum thickness for exhibiting PMA
and the 2 monolayers thickness of Co. We refer to this region as the indicator region. Note
that in case the minimum Co thickness required for PMA is thicker than 2 monolayers of
fcc (221) Co (0.44 nm), the indicator region lies outside of the extend of PMA, thus an eval-
uation becomes unreliable. This is the case for samples with double Co layers (d2 and d3)
as the increased interface roughness pushed the PMA onset to a greater thickness in these
samples. Focusing on a single Co layer sample s2 as seen in Fig. 4.6, at the indicator region
(0.37-0.44 nm), Model 1 seems to describe the experimental observation slightly better than
Model 2. However, the following points should be considered before concluding. As de-
scribed in Sect. 4.2, the proximity induced magnetization in the Pt layer requires a certain
interface magnetization threshold to be induced as previously shown by Inyang et al. [181].
Therefore, prior to the formation of two complete Co monolayers (0.44 nm), an induced
magnetization in the Pt layer may remain absent which yields the observed behaviorin Fig.
4.6. Additionally, in the indicator region the ferromagnetic order is being established, thus
the thickness dependent electronic effects and thermal activation effects are convoluted.
Therefore, we argue that the actual physical picture at the interface is a combination of both
models.

4.5 Conclusions

We demonstrated enhancement of the MO activity at Co/Pt interface by using a sam-
ple set that is designed to probe the interface effects. We discussed that the vast scattering
of Qc, values reported in literature for thin-film Co samples are due to inclusion of interfa-
cial Co and Pt contributions. We assigned interfacial Co (Qco int.) and magnetized Pt (Qpy)
magneto-optic constants by using models. And consistently determined bulk Co (Qco puik)
values. Via the methodology described in this work we showed that, even when Co thin-
films (2 nm) are used, bulk Co MO constant (Qco puik) values that are in good agreement
with literature can be obtained. Additionally, we presented a discussion that a quantitative
comparison of the resulting Oc, ini. and Qp; from different stacks can be used to deduce
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information regarding the relative interface qualities of these samples. More specifically,
this might be of particular interest where more conventional methods like X-Ray Reflectiv-
ity (XRR) fail to differentiate samples in terms of interface quality due to lack of contrast.
However, it would be worthwhile to conduct studies where XRR and MOKE are quantita-

tively compared and calibrated before relying on MOKE for interface characterization.
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Chapter s

Design and modelling of a novel
integrated photonic device for
nano-scale magnetic memory

reading

Design and simulations of an integrated photonic device that can optically detect the mag-
netization direction of its ultra-thin (~12 nm) metal cladding, thus ‘reading’ the stored mag-
netic memory, are presented. The device is an unbalanced Mach Zehnder Interferometer (MZI)
based on the IMOS platform. The MZ| consists of a ferromagnetic thin-film cladding and a de-
lay line in one branch, and a polarization converter in the other. It quantitatively measures the
non-reciprocal phase shift caused by the Magneto-Optic Kerr Effect in the guided mode which
depends on the memory bit’s magnetization direction. The current design is an analytical tool
for research exploration of all-optical magnetic memory reading. It has been shown that the
device is able to read a nanoscale memory bit (400 X 50 X 12 nm) by using a Kerr rotation as
small as 0.2°, in the presence of a noise ~ 10 dB in terms of signal-to-noise ratio. The device is

shown to tolerate performance reductions that can arise during the fabrication*

*This chapter has been published in Journal of Applied Sciences [49].
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5.1 Introduction

In the modern world, exponentially increasing generation of data and its handling re-
quire novel technologies that perform faster and more energy efficiently. To answer this
need, optical components are being used in combination with electronic circuitry to im-
prove the speed and bandwidth of data communication and telecommunication. For ex-
ample, optical interconnections that were once a conceptual design suggestion [238] are
currently being used in commercial products replacing slow and heat-dissipating electrical
signal communication channels [239, 240]. Researchers continue to demonstrate the su-
perior performance circuitry achieved through the integration of photonics into electron-
ics [30, 241—243]. Yet, these advances require back-and-forth signal conversion between
optical and electrical domains, which happens to be the new bottleneck in data commu-
nication and processing. Addressing this problem requires establishing novel functionali-
ties in photonic devices that will enable a seamless conversion. Furthermore, (integrated)
photonics is lacking a simple and fast non-volatile memory function. A huge potential is
anticipated for future devices that enable direct inter-conversion of data between the pho-
tonic and magnetic (memory) domain without any intermediate electronics steps, cutting
down on time and energy costs. This study works with existing non-volatile magnetic mem-
ory material technology used in electronics: multilayered ferromagnetic thin-film layers.
When the multilayered magnetic material is used as memory material, writing bits into the
magnetic memory could be facilitated by recent advances in so-called all-optical switch-
ing of magnetization [104, 244]. Reading out magnetic bits back into the photonic do-
main could be achieved via a nonreciprocal magneto-optical process [66, 175, 245], while
dynamic, on-the-fly reading of magnetic bits could be facilitated by a racetrack memory
concept [57, 244]. In a racetrack memory, magnetic domains (memory bits) move while
the material that carries the magnetic domains remain stationary [246, 247]. Previously,
domain wall velocities up to 1000 ms~! were demonstrated [248, 249]. It is in this spirit
that our research focuses on the functionality of on-chip optical reading of magnetic mem-
ory processed as ultrathin magnetic claddings on photonic waveguides. To our best knowl-
edge, this is the first study which explores the possibility of on-chip, all-optical magnetic
memory reading functionality.

State-of-the-art non-volatile magnetic memory such as spin-transfer torque magnetic
random-access memory (STT-MRAM) relies on ferromagnetic multilayered ultrathin films
with perpendicular magnetic anisotropy (PMA), in which the magnetization vector is per-
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pendicular to the film plane [250]. Such PMA films turn out to be essential for the advanced
schemes used to electrically control the magnetic memory elements, but are also known for
their relatively large magneto-optical efficiency. A simple layer stack that hosts all relevant
physical mechanisms is Ta(4)/Pt(2)/Co(1)/Pt(2)/Co(2)/Pt(2) where the numbers in parenthe-
sis are the thickness in nm. Bringing this memory component to the proximity of light con-
fined in a waveguide in a photonic device setting gives rise to magneto-optic interactions,
specifically the Magneto-optic Kerr Effect (MOKE). MOKE causes a change in the polariza-
tion state of light (Kerr rotation and ellipticity), which changes sign when the magnetization
direction of the memory component is flipped [66, 175]. In a photonic waveguide context,
this gives rise to partial mode conversion between TE and TM modes, which potentially
enables reading of the memory bit. However, the MOKE signal is intrinsically small in am-
plitude, a typical Kerr rotation is around 0.05° for films with an in-plane magnetization in
free-space optics [207, 209]. In order to increase the efficiency of the mode conversion,
we propose the use of PMA magnetic claddings, which have not been seriously addressed
yet in a photonic perspective. Such claddings with a perpendicular magnetic orientation
are expected to display larger amplitude magneto-optical effects, yet still small quantita-
tively. This calls for developing novel approaches to amplify the magneto-optical effects
while showing the importance of on-chip analytical tools to explore the fundamental mode
conversion properties of photonic waveguides with PMA claddings.

To assess the feasibility of using MOKE for on-chip all-optical magnetic memory reading
functionality, as well asusingit as an analytical tool to quantitatively measure magnetization-
induced mode conversion, we investigated specially designed photonic devices whose waveg-
uides are cladded with ultra-thin (12 nm), nano-scale (50 X 400 nm) PMA magnetic memory
bits, of the composition mentioned before. By using mathematical models of the designed
photonic devices, whose building block performance parameters are chosen according to
the InP Membrane on Silicon (IMOS) platform [251], the accuracy of the memory-bit read-
out, optical loss and tolerance to noise are tested. It has been shown that the device is able
to read a nanoscale memory bit (400 X 50 X 12 nm) by using a Kerr rotation as small as
0.2°, inthe presence of a ~ 10 dB noise in terms of signal-to-noise ratio (SNR). This chapter
is structured in the following way. In Section 5.2 materials and methods are given. Device
designs, magneto-optic simulation, mathematical modelling and data analysis topics are
covered. In Section 5.3 the results obtained via the mathematical model are presented for
devices with varying degrees of performance parameters. A data analysis technique using

Fourier transformation is presented. Lastly, in Section 5.4, the conclusions are given.
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5.2 Materials and Methods

In this section, materials and geometries of the parts that contribute to the overall de-
vice are explained. In addition, the device concept, optical simulation and mathematical
modelling methods are explained in the subsections.

The material which stores the magnetic information (memory bit) is a multi-layered
ferromagnetic metal thin-film structure, whose stack order is given in the previous sec-
tion. These multi-layers display PMA, where the magnetization vector is perpendicular to
the film plane [252]. PMA is highlighted due to its relatively large magneto-optical effi-
ciency [253]. The multi-layers are placed on top of the waveguides as the top cladding.
The rest of the photonic device is fabricated on InP membranes since the devices are based
on the IMOS platform [251]. The waveguides have a cross-section of 300 X 400 nm (height
and width) and the multi-layered top claddings have the dimensions of 400 X 50 X 12 nm
(width, length and height).

5.2.1 Optical Simulation and Device Concept

Before describing the optical simulation method to quantify the MOKE in waveguides,
a brief overview is given on MOKE and its impact on the light confined in waveguides. Fol-
lowing this, the devcie concept is introduced.

MOKE is a type of magneto-optic interaction that takes place when the light reflects
from a magnetized material. In polar configuration, the effect causes a change in the light's
polarization state which is quantified by Kerr rotation and ellipticity (in angles). Typically,
inthe literature, MOKE is reported for single reflections. Comparing a single reflection case
with our work, more interaction, thus a larger MOKE are expected in waveguides with mag-
netized top claddings. To our best knowledge, there is no prior work that quantifies the Kerr
rotation in a waveguide setting. Therefore, finite-difference time-domain (FDTD) simula-
tions [254] of the waveguides with top-claddings are conducted to estimate the MOKE in
the guided modes. In the simulation, multi-layer cladding material is defined by using the
magneto-optic constant obtained from the literature [210]. It is seen that the Kerr effect
causes conversion between TE and TM modes in the waveguide, comparable to the po-
larization rotation in free-space optics. The resulting Kerr rotation (0), ellipticity (¢) and
optical loss (Lossqq.) values obtained for a single memory bit are listed in Table 5.2. These

values are used as inputs for the mathematical model explained in Section 5.2.2.
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The device design is done by considering the key enabler of the magnetic memory read-
ing functionality: a change in the sign of the Kerr rotation upon flipping of the magnetiza-
tion direction of the memory bit (memory bit '1' and '0'). Assuming the confined light is
initially in TE mode, the Kerr rotation +6 (6 < 1) leads to an emergent TM mode whose
field amplitude is proportional to 6 (same result for bit 1 and bit 0). Therefore, instead of
probing the field amplitude, devices which can probe the phase of the emergent TM mode
are explored. Mach-Zehnder Interferometers (MZI) are chosen due their ability to convert
the phase difference (between the interfering branches) into intensity difference. Balanced
and unbalanced MZ| are considered as two candidates for the final design. An unbalanced
MZI, which has a defined path length difference between the two branches, is chosen due
to the noise related issues that cannot be addressed in a balanced MZI. This is further elab-
orated when the presented results are discussed in Section 5.3. Since at an initial stage,
a device is designed for research and exploration purposes, on-chip light source or detector
are not considered. To couple an off-chip laser source and an off-chip detector to the device,
mode-selective grating couplers are added to the design.

The device design is shown in Figure 5.1. In this device, TE mode-selective grating cou-
pleris used to couple the light in. Later, a multi-mode interferometer (MMI) is used to split
the light equally into two branches. On the upper branch, the TE mode is converted into
TM via the polarization converter. The propagation continued (in TM mode) and a delay
line is crossed. On the lower branch, the memory bit (magnetic cladding section) caused
the TE mode to partially convert into TM mode due to Kerr rotation (6). The light from
the two branches are merged via another MMI. After interference took place, the resulting

intensity is picked up via a TM-selective grating coupler.

Polarization
converter:

Grating
coupler
(TE)

Figure 5.1: An unbalanced MZI. TE and TM mode selective grating couplers are used to
couple the light in and out. The polarization converter is taken from [140].
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5.2.2 Mathematical Modelling and Fourier Transformation

Amathematical modelis builtin order to simulate the output light intensity vs. light wave-
length for the designed devices. The model uses input parameters that are based on IMOS
building block performances [251] and FDTD magneto-optical simulations [254] (see Sec-
tion 5.2.1). An overview of the model parameters and their brief descriptions are given
in Table 5.1. Additionally, reduced-performance devices with and without noise are simu-
lated with the model to compare the magnetic memory reading capabilities of the devices.
These parameters—some standard for all devices and some changing according to the per-
formance levels—are summarized in Tables 5.2 and 5.3, respectively.

Using the mathematical model, equations which determine the electric field (E-field)
components of TE and TM modes in branches 1 and 2, are obtained. For simplicity, coeffi-
cients addressing the losses of mode propagations, grating couplers and magnetic cladding
are combined into the terms B,. For description of other parameters please refer to Ta-
ble 5.1.

_j2z
Ere, =B cos(a) e ' 7 mrely
Em, =B, sin(oc)e_iz’TnnT""(L1 ~ec)
' (5.2)

~iZnrely
Ere, =Bycos(B)e %

Etv, =By Sin(B)e_i(zll"TM(L2—xclad)+¢).
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Table 5.1: Overview of model parameters.

Parameters Definitions
A Wavelength scanned (nm)
Loss,,q Waveguide propagation loss (assumed to be the same for TE and TM)
NTE Effective index of TE mode
nm Effective index of TM mode
Ly Length of the upper branch (um)
L, Length of the lower branch (um)
Xpc Distance between polarization converter and left-hand side MMl splitter (um)
Xclad. Distance between memory bit (cladding) and left-hand side MMI splitter (im)
LosS 144, Loss due to memory bit (cladding)
LosSGere e Loss of TE-selective grating coupler for TE mode (dB)
Kerr rotation
[0} Kerr ellipticity
o Angle representing the polarization conversion (degree)
LossGemy_mm Loss of TM-selective grating coupler for TM mode (dB)
EXtGen e Extinction ratio of TM-selective grating coupler for TE mode (dB)
Noise Addition of a Gaussian distribution of random noise to the intensity

It is important to recall that the interference takes place between the modes whose E-

fields are parallel planes and the output light intensity (I) from devices can be calculated via

2
|E|

1=2—ZO,

where |E| is the total E-field amplitude and Z, is the impedance of the vacuum.

The presented equations for E-field amplitudes reveal that a wavelength sweep of the input

light will result in oscillations in intensity.

Recallthat the information regarding the magnetization direction of the cladding (mem-

ory bit type) can be retrieved from the sign of the Kerr rotation and ellipticity (0, ¢). As seen

from the equations above, when TE mode input light is used, information of the memory

bit type is visible only in the phase of the TM mode output light. For an output light inten-

sity vs. wavelength plot that is obtained upon interference of both TE and TM modes, two

oscillation frequencies, vg and vy that correspond to these modes are observed.

nreg(Ly = Ly)
A2 ’
ntmg(L1 — Lo + Xclad. — Xpc)
A2 .

VTE =
(5.2)

Vim =

nteg and nyyg in Equation (5.2) indicate group indices of the respective modes. A Fourier

transformation can be applied to the resulting output light intensity vs. wavelength data
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Table 5.2: Generic parameters that are valid for all devices.

Parameter Value
A 1465-1495 nm
Loss,ug 3dB/cm
nTe 2.012
nTm 1.809
Parameter Value
L 1386 um
L, 462 um
XpC 200 UM
Xclad 100 um
Parameter Value
LosS 1qq. 0.13dB/50 nm
LosSGCre_ e 1.;dB
0 +0.2°
) +0.2°

Table 5.3: Showing parameters that are dependent on the device performance.
Parameter  Standard Device

Reduced Performance

Noise + Reduced Performance
a 90° 45° 45°
LossGery 1.;dB 7dB 7dB
EXtGCTM—»TE 50 dB 28 dB 28 dB
Noise none none 10.7 dB (SNR)

to separate the TM mode contribution. Thanks to this technique, the amplitude and phase
of the TM mode component can be found. In order to separate the TE and TM mode con-
tributions, non-overlapping peaks in the Fourier transform are required. Therefore, at the

design stage, it is vital to choose xj54. and xpc parameters (see Table 5.1) accordingly.
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5.3 Results and Discussion

In orderto demonstrate the magnetic memory reading capabilities of our devices, the math-
ematical model described in Section 5.2.2 was used. As explained in Section 5.2.1, the cho-
sen devices were unbalanced interferometers that contain built-in ferromagnetic memory
components as theirtop claddings. The model predicted the output lightintensity vs. wave-
length plots of the devices with opposing memory bits (bit ‘1’ and ‘o’). Later these plots were
analyzed by the Fourier transformation technique to determine the memory bit type, thus
realize ‘reading’ of the magnetic information. Recall that since the magneto-optic inter-
action which enables the determination of the memory bit type is only extractable from
the phase of the TM mode (when TE mode is used as input), The Fourier analysis greatly
reduces the noise and enhances the sensitivity.

In Figure 5.2, the left column plots present output light intensity vs. wavelength data.
Note that plots depict the intensity after a windowing function is applied. The right col-
umn plots show the Fourier transformation of the left column in blue color and the phase
difference between two memory bit states for each oscillatory component in red color. Fig-
ure 5.23,¢,e represent the standard, reduced-performance and noisy reduced-performance
devices, respectively. The standard device shown in Figure 5.2a demonstrate a clear 180°
phase shift between the two signals which correspond to the opposite memory states. The
Fourier transformationin Figure 5.2b (right side y-axis) show a single peak which correspond
to the TM mode (see Equation (5.2)). The fact that there is only TM mode is thanks to the
well-performing TM-selective out-couplers in the standard devices that have a negligible
out-coupling of the TE mode. As expected, the phase difference plot in Figure 5.2b (left
side y-axis) indicate 180° difference at the region which correspond to TM peak. Note that
the plots depicting phase difference between two memory states convey meaningful infor-
mation only at the locations where a correspondent Fourier peak is present. To stress this
aspect visually in the graph, the points corresponding to a peak are shown in black, whereas
therestis left grey. In Figure 5.2¢, the ‘reduced-performance device'is seen. This device has
only 45° conversion at the polarization converter and the T E-mode couples out from the
TM-selective out-coupler (see Table 5.3). Due to coupling out of the TE mode that does
not carry information on the memory bit’s state, it impossible to observe a 180° phase shift
in the intensity vs. wavelength plot upon a change in the memory bit type. As expected,
Figure 5.2d reveals two Fourier peaks that correspond to TE and TM modes. As seen from
the peakintensities, despite the use of TM-selective out-couplers, the TE mode dominates.
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Undeterred by the TE mode dominance, the phase difference plot in Figure 5.2e indicates
a phase of 180° at the position corresponding to the TM peak. The phase shift correspond-
ing to the TE mode reads 0°. Testing the device design further by addition of a noise as
described in Section 5.2.2, Figure 5.2e,f are obtained. The 'noisy and reduced-performance
device’ demonstrates that, even though the intensity vs. wavelength plot is dominated by
noise and mixed modes, it is still possible to determine the magnetic memory type via the
Fourier transform technique.

Referring back to Section 5.2.1 and clarifying the reason for the choice of an unbal-
anced MZI design over a balanced one, as seen in Figure 5.23, if the device is performing
at a fixed wavelength, the change in the light intensity upon changing the memory bit type
corresponds to only 0.3% of the total light intensity. This observation indicates that the
magnetic memory reading functionality of the device can be obstructed by the noise when
operating at a single wavelength. Sweeping of a range of wavelengths accompanied by
the Fourier transformation method are the key concepts for eliminating sensitivity to noise
and increasing memory reading accuracy. Since the wavelength sweep technique is not
successful without the specific frequency oscillations that the added delay line provides,
an unbalanced MZ| is preferred over a balanced one.

Note that for an ideal device depicted in Figure 5.23, the difference in light intensity
between the two memory states is proportional to the strength of the Kerr rotation. There-
fore, if a calibration by using a material with known Kerr rotation and optical loss is done,

very small Kerr rotations can be measured quantitatively by using the same design.
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Figure 5.2: (a,c,e) Output light intensity vs. wavelength plots for standard, reduced-
performance, and noisy reduced-performance devices (see Tables 5.2 and 5.3), The light
intensities are shown in arbitrary units and is normalized assuming initial intensity (Ip) is 1.
(b,d,f) In blue, Fourier transformations of the intensity vs. wavelength plots are shown.
The normalization is done assuming the highest intensity Fourier peak has amplitude 1.
In black, the phase differences between the memory bit “1” and “0” are shown for each
wavenumber. The data-points which correspond to a Fourier peak are shown in black while
the rest is shown in grey. This is done for guidance to eye for separation of statistically sig-
nificant result (black) and fitting procedure noise (grey).
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5.4 Conclusions

Anintegrated photonic device specially designed to perform memory reading function-
ality is presented. The functionality is achieved through detection of the magnetization di-
rection of an ultra-thin memory bit. The device is shown to operate despite performance
reductions in the contributing building blocks and noise levels which correspond to ~10 dB
in terms of SNR. Post-processing of the intensity signal via Fourier transformation method
stressed that the device is suitable as an analytical tool for research purposes. It is high-
lighted that the quantitative measurement of very small magneto-optic Kerr rotation (0.2°)
is possible after a calibration which also considers optical loss.
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Chapter 6

An integrated photonic device for
on-chip magneto-optical memory

reading

This study presents the design, fabrication and experimental demonstration of a magneto-photonic
device that delivers non-volatile photonic memory functionality. The aim is to overcome the energy and
speed bottleneck of back-and-forth signal conversion between the electronic and optical domains when
retrieving information from non-volatile memory. The device combines integrated photonic components
based on the IMOS platform and a non-volatile, built-in memory element (ferromagnetic thin-film mul-
tilayers) realized as a top-cladding on the photonic waveguides (a post-processing step). We present a
design where the phase of the guided light is engineered via two mechanisms: the polar MOKE and the
propagation in an asymmetrical cross-section (triangular) waveguide. Thanks to its design, the device
yields different mode-specific transmissions depending on the memory state it encodes. We demonstrate
the recording of the magnetic hysteresis using the transmitted optical signal, providing direct proof for
all optical magnetic memory reading using an integrated photonic chip. Using mathematical model and
optical simulations, we support the experimental observations and quantitatively reproduce the Kerr sig-
nal amplitudes on-chip. A 1% transmitted power contrast from devices is promising indicating that in a

shot noise limited scenario the theoretical bandwidth of memory read-out exceeds 50 Gbits/s*

*Apart from the outlook section, this chapter has been published in Nanophotonics Journal [255].
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6.1 Introduction

Our modern-day civilization consumes and generates data at an exponentially increas-
ing rate, demanding an ever-growing computational power and bandwidth. This fuels the
technological advancements towards faster, cheaper and more energy efficient operations.
As previous research shows [9, 25, 256, 257], incorporating integrated photonics with elec-
tronic circuity offers a drastic performance increase in data-com and tele-com. Yet, new
bottlenecks form at points of signal conversion between the electronic and optical domains.
For certain operations, the electronic and optical circuitries have varying performance lev-
els, which implies that using conversions between the two domains (electronic and optical)
is a requirement for improving the overall system performance. To exemplify, certain appli-
cations leverage the faster signal-transfer in the optical domain by using photonic intercon-
nects, while the memory-related tasks such as storage and read/write operations still take
place in the electronic domain [258]. Especially in data centers and neural network training
operations, for which a frequent non-volatile memory retrieval is required [259], we antici-
pate a huge potential when using all-optical operations, cutting down on intermediate elec-
tronics steps, saving time and energy. To unlock this potential, integrated photonic compo-
nents that deliver optical memory functionality through various different mechanisms have
been suggested [156, 260, 261]. However, photonic memory alternatives are currently out-
performed by their electronic counterparts. Considering the high storage density of con-
ventional magnetic non-volatile memories and their well-established wafer-scale produc-
tion capabilities, we believe that it is a strategical next-step to invest in the field of inte-
grated magneto-photonics. Since light and conventional magnetic memory materials in-
teract magneto-optically [66] and yield a distinct signal depending on the memory state,
such materials can be candidates for an optical memory in integrated photonic circuits. Re-
garding the interaction of light with the magnetic memory materials, there are ongoing ef-
forts on establishing all-optical switching of spintronic memory bits that are based on films
with Perpendicular Magnetic Anisotropy (PMA) [104, 199, 262—-264]. The reported experi-
mental evidence is mostly based on free-space optics, except one study that proposed all-
optical memory writing of non-volatile Magnetic Random-Access Memory (MRAM) in an
integrated photonic device setting [110]. Despite these developments, to our knowledge,
there is no study focusing on the magneto-optical reading of the magnetic memory using a
hybrid integrated photonic device that implements magnetism into the picture. Consider-
ing these factors, we aimed to demonstrate a proof-of-principle device that combines the
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fields of spintronics and photonics to deliver an on-chip magneto-optical memory reading
functionality.

Our proposed magneto-photonic device carries a built-in, non-volatile, nano-scale mag-
netic memory bit that is applied to its waveguide as a top-cladding. The cladding is a fer-
romagnetic, multilayered ultrathin-film (total thickness of 12 nm) containing Co/Pt layers
with PMA [73]. Our choice for this system is motivated by the aforementioned combination
of relatively large magneto-optical effects, the availability of efficient all-optical switching
scenarios and PMA magnetic thin film systems being the preferred system in todays spin-
tronics. As to the latter, materials with PMA dominate the non-volatile memory applica-
tions, such as spin-transfer torque (STT) MRAM, thanks to their increased memory density
and thermal stability [265]. Although state-of-the-art PMA structures have been shown to
interact with optical pulses to store information in magnetic memory [264] and are known
for their relatively large magneto-optical efficiencies, they have not been explored for op-
tical memory applications yet. The working principle of our magneto-photonic device for
delivering the magneto-optical memory reading functionality is the polar Magneto-Optical
Kerr Effect (polar MOKE) which takes place when the guided light interacts with the PMA
top-cladding [266]. While MOKE by metallic magnetic claddings in longitudinal and trans-
verse configurations has been well investigated [48, 165], the potential for this polar con-
figuration has been overlooked to date.

The fabricated device has its photonic components based on the InP Membrane On Sil-
icon (IMOS) platform [32], where the way of confinement of light within the InP membrane
ensures a strong interaction between the light and the magnetic cladding. In this setting,
MOKE causes a change in the polarization state of the guided light, which changes sign
when the magnetization direction of the memory component is reversed [175]. In a pho-
tonic waveguide, this givesrise to a partial mode conversion between the TE and TM modes,
where the phase of the emergent mode carries the information about the magnetization di-
rection of the cladding, thus its memory state. More specifically, in the case of a TE mode
partially converted into TM mode, the relative phase of the modes will change by 7 (180°)
upon reversal of the magnetization direction. Considering that the information is stored in
the phase of the guided light, we propose a novel device design where the change in polar-
ization state is converted to an intensity contrast. Additionally, such a device can be used to
quantitatively determine the intrinsically small MOKE [66] when combined with mathemat-
ical models. Note that the working principles behind the design described in Chapter 5 and

the current device are the same. The latter design is experienced to be more robust against
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external influence such as local temperature gradients causing refractive index changes.
The advantage of the latter is suspected to be due to the small distance (hundred(s) of nm)
between the magnetic and polarization changing components. In such short distances, the
external fluctuations cannot impact the phase of light.

This chapter is structured in the following way. In Section 6.2 the methodology is pro-
vided, describing the design, mathematical modelling, fabrication and optical characteri-
zation of the magneto-photonic devices. Next, in Section 6.3, the experimental evidence
demonstrating the proof-of-principle for the magneto-optical memory reading is demon-
strated and the on-chip MOKE amplitude is quantitatively determined. Additionally, the
optical simulation results are presented and compared with the experimental evidence. In
Section 6.4 the conclusions are drawn.

6.2 Methodology

6.2.12 Design and Modelling

A magnetic cladding placed on a waveguide gives rise to the MOKE that is observed as
an intrinsically small mode conversion between the eigenmodes (TE and TM) of the waveg-
vide. Depending on the magnetization direction of the cladding (up- or downwards magne-
tized), the mode conversion occurs with a phase difference of x albeit with the same ampli-
tude. In other words, the phase of the emergent mode encodes the information regarding
the magnetization direction of the cladding, thus its memory state. However, since the rel-
ative phase is difficult to extract directly, we aim at a design that yields two different trans-
mitted light output intensities depending on the magnetization direction of its cladding.

We present the design in its two formats: a core-module and a stand-alone device. The
former solely contains the memory component and a polarization rotator element. Thus,
it can provide the magneto-optical memory reading functionality, only when implemented
in an integrated photonic environment. The stand-alone device includes the core-module
and mode-selective grating couplers to couple light in from an external light source, and
couple it out to a detector. It is tailored for proof-of-principle measurements. Figure 6.1
(a) depicts the core-module, while (b) and (c) demonstrate its functioning principles using
the Poincaré sphere representation. Depicted in (a) as the top-cladding, the information is
stored in a multi-layered, ferromagnetic, thin-film memory material that has Co/Pt bilay-
ers on a Ta seeding layer. The triangular waveguide section acts as a partial polarization
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Figure 6.1: (a) The core-module of the magneto-photonic device, showing the magnetic
memory component (multi-layered top-cladding) and the polarization rotator component
(triangular waveguide). The two memory states (magnetization directions) are indicated
with the red and blue arrows. The birefringence in the triangular section is indicated with
the tilt of its eigenmodes axes by an angle ). (b, c) Poincaré sphere [267] representations
showing the polarization state evolution throughout the device. Plots are color-coded (blue
andred), indicating the magnetization direction of the cladding the light has interacted with
(up and down, respectively.). Note that the chosen Kerr amplitude in the plots is for visual-
ization purposes thus does not reflect the experimental results quantitatively.

converter [140], that is referred to in this work as a polarization rotator.

Let us describe the functioning principles of the core-module using the representations
in Fig. 6.1 (b, c). Eigenmodes in different sections are referred to as the TE and TM modes
of those sections. On the sphere, each point corresponds to a unique polarization state,
indicated with the Cartesian co-ordinate system where S indicates the Stokes parameters
[268]. The S;-axis component relates to how much power is in the TE (S;=1) or TM (S| =-1)
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Figure 6.2: (a) A schematic of the proof-of-principle type, stand-alone magneto-photonic
device. Top: Overall device with mode-selective (TE and TM) grating couplers, waveguides
and splitters are shown. Bottom: A zoom-in view of the core-module, showing the mem-
ory component (top-cladding) and the polarization rotator (triangular waveguide). (b) The
optical transmission measurement set-up. A Tunable Laser Source (TLS) sends the light
(A = 1550 nm) through the input fiber. After transmission through the device, the output
fiber collects the light and directs it to the optical power meter. The sample holder is an
electro-magnet that can apply up to £300 mT perpendicular magnetic field, setting the
magnetization direction of the memory component on-demand. The fibers are not polar-
ization maintaining and are cleaved to enable an easier coupling.

mode. The S, and S3-axes components describe the phase relation between the two modes.
If the guided light is a mixture of the two modes, a mode beating occurs during propagation
due to the difference of the effective refractive indices (or propagation constants) of the two
modes. One period of beating length in a waveguide with cross-section cs is expressed as

A

Ee— (6.1)
|A”eff.,cs |

Lbeat.,cs =
where A is the vacuum wavelength of the light and Angg s is the difference in the effec-
tive refractive indices between the eigenmodes of that cross-section. As Figs. 6.1 (b, c)
show, the TE-mode input (S;=1, S»=53=0), indicated with a star, propagates undisturbed
(no mode-beating) until the region with the magnetic cladding is reached. Here, the MOKE
takes place, yielding a small mode conversion described by the Kerr rotation (6) and ellip-
ticity (€). Note that the attained complex MOKE signal (®) is slightly different for the TE
and TM modes due to the difference in interaction between the cladding and the TE and
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TM modes. The subscript TX indicates the mode is TE or TM.
D =m0, +ie,). (6.2)

In our devices the TE mode is used as input. The up- and downward magnetized claddings
are indicated with m = +1. The equation reflects the statement that the mode conversion
is equal in amplitude but with a phase difference of 7 for the two memory states. Upon at-
taining a mixed-mode state due to MOKE, a mode-beating occurs while propagating in the
rectangular waveguide section through the length L, . The beating is omitted in the fig-
ure for clarity. The triangular waveguide section has its unique eigenmodes that are tilted
by an angle a with respect to the ones in the rectangular section. When the guided light
enters the triangular waveguide section at point A (see Figs. 6.1 (b, c)), the modes get pro-
jected onto the tilted eigenmodes of this section. The projected states are marked by the
points AT and Al. The arrows indicate the magnetization orientation of the cladding thus
the memory state and is represented by m=+1 elsewhere. As the mixed-mode travels in
this section, the mode beating is observed as circling around the axis which makes an angle
of 2o with respect to the S;-axis (see archA]B). After propagating over a distance L;,;, which
is chosen to be equal to the half beat length of the triangular section, the states BT and BJ
are obtained. Coupling back to the rectangular waveguide, the phase evolution continues
as shown by the arch BAC. Comparing the initial polarization state () with the final states
(C?T and Cl) -in terms of TE and TM mode contributions- highlights the working principle
of the presented design. Figure 6.1 (b, c) geometrically illustrate that, prior to propaga-
tion in the triangular section, the states that correspond to the magneto-optic interaction
with the up- and down-magnetized claddings have the same relative power in the TE and
TM-modes of the rectangular section (equal S; components of AT and Al). After the tri-
angular section, a difference in the relative mode-power is created, i.e. the S| components
are different for C1 and C|. This difference provides the magneto-optical memory reading
functionality. The figure provides an intuitive picture that by engineering the rectangular
and the triangular section lengths, the mode intensity contrast can be maximized.

The second format of the design, the stand-alone device form, is designed for the proof-
of-principle measurements. A mathematical model based on the Jones formalism [176]
assisted with the design and the analysis of the experimental observations. Depicted in
Fig. 6.2 (a), the device has a TE mode-selective in-coupler and TE and TM mode-selective
out-couplers. As seen in Fig. 6.2 (b), the optical fibers connect the couplers to an external
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laser and an optical power meter. Inthe mathematical model that describes this device, the

MOKE matrix M is defined as
1 -®

™

where ®_ is the complex Kerr signal (see Eqn. 6.2) experienced by the TE or TM-mode
inputs. We note that the defined MOKE matrix is an over-simplification, only valid when the
inputis a pure mode and the Kerr signal is small in amplitude (which is always the case). The
phase evolution of the light due to propagation in a waveguide with a certain cross-section

is indicated with the matrix P.

o T Maesles 0
P, = .o (64)
CS 0 elTnb,csLCS ’

wheren_ . andn, . are the effective refractive indices of the modes that are defined as the
horizontally (in-plane) oriented electric and magnetic fields in that particular cross-section.
The waveguide length with the corresponding cross-section is indicated with L. To de-
scribe the propagation in the triangular section, the axis of interaction is tilted back and
forth via the rotation matrix R. This tilt is required in order to align the eigenmodes of this
section with the axis of interaction. It is formulated as

coso  sinQ
R= . ) (6.5)
—sinot  coso

where « is the tilt angle. Correspondingly, the resulting mode-specific output electric field

E . is formulated as

TX,

(ETEQ ) = R(—OC) P - R(a) *Prect.*M (ETEi )a (6.6)

T™o T™;
where Erx, is the input E-field. For the sake of simplicity, in all matrices the optical losses
are neglected, but including them would not change the general principle. Since the mode-
specificlightintensity I is proportional to the output light's field amplitude square | Erx, |2

1
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we calculate the mode-specific intensity contrast (AL, ) in units of dB as

2
| ETXO,m:l |
AL, = 10log)q| T |. (6.7)

I TXO,m:—I |2

Equation 6.7 accounts for the difference in transmission when the memory state of the de-
vice is changed. Despite the fact that the optical losses are ignored, a quantitative analysis
using Eqn. 6.7 is possible since it is in the ratio form.
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Figure 6.3: Optical simulation (FDTD), showing the polarization evolution of the initially
purely TE-polarized input light, as it propagates in the rectangular waveguide section
cladded with the memory material. The polarization angle refers to the rotation caused by
the MOKE. The region with the magnetic cladding (memory) is shown with the vertical high-
lighted region. The stack order and the length of the cladding are Ta4/Pt2/Co1/Pt2/Co1/Pt2
(numbers in nm) and 300 nm, respectively. A conformal meshing of 2 nm is used.

Lastly, we present an optical simulation based on the Finite Difference Time Domain
(FDTD) method [183, 187, 269] that demonstrates the polarization angle evolution as a func-
tion of the propagation distance. The simulation uses material properties, i.e. the refrac-
tive indices and the magneto-optical constants that were previously obtained experimen-
tally for this specific material set (see Chapter 4) [195]. Figure 6.3 shows an initially fully
TE-polarized input mode that interacts with a 300 nm-long magnetized top-cladding. Ac-
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cording to the simulations, the amplitude of the complex MOKE (|®1g|) is 0.06° +0.02°.
As will be discussed in Sect. 6.3, this is in good agreement with the experimental findings.
In Fig. 6.3, the highlighted region indicates the length covered by the cladding. In this re-
gion, the Kerr rotation increases cumulatively. The simulation accounts for both forward
and backward propagating waves. The Kerr rotation observed within the first pm of prop-
agation after the cladding suggests that there are non-confined (higher order) modes, pos-
sibly excited by the cladding, which also show a finite MOKE. Higher order modes reflected
(backwards propagating) from the cladding show the same behavior. After these higher-
order modes decay, a purely oscillatory polarization (due to MOKE on the primary mode)
state is captured by the simulation. The beating periodicity of 8.1 um indicates an effective
index difference (| Anegr. TE — Anetr M |) Of 0.19 (see Eqn. 6.1). This value is close to what can
be calculated for the specific rectangular InP waveguide of choice, using literature values
for the refractive index. In the region prior to the cladding, oscillations in Kerr rotation with
higher frequency and lower amplitude are observed. They are attributed to an interference
including the reflections from the cladding, which also experience a MOKE.

6.2.2 Fabrication

The magneto-photonic devices are based on the IMOS platform [32]. The devices have
varying lengths of rectangular and triangular waveguide sections (L,,,. and L,,;, respec-
tively), and two magnetic cladding lengths of 300 nm and 600 nm are used (albeit with an
equal width of 400 nm, which is the same as the waveguide width).

Briefly describing the fabrication process, the photonic structures are defined with mul-
tiple e-beam lithography (EBL) steps, followed by wet- and dry-etching steps of the InP
membrane. The etching steps are based on acid solution etching and reactive ion etch-
ing via an inductively coupled plasma, respectively. The sloped side-walls of the triangular
waveguides are obtained with wet-etching, where the 112 crystalline planes naturally ter-
minate the etch [270]. The vertical side-walls are realized with dry-etching. The thickness
of the triangular and rectangular sections are 460 nm and 300 nm, respectively. For de-
tails on the fabrication process, we refer the reader to a previous work [193]. The memory
components are applied on top of the waveguides as claddings. To define the area of the
memory bit, an additional overlay exposure EBL step is used. After ensuring a clean opening
on the InP membrane, the multi-layers are deposited using magnetron sputtering, further
explained in [195]. The stack order of the multi-layer is Ta4/Pt2/Co1/Pt2/Co1/Pt2, numbers
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indicating the layer thickness in nm. After the metal deposition, a lift-off step is performed
to remove the excess metal film from the devices.

Characterization of the photonic components, as described in Appendix A.3, revealed
thatthe effective refractive index differencesin rectangular (Anfr. rec.) and triangular waveg-
uide sections (Ane ) are 0.25 and 0.34, respectively; while the angular tilt of the eigen-
modes in the triangular section (see o in Fig. 6.1 (a)) is 21°.

6.2.3 Measurement set-up

Optical transmissions from the stand-alone devices are measured in the set-up de-
picted in Figure 6.2 (b). Since the magneto-photonic devices are designed to yield different
mode-specific outputs for opposing memory states, the set-up is designed to probe the op-
tical transmission while switching the magnetization direction of the memory component.
Therefore, the set-up included a fiber coupled laser source (A = 1550 nm), an optical power
meter and an electromagnet sample holder connected to a current source allowing to apply
perpendicular magnetic fields up to 300 mT in up- and downward directions. The applied
field is used to set the magnetization direction of the cladding, thus its memory state.

Two different measurement procedures are followed. The first one is aimed at hystere-
sis measurements, where a strong field is applied in a certain direction at the beginning to
set the magnetization direction of the cladding. Then, the magnetic field is incrementally
swept towards both directions, and the optical transmission is probed. The second method,
the contrast measurement, is focused on probing the difference in the light transmission
between the remanent up- and down- states. In this method, the magnetization direction
of the cladding (the memory bit) is periodically switched between the up- and downwards
magnetized states by applying fields with equal amplitude but opposite sign. The transmit-
ted lightintensity is recorded after setting of the magnetization direction. Note thatin both
procedures, the transmission is measured after removing the externally applied magnetic
field. Despite this, the magnetization of the thin-film is preserved due to its non-volatility.

6.3 Results and Discussions

As described earlier, the magneto-optical memory reading functionality is achieved
by designing devices that yield different mode-specific transmissions depending on their
cladding’s memory state. In this section, we present the measurements obtained from
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such devices. The model (presented in Sect. 6.2.1) predicted the dependence of the mode-
specific transmission contrast on certain device parameters. We provide evidence that this
isindeed the case and the MOKE for light confined in waveguides can be quantitatively de-
termined using this model. Lastly, we compare the reported experimental findings with the
previously presented optical simulation results (Sect. 6.2.1).

0.10 8
)
2
§0.05
(2}
R
§ 0.00
o
)
2-0.05
®
[
e
-0.10 - ]
30 -20 -10 O .10 _20 30
Magnetic field (mT)

Figure 6.4: Hysteresis behavior observed in the mode-specific transmission as a function
of the applied magnetic field when fully TE-mode input light is used. Plots show differ-
ent magneto-photonic devices (with varying lengths of L., and L;,; ), albeit with the same
magnetic cladding length of 600 nm. Prior to the measurements, the memory state of the
cladding is set by applying —40 mT field. Then, the magnetic field is swept in the direction
and order indicated with the horizontal arrows. The jumps in the relative transmissions (at
approximately + 30 mT), correspond to the switching of the magnetization direction of the
claddings, thus changing of the memory states. The combinations of (L., L;.) length
parameters in um are (7.77, 4.3), (7.77, 1.0) and (5.07, 2.2); for blue, red and black data-sets,
respectively.

Figure 6.4 shows the relative TE-mode transmission (in units of dB) from three different
devices as a function of the applied magnetic field. The signal is normalized with respect to
the transmission of the TE-mode when the cladding is not magnetized. The figure shows
a clear hysteresis behavior. As mentioned in Sect. 6.2.3, the built-in memory components
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(top cladding) of the devices are set to downward magnetized states by applying a magnetic
field of -40 mT prior to the measurements. As indicated with horizontal arrows in the figure,
the applied field is swept in both directions, creating the depicted loops. The changesin the
mode-specific transmission at the coercive fields of approximately + 30 mT, indicate that
the magnetization direction of the built-in memory element is changed. The abruptness
of the changes indicates that the claddings have PMA, thus the preferred magnetization
orientation lays out-of-plane. This was confirmed using polar MOKE measurements ex-situ,
inafree space optics set-up, i.e. with lightincident from above. To ourknowledge, thisis the
first time hysteresis behavior is observed on-chip for such a sub-micron magnetic memory
element. These experimental findings prove that the magneto-optical memory reading in
integrated photonic circuits is possible by using such designs with a reasonable signal-to-
noise ratio (SNR). Additionally, Fig. 6.4 demonstrates that the amplitude and the sign of
the obtained contrast depend on the length parameters (L,..;. and L;,; ) of the device. This
observation is in accordance with the predictions of the model (as can be derived from Eqn.
6.6).

Further evidence to the dependence of the mode-specific contrast on certain device pa-
rameters is provided by Figs. 6.5 and 6.6. Here the contrast refers to the difference in the
mode-specific transmission (AL ) in units of dB. More specifically, it refers to the differ-
ence (between the up- and downwards magnetized cladding) in the output intensity for the
same mode (TE or TM). In the figures, the mode-specific contrasts (Eqn. 6.7) are plotted as
a function of the rectangular and triangular waveguide section lengths (L,,.,. and L;,; ), re-
spectively. The figures depict the experimentally obtained values and the fits to the model
predictions with the separate data-points and the dashed/continuous lines, respectively.
Figure 6.6 shows an asymptotic behavior for the TM-specific mode contrast as the L,,; ap-
proaches to o and 4.5 um. This is a result of the diminishing overall TM-mode transmission
from the devices. When the length of the triangular waveguide (polarization rotator) is L;,;.
=0 wm or Ly = Lpeqr, the TM-mode transmission from the devices almost vanishes and
thus the relative contrast diverges.

Using the experimental evidence of mode contrasts from devices with varying length
parameters, we quantitatively determined the magneto-optical activity in terms of the MOKE
amplitude, as it is often the reported figure-of-merit [271]. The amplitude of the complex
value is calculated as v/ QTX2 + STX2. The resulting amplitudes for a large number of devices
with different parameters are summarized in Fig. 6.7. The standard deviation amongst the
obtained values is indicated with the width of the highlighted region. Results show that
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Figure 6.5: Mode-specific transmission contrasts (Al__) obtained from devices with differ-
ent rectangular waveguide section lengths L,.;.. The mode contrast (Eqn. 6.7) refers to the
difference in dB transmission when the memory state is changed (when the magnetization
direction of the cladding is switched). Devices with the magnetic cladding lengths of 300
nm (half-filled points) and 600 nm (filled points) are reported. All devices have a triangular
section length L;,;, of 1.8 um. While the data-points are the experimentally obtained val-
ues, the lines (dashed or solid) indicate the predictions for a certain MOKE signal (Eqn. 6.7).
L,..;. refers to the distance between the magnetic cladding and the triangular section (see
Fig. 6.1 (a)).

the Kerr amplitude |®., | doubles (within the error margin) upon doubling of the cladding
length L.;,4. (300 to 600 nm). The linear dependence of the mode contrast AITX on Lejaq. is
in accordance with the predictions by FDTD simulations (not shown here). The simulations
predict that the linear relation holds for L., up to the half a beat length in the rectangu-
lar waveguide section Lyeu. recr.. The experimentally obtained MOKE amplitude |®, | of
0.09° +0.02° for L,;4q = 300 nm closely matches with the simulated value of 0.08° +0.02°
based on previously reported [195] values of (magneto-) optical parameters (see Fig. 6.3).
The optical loss was found to scale linearly as well with L.;,4.. In the current configuration,
the experimentally obtained loss per 200 nm cladding length is 0.55 dB for the TE mode.
This finding is comparable to the simulation results of a different waveguide geometry [41].
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Figure 6.6: Mode-specific transmission contrasts (Al ) obtained from devices with differ-
ent triangular waveguide section lengths (L,,; ). The mode contrast refers to the difference
in transmission when the memory state is changed (when the magnetization direction of
the cladding is switched). All devices have a rectangular waveguide section length L, of
5.07 um, and a cladding length L.;,4. of 600 nm. The data-points indicate the experimen-
tally obtained values while the solid lines are the predictions for the fitted MOKE signal (Egn.
6.7).

The same work [41] also discusses the trade-off between loss and signal contrast as a func-
tion of the cladding length.

Regarding the noise in the experimental results, the major source of instability is found
to be the stochastic movement of the optical fibers over the grating couplers (see Fig. 6.2
(a)). In a future application where the core-module is combined with a built-in laser and de-
tector, the noise from the moving parts would be eliminated, allowing the SNR to improve
many orders of magnitude. In order to place such a prospect device on the map with re-
spect to the current technologies, and demonstrate its promises in terms of bandwidth of
data read-out, we assumed an ideally stable configuration and perfect (opto-)electronical
components, where the device is limited by shot noise. Accordingly, to resolve the 1% con-
trast that the current device delivers, we calculated the theoretical limit of the maximum
data rate to be better than 5o Gbits/s (see Appendix A.4). Assuming that the memory is
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implemented in the form of a racetrack memory [199, 272], for which rapidly increasing do-
main wall velocities have been reported [248, 273], the prospect device competes well with
the optical [274] and electrical [275] counterparts that currently offer tens of Gbits/s and few
Gbits/s [258], respectively.
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Figure 6.7: Kerr amplitudes (®,,) determined from devices with varying propagation
lengths in the rectangular waveguide section (L,...). The results from devices with two
different cladding lengths (L;,4.= 300 nm and 600 nm) are shown. Each data-point is the
result of a fitting procedure where 4 devices with varying L,,;, are used. The error bars indi-
cate the accuracy of the fits. The dashed horizontal lines show the average Kerr amplitude,
while the widths of the highlighted regions indicate the standard deviation of the reported
data-points.

6.4 Conclusions

For the first time, we demonstrate magneto-optical reading of a non-volatile magnetic
memory in an integrated photonic device setting. This was achieved via the designed hy-
brid magneto-photonic devices implemented in IMOS. Devices are engineered such that
the guided light yields a difference in the mode-specific optical transmission upon chang-
ing of the memory state up to 1%. With this, the typical hysteresis behavior observed in
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magnetic materials is demonstrated in an on-chip setting. It is highlighted that our pho-
tonic memory material of choice having out-of-plane magnetic orientation offers the ad-
vantages of enhanced MOKE in this polar configuration and higher memory storage densi-
ties. Additionally, the multi-layered ferromagnetic thin-films are well-established for spin-
tronic memory applications and compatible with the PIC-technology.

We developed a mathematical model that describes the transmitted mode intensity in
terms of device parameters, and which assisted the design process and helped to interpret
the experimental observations. Thanks to the model, the quantitative determination of the
MOKE in integrated photonic devices is possible, which enables a quantitative comparison
with the optical simulations. The simulations that utilize the magneto-optical constants
we previously determined [195], successfully reproduce the experimental observations and
provide insights into the MOKE for light confined in waveguides. This is significant, since
it validates the determined magneto-optic activity in ultra thin-films and builds confidence
on the results from simulations.

As atechnological outlook, a theoretical limit of memory read-out bandwidth of tens of
Gbits/s is predicted, based on the current device designs. We discussed that establishing
a photonic memory that can compete with the electronic counterparts has the potential of
drastically improving the data-com and tele-com operations, cutting down on the require-
ments of back-and-forth electronic to optical signal conversions. Such a deviceis envisioned
to directly generate amplitude modulated photonic bit patterns out of the magnetic mem-

ory, avoiding any energy and time consuming high-frequency electronic operations.
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Chapter 7

Outlook

We have shown that it is possible to detect the magnetization direction of the magnetic
cladding, using dedicated integrated photonic devices. Proof-of-principle experiments show
that the built-in magnetic claddings can be utilized as a non-volatile photonic memory. This
section is intended to provide the reader with an outlook, including possible improvements
and areas of applications.

Whatever application one has in mind, increasing the signal-to-noise ratio of devices
is @ must. One of the lessons from experimental efforts is that implementation of a built-
in laser and on-chip detectors in photonic devices can greatly help reducing the noise that
stems from external vibrations. Fortunately, the implementation of built-in lasers and de-
tectors is within the competence of the IMOS platform, and therefore can be implemented
in the future. Additionally, increasing the signal contrast and the magneto-optic activity
in devices is of great importance. Two routes can be taken for such improvements. The
first is for yielding a better contrast when the memory state is switched. To achieve this,
the multi-layered stacks in claddings can be engineered. As concluded in Chapter 4, the
Co/Ptinterface contributes greatly to the overall magneto-optic activity. Properties such
as interface roughness and orientation of the crystalline planes at the interface contribute
to the resulting signal contrast. The second route for improvement focuses on enhancing
the magneto-optic signal. This could be achieved by exploring novel ways such as the use
of plasmonics. Simply put, increasing the mode overlap with the magnetic element, i.e.,
increase the EM field strength inside the magnetic thin film would enhance the resulting
magneto-optic signal. Currently, there are ongoing efforts within the research group using
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plasmonic effects to enhance the polar MOKE [276].

Drawing an outlook for the potential application areas, let us first focus on the optical
memories. Currently, optical memory alternatives are sought after to be used in circuits for
photonic computation, more specifically neuromorphic computing [277]. A great potential
is anticipated for non-volatile, energy efficient optical memory alternatives. Therefore, the
on-chip magneto-optical memory presented in this thesis holds a potential to be used in
such photonic computation hardware. Operations required for a neuromorphic computa-
tion in photonic circuits can be simplified as realizing a series of matrix multiplications [278],
which can be done using interferometers [279]. In such circuitry, we conjecture that the
‘weight constants’ [277] could be defined by the magneto-optic memory elements, applied
directly on the interferometer structures. Apart from the optical memory applications, the
on-chip magneto-optic activity detection presented in this Thesis can be used for sensing
applications. When combined with the Faraday effect, a magnetic field sensor can be ob-
tained that allows for optical readout, suitable for photonicintegration. Furthermore, since
the magneto-optic activity in multi-layered thin films is affected by the changes in material
properties at the nanoscale [195], a dedicated sensor can be designed for probing depth-
sensitive material degradation processes. As this can be done in real-time, sensory data
can be used to shed light to unknown degradation mechanisms. Recalling that plasmonics
can be used to enhance the magneto-optic interaction at desired ‘hot-spots’, this can be of
help when probing certain desired areas, e.g. to conduct depth sensitive measurements.
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Appendix A

Appendices

A.1 Mathematical model for MOKE in multilayered thin-films

For the light's propagation within a layer, a medium propagation matrix (D) is defined.
For the interface between the two layers, a medium boundary matrix (A), which embeds
the boundary conditions, is formed. Via the Jones matrix formalism [176] the multi-layered
stack is described in terms of matrix multiplications of the medium propagation and the
medium boundaries.

A simple 2-media system where A; and A; are the boundary matrices of medium 1 and
2 is shown in Equations A.1 and A.2. The terms ry and r,,,, are the reflectivity coefficients
of s and p-polarized light while 7, and 7, , are the transmissivity correspondents. The terms
ryp and 1, represent the reflectivity coefficients of the s-polarized light that was initially
p-polarized and vice versa.

For s-polarized light:

1 tys
0 t
Ay =A,.| 77, (A1)
rSS 0
Yps 0
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and for p-polarized light:

0 tsp
1 t
A =A.| PP, (A.2)
Tsp 0
Top 0

A3-mediasystemisshowninEquations A.3and A.4 where A, A, and Az are the medium
boundary matrices of the corresponding media and D is the medium propagation matrix at
medium 2.

For s-polarized light:

1 tes
A = Ay, D.AS Ay P, (A3)
rSS
Tps 0
and for p-polarized light:
0 tsp
1 YR Ipp
A] . = AQ.D.AZ .A3 . . (Al|.)
Tsp 0
Top 0

Note that the boundary and the propagation matrices (A and D) are presented in closed-
forms since the detailed matrix forms do not convey insightful information. For detail we
refer the reader to this work [182].

As indicated earlier, while the multi-layered system is still in the thin-film limit of:

2
Tzd’"w’" |« 1,

the relations are linear in thickness d which leads to the additivity law of Kerr effect. This
feature enables the addition of multiple layers, either magnetic or non-magnetic, by replac-
ing the terms Ay.D.A5" with Hg"Am.Bm.A;,l.

Collecting reflection coefficients of ry, ), 75, and r,,; in one matrix is possible through
the following algebraic steps. Collect the terms of propagation and the reflection matrices
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in Equations A.3 and A.4, and assign the result to a multiplication matrix to M as:
-1, = -1
A] AzDAz .A3 =M.

Then, the Equations A.3 and A.4 become:

0 tsp 1 tes
1 _ |t 0 |_ | s
rxp 0 7 Fss 0
Tpp 0 Yps 0

In this case M is an 8x8 matrix that can be splitinto 4 block matrices of 2x2 for compactness.
The block matrices are named as G, I, H and J are presented in the following form:

G H
M= .
I J
Since the s- and p- polarized light are indistinguishable at perpendicular incidence, MOKE
is both defined by =2 and 2. Therefore, we are interested in the 2x2 matrix section whose
Tpp Tss

components are these reflectivity coefficients. This is achieved by the following matrix op-

eration.

Tps  Tpp

(r” r”’) -167". (A.5)

A.2 Aneffective permittivity tensor definition for multi-layered

magnetic materials

Optical simulations require significantly higher computational power when simulating
the MOKE. This load increases further when a finer mesh is required to resolve the thin-film
(12 nm) magnetized cladding. We decreased the computational load in optical simulations
by re-defining a magnetic cladding volume that is larger than the original, albeit with ad-
justed material properties that corresponds to reality (within a confidence interval).
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Figure A.1: Re-defining the multi-layered magnetic cladding (memory material) for saving
computational power during optical simulations. The thickness is increased by a factor of
Qyiturion While the length and width are kept the same. Material properties of refractive in-
dices (n) and magneto-optic Voigt constants (Q) are re-defined for the new volume, to ef-
fectively yield the same macroscopic results.

As shown by the left-mostimage in Fig. A.1, the multi-layered thin-film cladding is used
with a stack order of Tas/Pt2/Coa/Pt2/Co1/Pt2 (numbers in nm) in this work. We re-defined
the material properties of the refractive index and the magneto-optic Voigt constant (Q)
such that it will account for an effective layer as shown in the middle part of Fig. A.1. Let us
describe the processes that are numbered as ‘1’ and ‘2’ by the arrows in Fig. A.1. In the ar-
row number 1, we calculated an average refractive index (124yerq0.) and an average magneto-
optic constant (Qauyerqge) that accounts for the whole volume of the cladding. These are
weighted averages of the contributing layers as indicated with the multiplication by the
thickness (z,).

2 2 2
—1)tp + - — 1Dtc, + —1)t
Maverage = \/(npz )tp + (ne, )tco + (n7a )7a 1 (A.6)

Lotal

The average magneto-optic constant is calculated by assuming the total volume is mag-
netic. The solution is found by using mathematical model of the MOKE in multi-layers de-
scribedin Sect. 3.2.1. Inthe second step of arrow number 2 in Fig. A.1), weincreased the vol-
ume of the cladding and the determined material properties of the new volume. We name
this procedure dilution since the material properties are averaged-out by the surrounding
lower refractive index medium. The dilution factor 0;;,si0n is defined as

Qdilution = tnewvolume/toldvolume ’ (A-7)
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Then, the diluted refractive index and magneto-optic constant are calculated as

2 1 Qavemge n
navemge B Odilution average
Nditued = \| —g——*+ 1, Quitwea = — ———5— . (A.8)
tution Ndiluted

In order to depict to what extend the diluted medium approximation corresponds to the
original behavior, we utilized an analytical model. Fig. A.2 demonstrates the confidence
interval of the mentioned dilution method. For a dilution factor of 2, the vertical axis shows
the expected Kerr rotation while the horizontal axis shows the thickness of the modelled
film with respect to the wavelength of the probing light (1). As used in this work, a total
film thickness of 12 nm and probing light wavelength of 1550 nm corresponds to the vertical
dashed line at Film thickness / A of = 0.008. The model predicts that when the original
volume of the magnetic cladding is increased and the refractive index and the magneto-
optic constant are ‘diluted’, a 10 % larger Kerr rotation is estimated. Despite the inexact
results the dilution would yield, we concluded that this is a negligible difference considering
the benefit of shorter and less power-consuming simulations. Dilution factors of 2 to 4 are
utilized.
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Figure A.2: The schematic shows the modelled behavior of the resulting Kerr rotation for
single incidence onto the magnetic cladding surface. An original cladding thickness of 12
nm is used which corresponds to 24 nm thick film when diluted to double its volume. Hori-
zontal axis shows a range of values for Film thickness / A. For the claddings and the wave-
length of light utilized in this work, this corresponds to the vertical dashed line of ~ 0.008.

A.3 Appendix: Characterization of the photonic components

Characterization of the light transmission of the photonic devices has been performed
during the fabrication process, more specifically after the fabrication of the photonic struc-
ture and before the placement of the magnetic claddings.

The mathematical model predicts that the triangular waveguide section provides a par-
tial mode conversion where the electric fields of TE or TM modes are expressed as

E E..
( TEo): R(—a)’Pm.-R(a)-< TE’)- (A.9)
ETMO ETM,'
The mode intensities are
2 . 2. (T 2
|ETM0 | = SIH(Z(X) Sln(zAntri. Ltri.) )

(A.10)
2 2
IETE()l =1_|ETM0| 3
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Figure A.3: (@) Modelled mode conversion as a function of triangular cross-section waveg-
vide length showing the case for different values of o. Note that the beating length L.
is indicated by A. (b) FDTD simulation and experimental evidence showing mode conver-
sion as a function of triangular cross-sectioned waveguide length. Error bars are defined by
measuring 3 sets of identical devices. Both graphs assume TE mode input.

where An,,; is the difference between the TE and TM modes effective refractive indices.
The mode-specific normalized light intensities from these devices without the magnetic
claddings are shown in Figs. A.3 (a) and (b). Fig. A.3 (a) depicts the mathematical model
predictions while (b) shows the experimental evidence combined with the FDTD simula-
tions. By using Eqn. A.10 to interpret the data in Fig. A.3 (b), we found An,,; = 0.34 and
a = 21.02°. Note that the experimental observation of the mode beating behavior in the
rectangular section is used for the determination of An,.;. = 0.25, which is slightly different
than the (FDTD) simulated value (0.19). This is expected to be due to the side-wall rough-
ness that is ignored during the simulations.

A.4 Appendix: Theoretical bandwidth limit of the memory

read-out

For a magneto-photonic device using the design presented in this work as a core-module,
we calculated the theoretical memory reading bandwidth. We assumed that the device is
limited by the shot-noise to calculate the theoretical SNR. Note that shot-noise scenario

assumes that there is no loss, meaning all the input power is received back as signal. Using
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such an estimation we determined if the proposed memory read-out device is competitive
with alternative optical and electrical memory devices. The experimentally obtained Kerr
rotation 6., and phase £, when L.,; = 600 nm, we calculated the E-field amplitudes at
the output of the device. The SNR in this case is given by

Pyt ATy,

SNR = _—
Eph TaverageTxo

) (A.11)

where P, is the input power, E,, is the photon energy at a wavelength of 1550 nm and
t is the duration in which the laser is on. Assuming an SNR of 6 would suffice to resolve
the signal from the noise; a laser input power of 5 mW revealed the duration ¢ that is re-
quired for the measurement to succeed. This time restriction indicates a read-out speed of
about 60 Gbits/s. We emphasize that this value is based on our present experimental re-
sults and assumes the loss is zero. Further efforts to increase the MO contrast by optimizing
the magnetic cladding composition and possible improvements in the photonic design can
yield higher theoretical speeds. Such engineering is expected to further boost the MO con-
trast and, consequently, the theoretically achievable data rates.
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Summary

Detecting the magnetization direction of a medium by probing its interaction with light is at
the base of this Thesis. Such a task holds great technological potential when the lightis con-
fined in a material. The research conducted during this project is performed at the fruitful
interface of the two fields: nano-magnetism and integrated photonics. The project aims to
provide a novel functionality to integrated photonic devices, namely a magneto-photonic
device with functionality of all-optical reading of non-volatile magnetic memories. A huge
potential is anticipated when using all-optical operations in applications where a frequent
non-volatile memory retrieval is required, cutting down on intermediate electronics steps,
savingtime and energy. Findings shown in this Thesis pave the way towards integrated pho-
tonic devices for energy efficient data communication between the traditional non-volatile
memory components and the optical communication channels.

The integrated magneto-photonic devices demonstrated in this Thesis are composed of
photonic waveguides and built-in ferro-magnetic memories that are applied as top-claddings
to certain regions of the waveguides. Polar Magneto-Optic Kerr Effect (MOKE) which oc-
curs upon interaction of guided light and perpendicularly magnetized cladding is used to
determine the magnetization direction, thus determine the memory state. For light con-
fined in waveguides, polar MOKE manifests itself as a partial mode conversion between
transverse-electric (TE) and transverse-magnetic (TM) modes, albeit with intrinsically small
amplitudes. Inthis Thesis, the challenge of transforming this small effect into a useful signal
is successfully demonstrated, providing the proof-of-principle for integrated optical mag-
netic memory reading. Additionally, multi-layered thin-film magnetic memory materials
are studied to map the magneto-optical properties of the interface and bulk regions.

In Chapter 1, the concepts relevant to this project are introduced including the integrated
photonics, spintronics and magneto-optics. Chapter 2 describes the state-of-the-artin spin-
tronic memories and integrated photonics with a special focus on optical memories. An
overview is presented after introducing the memory hierarchy in computers, placing the
work into context.

In Chapter 3, the methodology of this work is presented, detailing experimental, analytical
and fabrication aspects. Additionally, the design toolbox used for integrated photonics is
introduced. In terms of sample fabrication, Indium phosphide Membrane On Silicon (IMOS)
platform for integrated photonics and the magnetron sputtering for thin-film cladding re-
alization are described. Lastly, the integrated optical set-up that is used to characterize the
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magneto-photonic devices is introduced.

Chapter 4 is dedicated to the investigation of magneto-optical properties of the memory
materials utilized in this work. These materials are multilayered thin-films made of Cobalt
(Co) layers sandwiched between Platinum (Pt) layers and demonstrate perpendicular mag-
netic anisotropy (PMA). Studying sample sets with continuous thickness variations, enhance-
ment of the magneto-optic activity at the Co/Pt interface is detected. Interpreting the
experimental evidence using mathematical models, the bulk and interface magneto-optic
Voigt constants are determined. At later stages of the project, these findings are then used
as input for more complex optical simulations of the designed magneto-photonic devices
using Finite Difference Time Domain (FDTD) method. Additionally, benefiting from the in-
sights gained in this chapter, memory materials with higher magneto-optic efficiency are
obtained while maintaining the PMA.

Chapter 5 presents the design and modelling of a magneto-photonic device that delivers
non-volatile photonic memory functionality. The device is an unbalanced Mach-Zender in-
terferometer and is designed to be sensitive to the changes in the light's polarization state.
One arm of the interferometer carries the memory component (as cladding) while the other
accommodates a delay line (additional waveguide length) and a polarization converter sec-
tion. Thanks to its design, the device detects the intrinsically small MOKE, which occur af-
ter the light's interaction with the memory component, thus memory reading is realized. A
high sensitivity in devices is ensured using a phase-sensitive Fourier transformation tech-
nique. Interference fringes that occur in the transmitted light intensity as a function of
light's wavelength are interpreted in terms of their frequency and phase. When locked at a
certain frequency, the phase of interference fringes yields information regarding the mag-
netization direction in claddings, thus enables reading of the photonic memory.

Chapter 6 presents the design, fabrication and experimental demonstration of a magneto-
photonic device that delivers non-volatile photonic memory functionality. The design is
based on an asymmetric cross-section waveguide (as polarization converter) connected to a
thin-film (magnetic) cladded waveguide and delivers phase engineering. Both components
manipulate the phase of light, albeit due to the MOKE, the latter does it in a non-reciprocal
manner with respect to the magnetization direction of the memory component. As a re-
sult, the device encodes the memory information and yields different mode-specific trans-
missions depending on the memory state. Transmitted light versus applied magnetic field
obtained from the devices show a typical hysteresis behavior of a ferromagnet. The result-
ing squared hysteresis loops provide direct evidence for magneto-optical memory reading,
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which to our knowledge observed for the first time using an integrated photonic device and
PMA memory components. We conjecture that when racetrack memory is implemented,
the current 1% transmitted power contrast leads to the theoretical bandwidth of 50 Gbits/s
memory read-out speed in a shot noise limited scenario. The last part of the chapter is ded-
icated to scientific and technological outlook of the presented work, stressing potential ap-
plication areas.

148



