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Résumé

Les isolateurs optiques intégrés sont des composants non-réciproques, autorisant la propagation de la lumière dans une seule direction. Ils sont essentiels pour l'intégration de circuits photoniques (PIC) complexes: un isolateur protège en effet un laser d'éventuels signaux réfléchis qui peuvent le déstabiliser. L'isolateur intégré devra pour cela présenter un fort taux d'isolation et de faibles pertes d'insertion.

Plus généralement, la transmission non-réciproque (NR) dans un système optique pourrait considérablement enrichir les architectures possibles des PIC en permettant l'insertion des fonctions isolateur ou circulateur. Ces deux composants peuvent y jouer de nombreux rôles, mais leur réalisation est un véritable défi du fait de la nature réciproque de la plupart des matériaux habituellement utilisés.

La conception de guides d'onde avec la fonctionnalité NR requiert la brisure simultanée de leurs symétries spatiale et temporelle. L'aimantation dans les matériaux magnéto-optiques (MO) permet de briser la symétrie temporelle des structures et rend ces matériaux intéressants pour les composants nonréciproques. Les oxydes de grenat comme le Bi3Fe5O12 font partie de cette classe de matériau. Parmi les effets magnéto-optiques possibles, le TMOKE (Effet Magneto-Optique Transverse) se prête bien à l'optique intégrée car il ne modifie pas la polarisation de la lumière. La miniaturisation des composants et l'amélioration de leur performance requièrent une exaltation des effets MO, qui peut être obtenue en insérant des structures plasmoniques qui concentrent le champ électromagnétique à l'échelle nanométrique grâce aux plasmons polaritons de surface (SPPs).

Dans le but de proposer un isolateur intégré, deux différentes géométries d'isolateur magnétoplasmoniques ont été étudiées en détail dans cette thèse. Le premier, présenté dans le chapitre 3, est inspiré d'un système d'optique libre composé d'un réseau d'or déposé sur un substrat de grenat MO et qui a montré une exaltation de l'effet TMOKE. La version guidée comprend un guide MO couplé à un réseau d'or nanostructuré adjacent. Cette configuration permet au mode fondamental du guide MO d'exciter un SPP à l'interface métal-diélectrique, qui à son tour excite les modes des fentes du réseau. En ajustant ses paramètres géométriques, ce composant résonant peut conduire à une isolation jusqu'à 20dB à la longueur d'onde souhaitée.

Présenté dans le chapitre 4 du manuscrit, le second composant, non-résonant, est basé sur les propriétés uniques des guides à fente MO. Son principe repose sur l'asymétrie du mode du guide à fente lorsque celui-ci comprend un matériau MO inséré entre deux couches métalliques. Le mode fondamental quasi-TE du guide à fente résulte du couplage entre deux SPPs qui existent simultanément à chaque interface métal-diélectrique du guide. L'aimantation est telle que la configuration MO est celle du TMOKE, qui modifie directement le profil du mode magnétoplasmonique. En introduisant des absorbeurs optiques d'un seul côté du guide à fente, la lumière n'est plus transmise dans une des directions. Cet isolateur présente des valeurs de taux d'isolation jusqu'à 20 dB, sur une large bande spectrale. La géométrie du composant peut être également optimisée pour obtenir des forts taux d'isolation même avec un matériau MO de faible gyrotropie.

L'isolateur devra être intégré avec un laser pour évaluer pleinement son potentiel. Plusieurs conceptions d'interfaçage efficace avec un guide monomode standard jusqu'à l'isolateur sont proposées dans le chapitre 5 du manuscrit. Des résultats numériques préliminaires montrent que l'intégration d'un laser et de l'isolateur pourra être réalisée à court terme. Cette démonstration devrait ouvrir de nouvelles opportunités pour les circuits photoniques intégrés, de grand intérêt pour les communications optiques, les capteurs, la photonique RF.

Abstract

Integrated optical isolators are nonreciprocal components that allow light to pass in one direction only. This makes them crucial in the assembly of complex optical circuits and useful in conjunction with lasers where the reflected signal should be prevented from coupling back to the laser cavity, where it might destabilize the device. For this purpose, an optical isolator with high isolation ratio and low insertion losses is desired. More generally, non-reciprocal (NR) transmission in optical systems could considerably enrich possible architectures of Photonic Integrated Circuits (PICs) by enabling isolator or circulator functions to be exploited. Both devices have many uses in PICs, but are challenging to implement, due to the reciprocal nature of most semiconductor and dielectric materials. The design of guided structures with NR functionality requires simultaneous spatial and time-reversal symmetry breakings. For magneto-optical (MO) materials, the presence of a static magnetic field inducing magnetization breaks time reversal symmetry, making them well suited for non-reciprocal components. Such materials can be garnet-type oxides like Bi3Fe5O12. Among different magneto-optical effects, TMOKE (Transverse Magneto-optical Kerr Effect) is particularly suitable since it does not induce light polarization modification. Miniaturization of devices and improvement of performance require a strong enhancement of MO effects, which can be obtained by incorporating plasmonic structures which concentrate the electromagnetic energy at nanoscale thanks to surface plasmon polaritons (SPPs).

In the quest for on-chip optical isolators, two different magnetoplasmonic isolator geometries are studied thoroughly in this thesis. The first one, presented in Chapter 3, is inspired from a free space system which displayed enhancement of the TMOKE effect due interaction with a gold grating placed on top of a MO garnet layer. The guided version consists of a MO waveguide side coupled to a nanostructured gold grating. This arrangement permits the fundamental mode in the MO waveguide to excite the SPPs at the metal-dielectric interface which in turn excite modes inside the slits. Nonreciprocal behavior is enhanced thanks to the coupling between these different modes. This resonant device can be tuned with the geometrical parameters to achieve up to 20 dB isolation at the desired wavelength of operation.

Presented in Chapter 4 of the thesis, the second device is non-resonant and exploits the unique properties of magnetoplasmonic slot waveguides. Its principle is based on the fundamental plasmonic waveguide mode which loses its symmetry by the use of a magnetized MO material, sandwiched between metal layers. The fundamental guided quasi-TE mode in the slot waveguide results from the coupling of two SPP modes which can exist simultaneously at each metal-dielectric interface. The configuration in which the trilayer is placed with respect to the magnetization is the TMOKE which directly affects the mode profile of the magnetoplasmonic mode. By introducing optical absorbers only on one side of the slot waveguide, light is no more transmitted in one of the directions. This isolator promises high values of isolation ratio, up to 20 dB, with respectable performance over a large wavelength range. Device geometry can be optimized further in order to exhibit isolation even for low gyrotropy cases.

Finally, the isolator should be paired with a laser to realize its true potential. Several designs for efficient interfacing with a standard single mode waveguide are proposed. The different steps of coupling of a fundamental waveguide mode to the proposed isolator are discussed in Chapter 5 of this thesis. Preliminary numerical results show that the magnetoplasmonic isolator integration could be realized in the near future. Such a demonstration would open up new opportunities in PICs, and would be of great interest in optical communications, sensing, RF photonics.
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Introduction

Photonics can be defined as an engineering discipline concerning generation, control, propagation and interaction of light with matter for useful applications. Light, the main subject of photonics, is electromagnetic (EM) radiation of frequencies extending from the vacuum ultraviolet (UV) to the far infrared (IR), can be characterized by its wave nature which is essential to study its propagation in photonic devices.

Since the early 1960s and with the development of the laser [1], which provided a stable source of coherent light, the transmission and processing of signals carried by optical beams became favourable rather than by electrical currents or radio waves. Laser beams can be manipulated for signal processing, but that requires optical components such as prisms, lenses, mirrors, electro-optic modulators and detectors. Placed together, all this equipment would typically occupy a laboratory bench suspended on a vibration-proof mount, thus making it tolerable for laboratory experiments but not very useful in practical applications. From here the concept of integrated photonics emerged and was first introduced by Stewart Miller of Bell Labs [2], who suggested that light generation and manipulation that are used in bulk optics can be shrunken down to the microscale by using complex patterns of optical wave circuits fabricated on a single substrate [3], combining them through small optical transmission lines called waveguides in order to create integrated optical circuits similar to those in conventional electronics. The optical elements present in integrated photonic devices should include basic components like beam splitters, gratings, couplers, polarizers, interferometers, switches, sources and detectors, etc. In turn, these can then be used as building blocks to fabricate more complex planar devices which can perform a wide range of functions with applications in optical communication systems, instrumentation and sensors. When compared to electrical integrated circuits, the photonic integrated circuits (PICs) have a number of advantages. Since the carrier medium is a lightwave rather than an electrical current then the PIC inherently has large characteristic bandwidth. PICs compared to hand-wired discrete component circuits have the advantage of being smaller in size, lower in weight and have less power requirements, as well as improved reliability and batch fabrication economy. In addition, traditional optical systems suffer from optical alignment and vibration sensitivity problems which are conveniently controlled in PICs.

Enumeration of the many advantages of optical fiber interconnections suggests that they will substantially augment and very well replace wires and cables for most signal transmission. At present, integrated optics is still a rapidly developing field, and new applications are certain to emerge as the technology improves.

Advantage of optical fibers over other types of interconnectors

In modern electronic systems, the standard means of interconnecting electrical subsystems has been either the metallic wire or the radio link through the air. The performance of these wires can deteriorate in the presence of severe electromagnetic interference (EMI) caused by stray fields from adjacent wires or radio waves in the surrounding environment. To begin with, optical fibers which are mainly made up of glasses and plastics are abundant and less costly than copper making them cheaper to produce.

Fibers have a diameter hundreds of times smaller than that of a coaxial cable, thus resulting in less volume and weight. Moreover, the optical fiber waveguide is immune to most forms of EMI because each wave-guiding core of the fibers is surrounded by a relatively thick cladding, through which the fields of the guided optical wave cannot penetrate. Finally, optical fibers provide more immunity from tapping or monitoring than do wires or radio links thus making them suitable for high-security applications.

Photonic Integrated Circuits (PICs) 1.2.1 Introduction

Over the years, electronic circuits have acquired the ability to construct different devices by incorporating high number of transistors onto a single CMOS chip. PICs are considered as the analogous optical components to electronic integrated circuits, which offer the possibility of replacing bulk electro-optical components, also reduce size, weight, power and cost limitations. These characteristics have made PICs favourable for applications in telecommunications, disposable high-resolution biosensors, optical storage, displays, and sensing for navigation/positioning purposes. Existing mature CMOS fabrication technologies which can provide reliable, high-volume manufacturing techniques with exceptionally high levels of precision and deliver improvements in both size and cost [4], can be used to develop the fabrication of PICs. Ongoing research and development efforts continue to investigate a range of materials platforms for the development of PICs like silicon and indium phosphide [5].

Advantage of photonic integrated circuits over electrical integrated circuits

Conventional integrated circuits work by allowing electrons to flow easily through the circuit. Along the way, electrons slow down due to the interaction with other electrons as well as other, limiting the amount of information that can be transmitted causing energy loss, and generate heat possibly resulting in the irreversible damage of the electrical components. On the other hand, in PICs photons move at the speed of light through the transmitting medium with almost no interference from other photons. This greatly increases the bandwidth and speed of the circuit while drastically reducing the amount of energy loss, making PICs more power efficient.

Photonic integrated circuit building block components

Integrated photonics circuits consist of numerous optical components incorporated on a single chip. A variety of different optical building block structures are used in integrated optics such as waveguides, MMIs, couplers, lasers, modulators, receivers, amplifiers, isolators, circulators, resonators, …. Among them:

• Waveguides: are the simplest available structures for guiding light and interconnecting different elements on an optical chip. Their role is to guide light through the process of total internal reflection inside the waveguide. Many forms of channel waveguide geometries have been developed to optimize different parameters; the most common structures are the buried channel, strip, and rib waveguides [6].

It must be noted that the selection of a waveguide structure will be dependent on the advantages offered with respect to the corresponding application of interest.

• Multimode Interference (MMI) couplers: can serve as power splitters and combiners in integrated photonics circuits. MMI couplers have a discrete number of input and output monomode waveguides, which are connected by a wide multimode waveguide. These structures are able to provide routing and coupling across wide bandwidths and are largely polarization sensitive; this makes them one of the best options as splitting components in integrated photonics devices [7].

• Input/Output grating couplers: were invented in the 1970's as a method of coupling free space laser light into glass films [8]. The grating coupler is essentially a Bragg grating optimized to diffract light from a free space source into a dielectric waveguide and vice versa.

Optical isolators 1.3.1 Need for optical isolators

In laboratories and more precisely in minute optical systems, backward reflections and scattering of light often cause serious problems in the light source. A feedback to a laser usually has a large impact and can result in significant effect on the laser characteristics, like changing the laser frequency, increasing the noise, creating fluctuations in the laser intensity, placing the laser to a different mode of operation and causing laser instability, sometimes it could lead to severe problems, so much that it renders the entire system useless. To avoid such problems optical isolators/circulators are a requirement in optical systems. Preferably these components could be integrated with lasers in PICs to avoid the negative feedback.

Definition of optical isolators

An optical isolator is a nonreciprocal optical component which can be distinguished from other devices by its unique ability to break the reciprocity of light. This component allows the transmission of light in one direction (forward) but blocks it in the reverse direction (backward). As stated before, isolators are useful in conjunction with lasers to block undesired reflections from entering the laser cavity. The key specifications of an optical isolator are the insertion loss, the backward reflections, and the isolation ratio of the device. In this thesis, for evaluating the performance of optical isolators we propose the following quantities. Where 𝑇 21 and 𝑇 12 are the power transmission respectively in forward and backward directions, from which, IR the isolation ratio, IL the insertion losses, and FoM the figure of merit can be calculated. In the rest of the thesis the terms 𝑇 𝑓 and 𝑇 𝑏 will be used to represent 𝑇 21 and 𝑇 12 , respectively. Another thing that should be noted that we always consider the transmission in the forward direction to be the one with the lower insertion losses. The insertion losses are determined by the transmission of an optical signal propagating in the forward direction through the optical isolator. The figure of merit compares the isolation ratio and the insertion losses, and finally equals the relative difference between forward and backward transmission. These parameters all together define the overall performance and efficiency of the isolator. For a good isolator, it is desired that the value of the insertion losses be as low as possible while the isolation ratio be as high as possible [9].

Requirements for an optical isolator

Mathematically, optical isolators and circulators are devices that break Lorentz reciprocity. Lorentz reciprocity does not hold up in cases in which the medium of interest has an asymmetric or nonlinear permittivity tensor or has time dependence. This can be depicted as a device with asymmetric scattering matrix.

( Where 𝑅 11 and 𝑅 22 are the reflection coefficients, 𝑇 12 and 𝑇 21 are the transmission coefficients as depicted in Figure 1.2. For an ultimate isolator performance, both reflection coefficients as well as the transmission coefficient in the backward direction should be equal to zero, whereas the transmission coefficient in the forward direction should be one, indicating full transmission of the incident wave 𝑃 𝑓 𝑖 .

To achieve the described asymmetry scattering matrix input coefficients, Lorentz reciprocity must be broken. This can be effectively done in three different ways: i) spatiotemporal modulation of the refractive index; ii) exploiting nonlinear effects and iii) using magneto-optical (MO) materials.

In the spatiotemporal modulation case, the nonreciprocity of the device is induced by modulating the refractive index of the waveguide, usually with a microwave [10] or acoustic signal [11]. For a given propagation direction, the modulating signal is used to couple the incident light with different modes or frequencies supported by the waveguide that can then be filtered or radiated out of the device [12]. This modulating signal has no effect on counter-propagating light, as the phase relation between the light and modulating signal is different. Integrated optical isolators have been demonstrated exploiting the electro-optic effects in a travelling wave III-V modulator [13] as well as a tandem phase modulator [14]. Similar isolators were achieved in silicon [15]. No additional materials are needed, making STM based isolators are very attractive for integration with lasers. However, the operation of the isolators often requires complex, high-speed drive circuits that can consume large amounts of power. Furthermore, they also suffer from small optical bandwidth, and the results to date have not achieved large isolation.

In the second approach, a nonlinear effect is tailored to achieve nonreciprocal behavior. Nonlinear effects suitable for isolation are Raman amplification [16], stimulated Brillouin scattering [17], and parametric amplification [18] among others. Like STM based isolators, the nonlinear isolators do not require materials outside of those commonly found in CMOS or III-V based foundries. However, a drawback of using nonlinear effects is the inherent dependence between optical isolation of the device and the optical power of the incident light. This is undesirable as the feedback to the laser should be minimized regardless of the output power. Furthermore, they also suffer from small isolation bandwidths since they generally rely on phase matching, meaning isolation is only performed at a specific wavelength.

This leads to the focus of this work, which aims to the development of optical isolators based on MO materials. Such materials inherently have an asymmetric dielectric tensor when under the influence of a magnetic field, which breaks Lorentz reciprocity and they are widely used in commercial applications today. However, the use of isolators and circulators in PICs continues to elude researchers, as they face difficulties in integration and limitations in performance over a broad spectral range. This is the basic problem that the work in this thesis aims to solve.

Summary

compromise in the transmitted power inside the system of interest. The availability of an isolator structure operating in guided optics should ease design constraints and increase the degree of integration of a photonic circuit. Over the years, various ways of achieving isolation have been proposed from researchers all around the world, each one with their unique way introduces a novelty and an addition to the field of non-reciprocal optics. In this thesis we aim to describe two different isolator geometries: a resonant Bragg isolator and a broadband MDM isolator, both of these rely on the plasmonics field to enhance MO non-reciprocal effects.

Thesis organization

This thesis is divided into six chapter.

Chapter 1 has provided a general introduction into integrated optics and photonic integrated circuits, listing their advantages over conventional electrical components and circuits. An introduction to the main aim of this thesis is presented and the goal of developing efficient optical isolators and the various methods of achieving optical nonreciprocity are discussed.

Chapter 2 will cover the scientific explanation of all the phenomena and principles which result from using magneto-optical materials to break Lorentz reciprocity. For each method explained, different isolator geometries proposed by different researchers are briefly described. The new isolator structures are presented in a quick manner which will be explained further in Chapters 3 and 4, respectively. Finally, a general explanation is given about the different computational tools utilized, as well as a description about the simulation methods used in the rest of this thesis.

Chapter 3 covers the design and simulation of a Bragg isolator based on the coupling between a strip MO waveguide and an adjacent noble metal grating. This chapter discusses the fact that similar to microring resonators, the Bragg grating dimensions can be tuned to offer horizontal or vertical Fabry-Perot resonant modes inside the slits. These resonances could in turn couple with a hybrid waveguide plasmonic mode to enhance the TMOKE effect produced at the interface of the magnetooptic waveguide and the plasmonic grating. At the end, the performance of this isolator is evaluated with respect to former designs and perspectives are drawn.

Chapter 4 includes a theoretical section describing in detail the fundamental mode hosted by a magnetoplasmonic waveguide. This chapter discusses mainly the confinement of the fundamental longrange surface plasmon mode and its modal field distribution in horizontally oriented slot waveguides. After these steps, the designs of different isolator interfaces are presented and assessed with respect to different magnetooptic material dielectric constants and gyrotropy levels. Finally, the performance of this isolator is evaluated with respect to former designs and perspectives are drawn.

Chapter 5 covers the efforts of designing an integrated isolator by coupling the magnetoplasmonic slot waveguide to a monomode silicon strip waveguide. The studies are based on mode matching and gradual effective refractive index change to increase coupling between different components and decrease back reflections and insertion losses.

Chapter 6 provides a conclusion regarding the main issues of non-reciprocal optical components studied in this thesis, as well as challenges that remain to be solved. A future outlook for integrated optical isolators is proposed. The interaction between light and matter in the presence of an external magnetic field is at the core of the magnetooptics (MO) field. The presence of magnetic field as an external agent and its influence on the subjected MO material can lead to optical anisotropy. Some of MO materials, such as ferromagnetic materials, have a permanent magnetization which provide MO properties even in absence of external magnetic field. Almost all magnetooptical phenomena are a direct consequence of the splitting of system energy levels in a magnetic field. This splitting is known as the Zeeman Effect.

Optical properties of any kind of material can be described by means of a dielectric tensor. In case of non-remanent MO material, this tensor is a diagonal one in absence of magnetic field. When a magnetic field is applied, this dielectric tensor becomes asymmetric with a pair of additional non diagonal elements which correspond to the specific configuration (orientation of the structure and the direction of external magnetization).

The general dielectric tensor can be represented in the form [1].

𝜀 𝑑 = ( 𝜀 𝑥𝑥 𝜀 𝑥𝑦 𝜀 𝑥𝑧 𝜀 𝑦𝑥 𝜀 𝑦𝑦 𝜀 𝑦𝑧 𝜀 𝑧𝑥 𝜀 𝑧𝑦 𝜀 𝑧𝑧 ) (2.1)
In non-remanent MO material like garnet oxides, at least one pair of the non-diagonal elements become nonzero, depending on the orientation of the material magnetization, . Usually denoted as MO constants, each pair of these non-diagonal elements are equal and opposite in magnitude (𝜀 𝑥𝑦 = -𝜀 𝑦𝑥 , 𝜀 𝑥𝑧 = -𝜀 𝑧𝑥 , 𝜀 𝑦𝑧 = -𝜀 𝑧𝑦 ) and their magnitude highly depends on the material used. In absence of magnetic field, this tensor could be written as a diagonal one where the three elements are equal to each other (𝜀 𝑥𝑥 = 𝜀 𝑦𝑦 = 𝜀 𝑧𝑧 ).

The off-diagonal element is given by:

𝜀 𝑦𝑥 = 𝑖 • 𝑔 = 𝑖 • 𝑛 𝑀𝑂 𝜆 • 𝜃 𝐹 𝜋 ⁄ (2.2)
Where 𝑔 is the MO gyrotropic parameter and its sign only changes if the magnetization is reversed. 𝜀 𝑑 = 𝑛 𝑀𝑂 2 is the dielectric constant of the MO material, 𝜆 is the wavelength of operation in vacuum (in µm) and 𝜃 𝐹 is the associated Faraday rotation coefficient in 𝑟𝑎𝑑 𝜇𝑚 ⁄ .

The two main phenomena interesting for applicational purposes can be distinguished and classified according to the relative orientation of the wave vector of the light emission 𝑘 ⃗ and the applied external magnetic field 𝐻 ⃗ ⃗ . These two geometries are: Faraday and Voigt geometry, in the first case the light travels along the field direction (𝑘 ⃗ parallel to 𝐻 ⃗ ⃗ ); whereas in the second one the light travels perpendicularly to the field direction (at least one component of 𝑘 ⃗ perpendicular to 𝐻 ⃗ ⃗ ).

The Faraday Effect

In 1845 Michael Faraday discovered that when a block of glass is subjected to a magnetic field it becomes optically active. The Faraday effect was the first experimental evidence that established a link between light and magnetism. It is a MO phenomenon that causes a rotation of the plane of polarization which is linearly proportional to the component of the magnetic field in the same direction as the path of the light (parallel or antiparallel) [2].

Physical interpretation of the observed phenomena is described as follows. The application of a magnetic field to the transparent dielectric causes it to exhibit circular birefringence. In these materials, linear light rays have the additional property of being circularly polarized with opposite rotations and can be represented as a superposition of the right-hand and the left-hand circularly polarized waves, each characterized with different refractive indices. Thus, they propagate with different velocities through the medium. The two rays combine at the end, yielding a ray that is offset in polarization from the incident ray. This dependence on propagation direction is also the origin of nonreciprocity. The discussed phenomenon of Faraday rotation is shown in the Figure 2.1 below: The angle of rotation of the plane of polarization, theta 𝜃 (in radians; 𝑟𝑎𝑑), is proportional to the magnitude of the magnetic flux density 𝐵 (in teslas; 𝑇) and the distance 𝐿 (in meters; 𝑚) travelled by light in a medium along the direction of the field. The sign of the angle theta depends on the sign of 𝐵.

𝜃 = 𝑉 • 𝐵 • 𝐿 (2.
3)

The Verdet constant 𝑉, is defined as the rotation per unit path, per unit field strength (in 𝑟𝑎𝑑 𝑇 • 𝑚 ⁄ and depends upon the properties of the medium, the temperature and the frequency of light [3]. The Faraday effect has applications in measurement instrumentation like measuring optical rotatory power and for remote sensing of magnetic fields (such as fiber optic current sensors). The Faraday effect is also used in spintronics research to study the polarization of electron spins in semiconductors. But the most common use of Faraday rotation in optics is in amplitude modulation of light, making it the basis of optical isolators and optical circulators.

2.1.1.1.a Polarization dependent Faraday isolator

The main constitute of the polarization dependent isolator is the 45 ° Faraday rotator placed between two linear polarizers, the input polarizer is oriented at 0 ° and the output polarizer (analyzer) is placed at 45 ° as shown in Figure 2.2a. The Faraday rotator which is made up of a MO material and placed under an external static magnetic field should have a high Verdet constant, low absorption coefficient, low non-linear refractive index and high damage threshold. In the forward direction, input light will become polarized vertically as it passes through the first polarizer. The Faraday rotator will rotate the plane of polarization of the electromagnetic wave by 45 ° and finally the analyzer enables the light to be transmitted completely through the isolator. In the opposite direction, or during backward propagation, at first light becomes polarized at 45 ° by the analyzer. Another 45 ° rotation is imposed on the light by the Faraday rotator, this means the light is polarized horizontally. Since the polarizer is vertically aligned, the light will be extinguished.

These type of isolators typically find application in free space optical systems. This is because the polarization of the source is typically maintained by the system itself. Whereas in most fiber-optic applications, polarization independent isolators are used since polarization is easily scrambled in single mode fiber.

2.1.1.1.b Polarization independent Faraday isolator

A polarization independent Faraday isolator is a device which works for arbitrary polarization of the input beam and requires polarizers and collimators on either side of the Faraday rotator. Such devices are often required in the context of fiber optics because many fibers are not polarization-maintaining. The principle is to first separate the orthogonal polarization components of the input beam spatially by using an input birefringent wedge (with its ordinary polarization direction vertical and its extraordinary polarization direction horizontal) into its vertical (0 °) and horizontal (90 °) components, called the ordinary ray (o-ray) and the extraordinary ray (e-ray) respectively. After which a Faraday rotator would rotate both the o-ray and e-ray by 45 ° and combine them again in the output birefringent wedge (with its ordinary polarization direction at 45 °, and its extraordinary polarization direction at -45 °). In a few words, the beam is split and then combined and focused into the output collimator. Light traveling in the backward direction is separated into the o-ray at 45 °, and the e-ray at -45 ° by the birefringent wedge. The Faraday Rotator again rotates both the rays by 45 °. Now the o-ray is at 90 °, and the e-ray is at 0 °. Instead of being focused by the second birefringent wedge, the rays diverge. The schematic of this isolator is shown in Figure 2.2b, simply put, the beam is split, and then diverged, so it does not focus on the collimator. The different stacked layers form a waveguide with gain provided by a semiconducting quantum well amplifier and Faraday rotation by the iron layer having a thickness of 1000 Å which also serves as part of a p-contact for the semiconductor amplifier. The permanent magnets with periodic field reversal 𝛬 = 66.13 𝜇𝑚 provide sufficient magnetic field in the direction of propagation to saturate the iron film and obtain phase matching between TE and TM modes. Theoretical study showed that at wavelength 1.5 𝜇𝑚 the optimum PFMC device length is 1.417 𝑚𝑚 and requires 86.4 𝑚𝐴 gain current to compensate for the high optical loss of the ferromagnetic layer. In this case, the isolation ratio can reach values higher than 30 𝑑𝐵 with low insertion losses over a wide wavelength range. As described in the former part, non-reciprocal systems which exploit the Faraday effect are composed of 3 main components: An input and an output polarizer and a MO medium which can rotate the light polarization. This multi-component isolator is bulky, moreover the integration of polarizers into such systems is a difficult technological step which has yet to be accomplished. Only recently a promising alternative was proposed to integrate Faraday rotation isolators by using quasi-phase matched nonreciprocal mode conversion, mitigating the waveguide birefringence [5], however these devices remain not compact ~ 2 cm, and difficult to integrate. This explains the lack of experimental realization of optical isolators based on the Faraday effect, and the shift of the focus of researchers to other MO phenomena to achieve optical signal isolation.

The Voigt Geometry

Since it is proportional to the square of the magnetization, the Voigt effect (transmission of the light through a MO medium with at least one k component perpendicular to the magnetization) is reciprocal. Nevertheless the reflection of light with the same geometry (Voigt geometry) is another MO phenomenon where the optical anisotropy of a magnetized medium manifests itself through a nonreciprocal effect. This interaction rotates and elliptizes linearly polarized light. Phenomena arising here are generally referred to as the magnetooptical Kerr effect. Depending on the orientation of the magnetization vector relative to the reflective surface and the plane of incidence of the light beam, three types of MO effects in reflection are distinguished: the polar, longitudinal, and transverse Kerr effects. The non-zero MO constants that appear for each configuration are those not involving the direction of the magnetization, thus making the relative orientation of the magnetization and the optical incidence plane essential in determining the particular non-zero off diagonal components. These three configurations are shown in the Figure 2.4 below [6]. In the polar Kerr effect, the magnetization 𝑀 0 ⃗⃗⃗⃗⃗ is normal to the surface of the magnetooptical medium from which the optical wave is reflected; this effect is of great importance for optical data storage since it is the basis for reading information from magnetooptical disks [7]. In the longitudinal Kerr effect, also known as the meridional Kerr effect, 𝑀 0 ⃗⃗⃗⃗⃗ is parallel to the surface of the medium and lies in the plane of incidence; this effect will be interesting for the applications of magnetic logic, sensor, and high-density magnetic random access memory [8]. The influence of magnetization in both of these effects is reduced to a rotation of the plane of polarization and the appearance of ellipticity of the reflected linearly polarized light.

In the transverse Kerr effect, also known as the equatorial Kerr effect, 𝑀 0 ⃗⃗⃗⃗⃗ is parallel to the surface of the medium and perpendicular to the plane of incidence of the light; it is revealed in the change of intensity of the linearly polarized light reflected by the magnetized medium. Additionally, the magnetic field of the light must be parallel to the magnetization. This characteristic of changing intensity upon reflection or transmission finds great interest in developing state of the art MO isolators and circulators.

2.1.1.2.a Transverse Magneto-Optical Kerr Effect (TMOKE)

2.1.1.2.a.i Non-reciprocal losses (NRL)

This method theoretically proposed by W. Zaets and K. Ando [9] is based on the exploitation of the TMOKE. Essentially, the structure is a III-V semiconductor optical amplifier (SOA) with a MO (ferromagnetic) coating. Upon the application of an external magnetic field perpendicular to the main component of the electric field in the propagation direction, this waveguide design configures the imaginary component of the effective refractive index leading to a difference of losses in the opposite propagation directions which is at the core of the recorded signal non-reciprocity. Shown in Figure 2.5, this optical device consists of a 𝐺𝑎 1-𝑥 𝐴𝑙 𝑥 𝐴𝑠 𝑥 waveguide covered by a layer of ferromagnetic cobalt 𝐶𝑜 having a thickness of 100 𝑛𝑚. A buffer layer is placed between the latter two to control the degree of penetration of the guided mode into the metal. Based on the alignment of magnetization inside the 𝐶𝑜 layer, this isolator functions solely in TM mode and no effect is observed in the TE case. The authors have explained the results of their findings by stating two contributions to the nonreciprocal loss. The first is magnetic circular dichroism MCD in the ferromagnetic metal, which states that for TM mode, the light is linearly polarized inside the waveguide core but it is elliptically polarized inside the ferromagnetic metal, which is absorbed differently by MO media for two opposite directions of propagation. The second contribution is assumed to be magnetoreflectivity at the buffer-metal interface. Due to which, the amount of the light penetrated into the metal depends on its magnetization. Since the light absorption by a metal is directly proportional to the amount of the light inside the metal, the absorption for a waveguide mode is different for forward and backward propagation directions [10].

An optical isolator represented in The principle of non-reciprocal transmission here is due to the TMOKE effect which, by acting on the imaginary part of the effective refractive index results in change in the losses in the opposite directions. The authors further investigated the properties of the 𝐹𝑒𝐶𝑜 layer and found that for this particular purpose 𝐹𝑒 50 𝐶𝑜 50 has the best MO properties. After overall optimization of the thickness of the guiding layer, the 𝐼𝑛𝑃 buffer layer they found out that a 2.825 𝑚𝑚 long structure functioning at a wavelength 1.3 𝜇𝑚 has shown an isolation ratio of 25 𝑑𝐵 for an injection current of 116.5 𝑚𝐴 per 1 𝜇𝑚 of waveguide length [11], [12]. Another format of the optical isolator functioning in TM mode was proposed by the research group of Yoshiaki Nakano in 2008. Ordinary ferromagnetic metals are not suited for this purpose; a 𝐹𝑒 layer produces a large magneto-optic effect but produces a high Schottky barrier on 𝐼𝑛𝐺𝑎𝐴𝑠𝑃 semiconductors, whereas a 𝑁𝑖 layer can provide a low Schottky barrier but produces a small magnetooptic effect. In addition, during contact annealing, they produce undesirable nonferromagnetic materials such as 𝐹𝑒𝐴𝑠 and 𝑁𝑖𝐴𝑠 at the contact interface; this reduces nonreciprocal loss shift in the device. To solve these problems, 𝑀𝑛𝐴𝑠 is utilized for the ferromagnetic layer. 𝑀𝑛𝐴𝑠 produces a large magnetooptic effect comparable with 𝐹𝑒 layers and produce no Schottky barrier on 𝐼𝑛𝐺𝑎𝐴𝑠𝑃 semiconductors [13]. The novelty of the device which is presented in Figure 2.7, is its use of 𝑀𝑛𝐴𝑠 as a ferromagnetic material, instead of metals such as 𝐹𝑒 and 𝑁𝑖. The ferromagnetic layer which produces the MO effect is also used as an ohmic contact to send a driving current to the SOA. This means that the ferromagnetic layer has to meet a dual requirement of producing a large MO effect and of providing a low-resistive ohmic contact for the 𝐼𝑛𝐺𝑎𝐴𝑠𝑃 contact layer. Under an external magnetization of 0.1 𝑇 and current 80 𝑚𝐴 this device recorded an isolation ratio of 8.8 𝑑𝐵/𝑚𝑚 in the wavelength range 1.52 -1.55 𝜇𝑚.

In 2006, H. Shimizu and Y. Nakano fabricated an optical isolator operating in TE mode whose principle is identical to that of isolators functioning in TM mode, that is to say, it relies on the TMOKE as a basis to produce non-reciprocity. For this configuration, the ferromagnetic layer is placed on only one of the waveguide sidewall. The electric field component injected into the waveguide must be perpendicular, and the magnetic field component parallel to the magnetization in the metallic 𝐹𝑒 layer [14].

The device as schematically shown in Figure 2.8, consists of an SOA and a 𝐹𝑒 thin film which is separated from the core layer by a thin 𝑇𝑖𝑂 2 layer to reduce and optimize the ferromagnetic layer losses. The backward-traveling light propagates slightly closer to the 𝐹𝑒 layer than the forward traveling light, thus, suffering from stronger absorption losses. The propagation loss for the forward-travelling light is compensated by the SOA gain of the 𝐼𝑛𝐺𝑎𝐴𝑠𝑃 multiple-quantum-well (MQW) active layer owing to the current injection, whereas the larger propagation loss for the backward-travelling light is not fully compensated. The non-reciprocal loss shift can be expressed by:

∆𝛼 = 0.02 log[𝑒]𝑘 0 Im[∆ 𝑛𝑒𝑓𝑓,𝑇𝐸 ] (2.4) 
Where 𝑘 0 is the wavenumber in vacuum and ∆ 𝑛𝑒𝑓𝑓,𝑇𝐸 is the TE mode effective refractive-index change between the forward and backward propagating light. At wavelength 1.55 𝜇𝑚, an isolation ratio as high as 30 𝑑𝐵 is theoretically predicted for a device length of 1.71 𝑚𝑚. Experimentally, under a 0.1 𝑇 permanent magnetic field and for a 0.7 𝑚𝑚 long cleaved device an isolation ratio of 10.3 𝑑𝐵 was obtained with an injection current of 150 𝑚𝐴.

Optical isolators based on NRL (non-reciprocal losses) have the advantage of being easily integrated with III-V lasers, however till now the only full integration of a laser with an isolator has shown a low isolation ratio and high forward propagation losses making it not practical for application purposes. Thus, these type of isolators despite their compatibility with semiconductor lasers, do not have the right characteristics and the necessary qualifications to be applicable in photonic integrated circuits (PICs).

2.1.1.2.a.ii Non-reciprocal phaseshift (NRPS)

As priorly mentioned, optical isolators based on NRL depend on the change in the imaginary part of the complex effective refractive index in the opposite directions of propagation. However due to inefficiency in device performance other phenomena must be devised and followed. Non-reciprocal phaseshift (NRPS) is caused by a material with an asymmetrical dielectric permittivity tensor placed in TMOKE configuration. This effect induces a change in the real part of the effective refractive index and results in a phase difference between the forward and backward signals over the propagation distance.

The off-diagonal terms of the asymmetric matrix representing the dielectric constant of the magnetooptic material are much smaller than the diagonal terms, for this reason the NRPS is often calculated using perturbation theory. This approach leads to the following equation for the NRPS (∆𝛽) [15].

∆𝛽 = 𝛽 𝐹𝑊 -𝛽 𝐵𝑊 = 2𝜔𝜀 0 ∬ 𝐸 ⃗ * 𝜀 𝑥𝑦 𝐸 ⃗ ∬(𝐸 ⃗ × 𝐻 * ⃗⃗⃗⃗ + 𝐸 * ⃗⃗⃗⃗ × 𝐻 ⃗ ⃗ ) 𝑧 𝑑𝑥𝑑𝑦 (2.5)
Where 𝐸 ⃗ and 𝐻 ⃗ ⃗ are the electric and magnetic fields, 𝜀 𝑥𝑦 is the off-diagonal element of the permittivity tensor of the MO material. Furthermore, the waveguide geometry is crucial to the calculation of NRPS.

In fact, only asymmetric profiles result in significant NRPS. To enhance the NRPS effect, the symmetry in the waveguide must be broken, and an asymmetric profile should be achieved. This can be done by flipping the magnetization in half the waveguide, the resulting NRPS can be significant, even if the waveguide index profile itself is symmetric, however this process is hard to implement experimentally as having two magnetic domains next to each other oriented in opposite directions is practically impossible. Alternatively, using different materials as cladding/substrate on each side of the main magnetooptic waveguide also increases the asymmetry. For applicational purposes, garnet materials are efficient in creating non-reciprocal phase shift. In guided optics however, structuring garnets into waveguides is a challenging process. A solution to the latter problem is by using the garnets as layers embedded in the full structure. The optical mode of the waveguide will experience the non-reciprocal effect through the evanescent field leaking from the guiding structure into the garnet.

2.1.1.2.a.ii.1 Mach Zehnder interferometer MZI

Named after the renowned physicists Ludwig Mach and Ludwig Zehnder, the Mach-Zehnder interferometer (MZI) is a widely used optical device and an essential building block in photonic integrated circuits. In its simplest configuration, it has an input port, an output port, and consists of two parallel waveguides sufficiently separated to avoid direct coupling between them and connected at the input and output ends, respectively, by beam-splitting and beam-combining optical couplers, respectively. A schematic diagram of a simple waveguide based unbalanced MZI is presented in Figure 2.9. Two couplers are connected by two arms forming the MZI. The length of arm1 and arm2 are 𝐿 1 and 𝐿 2 respectively. The optical path difference is then created as 𝑛 𝑒𝑓𝑓 • ∆𝐿, where ∆𝐿 = 𝐿 1 -𝐿 2 and 𝑛 𝑒𝑓𝑓 is the effective refractive index of the waveguide through which light is propagating in both arms. The basic working principle of an MZI is to split a coherent light source into two beams, and then recombine them after each beam has propagated a certain distance. Constructive or destructive interference will occur when the beams recombine at the output coupler, which is sensitive to the relative phase ∆𝜑 between the two beams. In this case NRPS is defined as difference in phase between both arms for forward and backward propagation of light. So, we can conclude that a nonreciprocal medium (composed of a MO material) could be utilized to realize an optical isolator on a waveguide platform based on a MZI design.

The concept of using a nonreciprocal optical interferometer as an optical isolator was proposed and theoretically discussed as early as 1975 [16]. To have a functional optical isolator for TM mode, F. When the light waves travel in the two arms, the -𝜋 2 ⁄ -rad nonreciprocal phase shift is canceled by the 𝜋 2 ⁄ -rad reciprocal phase shift. Consequently, the two waves recouple in the right coupler, that is, in the output port of the optical isolator. For the backward traveling wave, the nonreciprocal phase shift changes its sign to 𝜋 2 ⁄ -rad. This phase shift is added to the reciprocal phase shift as it propagates through the interferometer, and the whole phase difference between the two arms amounts to 𝜋-rad. No output is coupled into the input port of the optical isolator because the two waves are 𝜋-rad out of phase. Thus, the device acts as a TM-mode optical isolator [17]. The advantage of including two oppositely oriented MO sections helps greatly in reducing total device length.

J. Fujita et al fabricated a similar MZI isolator functioning in TM configuration. The waveguide material was made up of garnet rib waveguides composed of (𝐵𝑖, 𝐿𝑢, 𝑁𝑑) 3 (𝐹𝑒, 𝐴𝑙) 5 𝑂 12 and deposited on top of a 𝐺𝐺𝐺 substrate by liquid phase epitaxy. An isolation ratio of 19 𝑑𝐵, and insertion losses of 2 𝑑𝐵 were recorded in a total device length of 8 𝑚𝑚 at wavelength range between 1.49 𝜇𝑚 and 1.57 𝜇𝑚 [18].

For the development of TE based MZI isolators, N. Bahlmann et al utilized a compensation wall composed of 𝑌 3 𝐹𝑒 5-𝑥 𝐺𝑎 𝑥 𝑂 12 as it can be seen in Figure 2.11. The interferometer is structured such that the compensation walls define the symmetry axes of the central waveguides. A special annealing process is used to have a positive Faraday rotation in the compensation wall opposite to the negative Faraday rotation in the surrounding area (the 2 arms of the MZI). To obtain the desired device performance, the interferometer arms must be in phase in the forward direction and a phase difference of 𝜋 is required in the backward direction [START_REF] Bahlmann | Integrated magneto-optic Mach-Zehnder interferometer isolator for TE modes[END_REF]. The authors calculated the non-reciprocal phase shift of the fundamental TE mode for different waveguide rib heights using finite element method simulations. The length of the non-reciprocal part 𝐿 𝑛𝑜𝑛-𝑟𝑒𝑐𝑖𝑝𝑟𝑜𝑐𝑎𝑙 = 𝜋 2∆𝛽 ⁄ was deduced for each case to be 991, 682 𝑎𝑛𝑑 479 𝜇𝑚 for rib heights 0.1, 0.2 𝑎𝑛𝑑 0.5 𝜇𝑚, respectively.

2.1.1.2.a.ii.2 Microring isolators

Over the last decade, a lot of effort has been put into studying the coupling between a photonic waveguide and a resonator. The term "microring" has been used to describe all sorts of waveguide based integrated resonators with varying radii and shape. The microring resonator can be considered as general configuration for many applications in integrated optical systems such as optical fibers, sensors and biosensors [START_REF] Rabus | Integrated Ring Resonators[END_REF].

When put at a certain configuration and under magnetization a microring resonator made up of MO material can lead to the rise of non-reciprocal effects which could open up a novel way to achieve integratable isolators and circulators. When MO material is introduced into the resonator, the symmetry of the system is broken and the microring possesses different resonant conditions (different) phase shifts for clockwise and anticlockwise circulations which is at the base of the nonreciprocal behavior and signal isolation. Utilization of a microresonator for optical isolation purposes was first proposed by Kono et al in 2007 [START_REF] Kono | Nonreciprocal microresonators for the miniaturization of optical waveguide isolators[END_REF]. In the presented design, device size can be decreased down to several tens of micrometers, a nonreciprocal microresonator is coupled with two straight waveguides as shown in Figure 2.12a. The ring resonator's radius can be tuned according to the desired wavelength of operation. A circular domain wall divides the disk resonator into inner and outer domains with opposing directions of magnetization.

A short gap 𝐷 between the ring resonator and the bus waveguide can ensure the critical coupling between both components. For the core material a typical magnetic garnet, with the refractive index of 𝑛 = 2.3, the cladding layer is air and the substrate is 𝑆𝑖𝑂 2 with refractive index 𝑛 = 1.45. In the forward direction, light coupled into port one experiences almost no resonance and is mainly transmitted into port two. On the contrary, in backward propagation mode, the resonance condition is fulfilled and most of the energy is radiated out of the ring. Unfortunately, in the wavelength range of (1345 𝑛𝑚 < 𝜆 < 1350 𝑛𝑚), the isolation is too small (< 2 𝑑𝐵) to function as an isolator due to the low 𝑄 value of the resonator with a short operation bandwidth limited to only 0.02 𝑛𝑚.

To overcome this problem, another configuration as shown in Figure 2.12b based on parallel-coupled nonreciprocal resonators has also been explored. In this case the total device length is 20 times greater than the structure with a single nonreciprocal ring resonator and clearly results have improved where an isolation ratio of 20 𝑑𝐵 with insertion losses less than 0.1 𝑑𝐵 and bandwidth 0.4 𝑛𝑚 have been recorded. However, this structure is difficult to be realized in a practical approach since integrating garnets in waveguide configuration is experimentally hard to achieve. For the first time Tien et al, presented and demonstrated a simplified structure which consists of a silicon optical ring resonator, a straight coupled-waveguide, with bonded MO garnets on top and more specifically cerium-substituted yttrium iron garnet (𝐶𝑒: 𝑌𝐼𝐺) because of its high Faraday coefficient and low optical loss in the 1550 𝑛𝑚 wavelength regime [START_REF] Tien | Silicon ring isolators with bonded nonreciprocal magneto-optic garnets[END_REF]. The silicon waveguide is 600 𝑛𝑚 wide and 295 𝑛𝑚 thick with 500 𝑛𝑚 thick 𝐶𝑒: 𝑌𝐼𝐺 on the top to have reasonable nonreciprocal effect and low optical loss. As a result, the forward (clockwise-CW) and backward (counterclockwise-CCW) propagating modes have different propagation constants and thus different resonance wavelengths. With a straight waveguide coupled to the ring resonator, the forward light from the input is coupled to the CW mode while the backward light is coupled to the CCW mode. The resonance wavelength split due to the propagation constant difference between CW and CCW modes is at the base of the isolation effect observed. The isolator described above has experimentally shown an isolation ratio of 9 𝑑𝐵 at 1550 𝑛𝑚.

A much similar structure shown in Figure 2.13, fabricated by Bi et al [START_REF] Bi | On-chip optical isolation in monolithically integrated non-reciprocal optical resonators[END_REF], by using a magneto-optical layer of phase-pure polycrystalline (𝐶𝑒 1 𝑌 2 )𝐹𝑒 5 𝑂 12 (𝐶𝑒: 𝑌𝐼𝐺) films on silicon has resulted in an isolation ratio of 19.5 𝑑𝐵 for a total device length of 290 𝜇𝑚. All devices discussed till this point have the disadvantage of either being very narrow band or being bulky in size which results in high propagation losses decreasing the overall efficiency. Alternative designs have been proposed to overcome these limitations like magnetoplasmonic structures.

Magnetoplasmonics

The plasmonic field can be combined with photonics to provide manipulation of light at the nanoscale resulting in a tremendous decrease in size of optical systems due to excitation of surface plasmon polaritons, thus increasing their chances of integration in PICs.

Especially designed metal-dielectric-metal, or slot waveguides [START_REF] Davoyan | Backward and forward modes guided by metal-dielectric-metal plasmonic waveguides[END_REF] with ferromagnetic dielectrics can create a magnetoplasmonic system and provide a platform for some extraordinary effects in the presence of external magnetic field [START_REF] Pohl | Tuning of the transverse magneto-optical Kerr effect in magneto-plasmonic crystals[END_REF]. Moreover, they have the advantage of being tunable according to desired performance efficiency and incident wavelength. Over the years, plasmonics has become a flourishing area of research [START_REF] Ebbesen | Surface-plasmon circuitry[END_REF] due to its compatibility with Si-CMOS technology. Eventually, plasmonic circuits will lead to fast and miniaturized devices with reduced optical power requirements. Magnetoplasmonics, which refers to the combination of magnetooptic and plasmonic functionalities, belongs to the field of active plasmonics which aims to control and manipulate SPPs externally [START_REF] Krasavin | Active plasmonics: Controlling signals in Au/Ga waveguide using nanoscale structural transformations[END_REF]. An active plasmonics configuration can be achieved in certain configurations, where the SPP properties can be tuned by an external parameter such as temperature [START_REF] Nikolajsen | Surface plasmon polariton based modulators and switches operating at telecom wavelengths[END_REF], [START_REF] Gosciniak | Thermo-optic control of dielectric-loaded plasmonic waveguide components[END_REF], voltage, or optical signals [START_REF] Randhawa | Performance of electro-optical plasmonic ring resonators at telecom wavelengths[END_REF], [START_REF] Dicken | Electrooptic modulation in thin film barium titanate plasmonic interferometers[END_REF]. In all cases, the external parameter will modify the response of the system either by controlling the absorption [START_REF] Pacifici | All-optical modulation by plasmonic excitation of CdSe quantum dots[END_REF], [START_REF] Pala | A nonvolatile plasmonic switch employing photochromic molecules[END_REF] or by the modification of the material refractive index and thus of the SPP wavevector. The magnetic field is an interesting candidate to control SPPs, as soon as it can affect the optical properties of (magnetooptical) materials. Indeed, a magnetic field applied in the appropriate direction can modify the SPP dispersion relation [START_REF] Belotelov | Extraordinary transmission and giant magneto-optical transverse Kerr effect in plasmonic nanostructured films[END_REF]. Moreover, this method is fast and easy to apply. The intrinsic switching time of magnetization in ferromagnetic materials can achieve values as short as femtoseconds [START_REF] Kimel | Ultrafast nonthermal control of magnetization by instantaneous photomagnetic pulses[END_REF], which would be one of the fastest for active plasmonics.

From here, the field of magnetoplasmonics in precisely architectured nanostructures, is a suitable candidate to exploit for applicational purposes. It deals with phenomena arising as a result of interaction between light and the system composed of a magnetooptic dielectric and plasmonic metals when the latter is subjected to an external magnetic field. The interaction between the two effects is twofold: on the one hand, the SPP excitation allows electromagnetic field enhancement associated with a magnification of the magneto-optical response, and on the other hand, the magnetic field can modify the properties of the SPPs. In order to obtain a significant interaction between the two effects, materials with good plasmonic and magnetic properties have to be incorporated together [START_REF] Armelles | Magnetoplasmonics: Combining Magnetic and Plasmonic Functionalities[END_REF]. For diamagnetic and paramagnetic materials, the MO constants are proportional to the magnetic field applied and quite small. Therefore, to achieve large MO constants in those materials, a large magnetic field is necessary. Besides, ferromagnetic materials like cobalt, iron and nickel, are remanent and expose magnetooptical effects in the absence of an external magnetic field as well. They possess MO constants which are much bigger, this means that we can magnetically saturate these materials with low magnetic fields, but they are optically too absorbing, reducing notably the SPP propagation distance and limiting their use in a photonic device.

As for the plasmonic side of the system, the quality of the SPPs response is determined by the optical losses, noble metals with narrower resonance curves have larger propagation distances with the best SPP properties. All of this said, the essential requirement is a smart combination of magnetooptical and plasmonic materials by taking advantage of the optimum properties of both and minimizing their drawbacks in order to create miniaturized magnetoplasmonic systems which could act as efficient photonic devices and are integratable in Photonic integrated circuits (PICs).

Introduction to Surface plasmons SPPs

Plasmonics forms a major part of the fascinating field of nanophotonics. Surface Plasmons are oscillations of the free electrons in the metal induced by electromagnetic radiation and are bound to the interface between a metal and a dielectric. In the optical response they appear as a peak (resonance) and are characterized by an enhancement of the electromagnetic field at this interface [37]. Surface plasmons have a large number of applications in the field of nanophotonic devices, waveguides, and nanocircuits, and in the area of biological and chemical sensors. Their distinguishing feature is their ability to confine light at sub-wavelength scales and guide it at long (relative to nanoscale) distances. Research in this area demonstrates how a distinct and often unexpected behavior can occur when SPPs are present in a system. The interaction of metals with electromagnetic fields can be firmly understood in a classical framework based on Maxwell's equations.

Having in mind the main aim of this thesis, we want to contribute to the further development of SPP based miniaturized devices and incorporate them with MO materials to achieve PIC integratable optical components with specific functionality.

Configuration to excite SPPs

Surface plasmon polaritons propagating at the flat interface between a metal and a dielectric are essentially two-dimensional electromagnetic waves as shown in Figure 2.16. The wavevector, 𝛽, in the propagation direction of a medium composed of metal and dielectric depends on the properties of the two materials present at the interface. The impinging plane wave from the dielectric and unto the metal layer is incident at an angle 𝜃, exhibits a phase given by 𝑒 𝑖√𝜀 𝑑 𝑘 0 (𝑥 cos 𝜃-𝑦 sin 𝜃)-𝑖𝜔 𝑖 𝑡 , where 𝜔 𝑖 is the frequency of the incident wave, while the SPP phase is given by 𝑒 𝛽𝑥-𝑖𝜔 𝑠𝑝𝑝 𝑡 . The continuity conditions at z = 0 have to be verified for every 𝑥 and 𝑡. It follows 𝜔 𝑖 = 𝜔 𝑠𝑝𝑝 (energy conservation) and that the wavevectors projection along the x direction must be the same. This said the effective refractive index can be written as 𝑛 𝑒𝑓𝑓 = √𝜀 𝑑 𝜀 𝑚 (𝜀 𝑚 + 𝜀 𝑑 ) ⁄ . Considering the fact that the confinement of the SPP imposes 𝑛 𝑒𝑓𝑓 > 𝜀 𝑑 2 then the former equation is never satisfied. Thus, this wavevector is always larger than the wavevector of light in the dielectric medium. Therefore, the SPPs cannot be excited by directly impinging with light from the dielectric side of the system. The phase mismatch corresponds, at a given frequency, to the distance between the SPP dispersion relation curve and the light line dispersion of the dielectric medium and is graphically represented in Figure 2.17 by the red arrow. Therefore, practical configurations have been devised to excite SPP waves: prism-coupled, as well as grating and waveguide-coupled configurations. Although all configurations are equivalent to each other for the excitation of SPP waves, each is suitable for different applications.

2.1.2.2.a Prism-Coupled Configurations Turbadar-Kretschmann-Raether configuration

This configuration exploits the utilization of a prism made of a refractive index 𝑛 𝑝 . A thin metal film is sandwiched between the base of the prism and the partnering dielectric material, as shown in Figure 2.18. When a beam of light strikes the prism/metal interface at an angle greater than the critical angle for total internal reflection from an interface of the prism and the partnering dielectric material, an evanescent wave is formed which is able to pass through the suitably thin metal film and into the partnering dielectric material. At a certain value of incident critical angle, the component of the evanescent wave's wave vector parallel to the interface becomes 𝑘 // = 𝑘 0 𝑛 𝑝 sin 𝜃 : if the refractive index of the prism is higher than that of the dielectric then 𝑘 // ≥ 𝑘 𝑥 then it will lead to the excitation of the SPP wave. 

2.1.2.2.b Grating

Using gratings is another approach to excite SPPs, thereby avoiding the use of a prism. The advantage is that it can be applied to metal layers of any thickness. In this case, the metal surface is patterned with a shallow grating of grooves or holes with a defined periodicity 𝑝 as shown in Figure 2.19. The extra momentum added to 𝑘 𝑥 is provided by the reciprocal vector of the grating, 𝑚 = 2𝜋 𝑝 ⁄ , resulting in the wavevector of the SPP in the following form 𝑘 𝑥 = 𝑘 0 sin 𝜃 + 𝑣𝑚 where 𝑣 = 1,2,3... As with prism coupling, excitation of SPPs is detected as a minimum in the reflected light. These momentum matching methods always require large scale (larger than the wavelength) devices, such as the grating coupler with more than 10 𝜇𝑚 dimensions, and the transmission bandwidth is usually limited. 

2.1.2.2.c Waveguide coupled configurations

Plasmonic waveguides are showing a tremendous potential to become an essential component of ultracompact PICs owing to their ability to spatially confine light below the diffraction limit. In general, plasmonic waveguides can be classified into two basic types: single and double interface heterostructures. However, one fundamental issue still not completely solved is how to efficiently couple light from conventional optical waveguides into plasmonic waveguides. It is necessary to use dielectric waveguides to connect the plasmonic devices to the light source and detector so that the propagation losses due to the metallic interaction are dramatically reduced. To achieve that, several coupling methods have been proposed, such as direct [START_REF] Wahsheh | Nanoplasmonic couplers and splitters[END_REF], multi-section taper [START_REF] Veronis | Theoretical investigation of compact couplers between dielectric slab waveguides and two-dimensional metal-dielectric-metal plasmonic waveguides[END_REF], λ/4 coupler [START_REF] Ginzburg | Plasmonic transmission lines: from micro to nano scale with λ/4 impedance matching[END_REF], adiabatic [START_REF] Pile | Adiabatic and nonadiabatic nanofocusing of plasmons by tapered gap plasmon waveguides[END_REF], [START_REF] Wang | Ultracompact low-loss coupler between strip and slot waveguides[END_REF], and nonadiabatic tapered couplers [START_REF] Ginzburg | Gap plasmon polariton structure for very efficient microscale-to-nanoscale interfacing[END_REF].

In their work, Wahsheh et al proposed a direct coupling technique between a silicon waveguide and a silver-air-silver plasmonic waveguide. Schematic of the structure is presented in Figure 2.20 where the silicon waveguide has a large width 300 𝑛𝑚 and the slot waveguide has a short width of 40 𝑛𝑚. To further increase coupling efficiency a rectangular air-gap is proposed to prevent transverse "funneling leakage" at the interface between the dielectric waveguide and the plasmonic waveguide. The fundamental transverse magnetic mode is excited in the single-mode dielectric waveguide that is placed close to the interface with the single-mode plasmonic waveguide, the light wave from the dielectric waveguide excites surface plasmon polaritons (SPPs) along the dielectric-plasmonic boundaries and the SPPs will be "funneled" into the plasmonic waveguide. Numerical results showed that optimizing the width and the length of the air-gap could enhance and result in a coupling efficiency of 88.1%. Designs including adiabatic tapers have also been investigated. In recent studies Qiu et al, proposed a coupler composed of tapered 𝑆𝑖 strip waveguides 450 𝑛𝑚 wide and a plasmonic waveguide with a gap of 200 𝑛𝑚. The geometry includes gaps between the monomode dielectric waveguide functioning in TE mode and the plasmonic section at the taper region to perform step by step mode conversion and reduce coupling losses. Gold is chosen as the metal material because it does not oxidize and has good plasmon response in the near-infrared part of the electromagnetic spectrum, i.e. high coupling efficiency can be obtained while the propagation losses are moderate. The whole waveguiding structure has a fixed thickness of 250 𝑛𝑚, and is placed on silica substrate with air as cladding. The crucial part of the coupler is the taper, thus, to solve the optimization problem numerically three essential parameters were considered: the angle 𝜃, the taper width 𝑑, and the distance 𝑙 as shown in the Figure 2.21 below. By using commercial software Lumerical FDTD, 88% coupling efficiency and losses around -1.5 𝑑𝐵 𝜇𝑚 ⁄ were realized with optimized parameters: 𝜃 = 10 °, 𝑙 = 0.25 𝜇𝑚 and 𝑑 = 200 𝑛𝑚. Experimentally, at telecom wavelengths, the measurements showed an average of 35 % coupling efficiency with an average loss of -2.5 𝑑𝐵 𝜇𝑚 ⁄ . The difference between simulation and experimental results were attributed to gold pattern defects, roughness and some misalignment between the gold waveguide and the silicon taper [START_REF] Tian | Broadband high-efficiency surface-plasmon-polariton coupler with silicon-metal interface[END_REF].

In order to bridge the size gap between macroscopic optics and nanodevices in general and especially nanoelectronic devices, another technique was exploited by Delacour et al,. [START_REF] Delacour | Efficient directional coupling between silicon and copper plasmonic nanoslot waveguides: Toward metal-oxide-silicon nanophotonics[END_REF] The directional coupling proposed between silicon dielectric and copper plasmonic nanoslot waveguides enables efficient coupling between the two compartments despite fabrication imperfections. The plasmonic photonic hybrid structure studied shown in the Figure 2.22a, includes a plasmonic slotline waveguide composed of two copper strips separated with a nanoscale slot. The slotline waveguide is in a close vicinity of an interrupted silicon ridge monomode waveguide with two overlapping areas respectively for front and back end coupling. The whole structure is embedded in silica. The overlapping area in the direction of the propagation defines the coupling length over which energy power exchange between the two waveguides is expected to occur. In the overlapping area, the two coupled waveguides form a superstructure (i.e., a waveguide composed of two adjacent waveguides regarded as one) supporting two guided supermodes (i.e., eigenmodes of the superstructure) of even (e) and odd (o) symmetries as shown in the Figure 2.22b. The supermodes result from the coupling of the two primary original photonic and plasmonic modes. The propagation constants of the supermodes being different, the power exchange between the waveguides can be represented as a beating between these two supermodes. The transmission of the devices was measured around the wavelength of 1.55 µm using via monomode fibers. For the optimized configuration, very high silicon-slotline-silicon transmissions of 50% or more was found.

Magnetoplasmonic applications

Owing to their unique optical properties SPPs can control properties and propagation of light on scales much smaller than the light wavelength. SPPs exhibit potential applications in subwavelength optics, for example plasmonic waveguides [START_REF] Quinten | Electromagnetic energy transport via linear chains of silver nanoparticles[END_REF]- [START_REF] Magno | Integrated plasmonic nanotweezers for nanoparticle manipulation[END_REF] data storage [START_REF] Hermann | Surface-enhanced magneto-optics in metallic multilayer films[END_REF], [START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF], solar cells [START_REF] Ferry | Atwater_2008_Plasmonics_SolarCell.pdf[END_REF], [START_REF] Brown | Plasmonic dye-sensitized solar cells using core-shell metal-insulator nanoparticles[END_REF], chemical sensors [START_REF] Homola | Surface plasmon resonance sensors: review[END_REF] and biosensors [START_REF] Han | Colorimetric Screening of DNA-Binding Molecules with Gold Nanoparticle Probes[END_REF], [START_REF] Georganopoulou | Nanoparticle-Based Detection in Cerebral Spinal Fluid of a Soluble Pathogenic Biomarker for Alzheimer ' s Disease Linked references are available on JSTOR for this article : Nanoparticle-based detection in cerebral spinal fluid of a soluble pathogenic bio[END_REF]. Additionally, magnetic materials can accentuate the sensing characteristics of SPR based devices by exploiting magnetic effects, achieving greater sensitivity, and a higher FoM. Devices can employ a MO effect, for instance the TMOKE, which effectively results in opposite shifts in the plasmon resonance depending on the sign of the externally applied magnetic field. Taking the difference between these signals produces a derivative-shaped feature centered at the plasmon resonance, as illustrated in Figure 2.23b. A shift in this feature (e.g. due to a change in the refractive index) will be more pronounced than a similar shift in the plasmon resonance, allowing greater signal-to-noise ratios and lower limits of detection [START_REF] Dykstra | Magnetoplasmonic Materials for Applications in Biosensing[END_REF]. Magneto-optical based plasmonic devices can be used to dramatically enhance the performance of biosensor detectors. By employing common magnetic materials, sensors can achieve much greater levels of sensitivity and limits of detection compared to devices that rely solely on surface plasmon resonance for detection.

2.1.2.3.a Magnetoplasmonic sensors

Magneto-optical surface plasmon resonance (MOSPR) based devices can be as simple as a ferromagnetic material layered on a plasmonic material. One implementation of this by Grunin et al. is a 𝐴𝑔/𝐹𝑒/𝑆𝑖𝑂 2 trilayer, where the initial iron layer of 5 𝑛𝑚 thickness is sputter coated onto a glass substrate, followed by a sputter coated silver layer of 100 𝑛𝑚 thickness. A 10 𝑛𝑚 𝑆𝑖𝑂 2 layer insulated the 𝐹𝑒 from the aqueous media. Functionalizing the surface of the 𝐴𝑔 allowed selective binding to biological agents. This setup could be applied as a normal SPR based sensor, or as a MOSPR sensor with the application of a magnetic field, allowing direct comparison between the different detection modes. They found that the MOSPR based sensor had a 3 times higher sensitivity compared to when the device was employed as an SPR sensor and had a 4 times lower limit of detection [START_REF] Grunin | Refractive index sensor based on magnetoplasmonic crystals[END_REF].

2.1.2.3.b Magnetoplasmonic switches

Haddadpour et al, [START_REF] Haddadpour | Highly compact magneto-optical switches for metal-dielectric-metal plasmonic waveguides[END_REF] introduced highly compact resonant-cavity-enhanced magneto-optical switches for metal-dielectric-metal (MDM) plasmonic waveguides as shown in Figure 2.24. The authors derive the dispersion relation and show the asymmetric profile of the fundamental plasmonic mode when the metals are subject to external magnetic field in an MDM waveguide. The induced asymmetry enhances or reduces the coupling between the waveguide and a side coupled resonator. In the absence of an externally applied static magnetic field, the transmission exhibits a dip when a FP resonance occurs in the structure. The transmission at this length is relatively low since the incoming wave interferes destructively with the decaying amplitude into the forward direction of the resonant cavity field. In the presence of an externally applied static magnetic field, the transmission depends on the direction of the static magnetic field. When the static magnetic field is in the positive direction, the magnetic field amplitude of the fundamental mode of the MDM waveguide is larger at the lower metal dielectric interface. Thus, the coupling between the waveguide and the stub resonator, which is side-coupled at the upper metal-dielectric interface, is weaker compared to the case of no externally applied static magnetic field. In contrast, when the static magnetic field is in the negative direction, the magnetic field amplitude of the fundamental mode of the MDM waveguide is larger at the upper metal-dielectric interface. Thus, the coupling between the waveguide and the stub resonator is stronger. As a result, the transmission is lower compared to the case of no externally applied static magnetic field both off-resonance and on-resonance.

2.1.2.3.c Magnetoplasmonic non guided Bragg gratings

The TMOKE effect manifests itself as the relative change of the reflected intensity of p-polarized light incident along a plane perpendicular to the magnetization upon reversal of the latter. On its own the TMOKE is a very weak effect; to enhance it 1D periodic grating was proposed by Belotelov et al, where it was predicted and demonstrated that a very strong transverse MO Kerr effect (TMOKE) of the order of 30 % is induced by incorporating a nanostructured Au grating on top of a dielectric transparent magnetic iron garnet that is magnetized in plane and parallel to the gold stripes [START_REF] Belotelov | Extraordinary transmission and giant magneto-optical transverse Kerr effect in plasmonic nanostructured films[END_REF], [START_REF] Belotelov | Enhanced magneto-optical effects in magnetoplasmonic crystals[END_REF]. This enhancement is therefore a clear demonstration of the influence of the plasmonic resonances. It was explained how the nonreciprocal splitting of the dispersion of the SPP's guided by the garnet/Au grating interface causes a nonreciprocal shift of the Wood-plasmon resonances in the extraordinary optical transmission (EOT) and reflection spectrum of this structure, and hence is at the origin of the Kerr effect enhancement. In this case, non-reciprocal losses are observed due to the magnetoplasmonic coupling i.e., the coupling with plasmons even though the MO material itself does not induce any losses. On the other hand, it has been known for some time now, that EOT effects in 1D gratings are governed both by SPP resonances at the grating's interfaces and Fabry-Perot (FP) cavity resonances in its slits, and possibly even by their mutual coupling. The latter hybridization of these resonances is strongly dependent on the precise geometrical parameters of the grating and can greatly influence the efficiency of the EOT effects at play. Similarly, Halagacka et al, inspected the impact of coupling between Fabry-Perot modes inside grating air-gaps and surface plasmon mode at the interface between gold and MO garnet layer. This was studied via spectra of specular reflectivity and for the various angles of incidence. The obtained results prove that by hybridization of surface and cavity resonances in this 1D plasmonic grating, the transverse Kerr effect can be further enhanced, extinguished or even switched in sign and that without inverting or modifying the film's magnetization. Numerically this phenomenon was explained as the effect of interaction between grating resonances (cavity and surface plasmon modes) and it was demonstrated how the TMOKE can be tuned via slight adjustment of the grating geometry [START_REF] Halagačka | Anomalous Switching of Giant Magnetoplasmonic Transverse Kerr Effect[END_REF], [START_REF] Halagačka | Coupled mode enhanced giant magnetoplasmonics transverse Kerr effect[END_REF].

2.1.2.3.d Magnetoplasmonic isolator

In The authors numerically justify the performance of the isolator at a wavelength of 1550 𝑛𝑚 in the following way. A MO surface plasmon waveguide is designed such that an applied external magnetic field produces a nonreciprocal effective index. In the forward direction, the dielectric waveguide and the surface plasmon waveguide are index mismatched and weak coupling occurs resulting in a low insertion loss. In the reverse direction, the nonreciprocal index in the surface plasmon waveguides results in a phase-match condition allowing for strong coupling and isolation. The analysis and modeling show that isolation ration higher than 30 𝑑𝐵 can be achieved with insertion losses less than 3 𝑑𝐵 for device lengths on the order of 50 𝜇𝑚 which make these type of devices favorable for PICs as they are compatible with semiconductor manufacturing.

Non-MO isolators

In addition to the most usual MO isolators, innovative principles have been also proposed, which doesn't use MO effects. We mention here two of them.

2.1.1.3.a Interband Transition of photonic states

Zongfu Yu et al. demonstrated that on-chip isolation can be accomplished with dynamic photonic structures in standard material systems that are widely used for integrated optoelectronic applications [START_REF] Yu | Integrated Nonmagnetic Optical Isolators Based on Photonic Transitions[END_REF]. To manifest this phenomena a couple of geometries are studied, an interesting one with impressive performance is the one shown in Figure 2.27b where a bus waveguide is strongly coupled to a ring resonator including a modulation region (dark color) which shows that a linear, broadband, and nonreciprocal isolator can be accomplished by spatial-temporal refractive index modulations that simultaneously impart frequency and wave vector shifts during the photonic transition process. When a waveguide is under a modulation, light of frequency 𝜔 1 in forward direction is converted to a higher frequency mode 𝜔 2 by the modulation. At the same time, light of frequencies 𝜔 1 or 𝜔 2 in the backward direction is not affected by the modulation. Combined with an absorption filter centered at 𝜔 2 , this structure can absorb all light incident from one direction at 𝜔 1 , while passing those in the opposite direction, and thus, creates a complete isolator behavior. The input passes through unchanged in the forward direction, but in the backward direction the energy at the input frequency is completely removed and has been spread to frequencies that are integer multiples of 𝑓. The proposed isolator was fabricated using deep ridge 𝐼𝑛𝑃 waveguides. The length of each modulator being 800 𝜇𝑚 and the distance separating them to 2.06 𝑚𝑚. At frequency 10 𝐺𝐻𝑧 an isolation of 11 𝑑𝐵 𝑐𝑚 ⁄ was recorded with 0.1 𝑑𝐵 modulator loss, 5.5 𝑑𝐵 coupling loss at each facet, 5 𝑑𝐵 propagation loss and 2.3 𝑑𝐵 increased loss due to residual amplitude modulation [START_REF] Doerr | Optical isolator using two tandem phase modulators[END_REF].

Table of past integrated MO isolators

To conclude the state of the art, we summarize the main integrated MO isolator principles and performances published since 1988. The FoM will depend on the isolation ratio and insertion losses. For this purpose, we have calculated FoM using the following equation. 

Studied structures and numerical tools 2.2.1 Introduction to new magnetoplasmonic isolator structures

In this thesis, we have analytically and numerically studied as well as evaluated the performance of two different isolator geometries which are represented in the Figure 2.30. GGG substrate which proved to enhance the TMOKE effect due to the resonances in the plasmonic grating slits with the simultaneous coupling to the SPP modes. From here comes the inspiration of the first geometry, which in short is the guided configuration of the previously described system. The new isolator consists of a MO waveguide side coupled to a nanostructured gold grating. Depending on the placement of the gratings, the structure could function as an isolator in both TE and TM modes. Here the grating period is sub-wavelength in order to avoid Bragg reflections in the waveguide which could deteriorate the isolation performance. Such a system benefits from the intertwined application of the TMOKE and the joint plasmonic resonances inside the gold grating. This arrangement is ensured to break spatial and time symmetry simultaneously and permits coupling between the SPPs, the waveguide mode and the horizontal and vertical Fabry-Perot resonant modes in the grating slits. The fundamental TE mode in the MO waveguide is responsible to excite the SPPs propagating at the metal-dielectric interface which in turn excite metal-insulator-metal (MIM) modes inside the slits.

Inspired by the unique properties of slot waveguides, as shown in reciprocal magnetoplasmonic systems like switches, the second geometry proposed is a radically new guided structure for non-reciprocal transmission. The principle is based on the fundamental plasmonic waveguide mode which loses its symmetry by the use of a magnetized MO material, e.g. Bi-substituted magnetic garnet film (BIG) as dielectric material sandwiched between metal layers. The fundamental guided quasi-TE mode in the slot waveguide results from the coupling of two SPP modes which can exist simultaneously at each metal-dielectric interface. The configuration in which the trilayer is placed with respect to the magnetization is the TMOKE which directly affects the mode profile of the plasmonic mode. By introducing optical absorbers only on one side of the slot waveguide (spatial symmetry breaking), light is no more transmitted in the corresponding direction. Any kind of lossy element can be used, such as lossy cavities, with the condition that they do not induce any back reflections. Periodicity of these elements is not required either.

Materials

For both isolators, the plasmonic material is chosen to be gold which has minimum losses in the wavelength region of interest. The frequency dependent dielectric constant of gold is modeled by the Drude-Lorentz model fitting of ellipsometric data with plasma frequency 𝜔 𝑝 = 1.29 × 10 16 𝑟𝑎𝑑 𝑠 ⁄ , the collision frequency to 𝛾 𝑝 = 6.478 × 10 13 𝑟𝑎𝑑 𝑠 ⁄ and 𝜀 ∞ = 1 the high-frequency contribution to the relative permittivity [START_REF] Obayya | COMPUTATIONAL PHOTONICS[END_REF].

𝜀 𝑚 (𝜔) = 𝜀 ∞ - 𝜔 𝑝 2 𝜔(𝑖𝛾 𝑐 + 𝜔) (2.7)
The ridge and plasmonic waveguides are embedded in a dielectric medium with a dielectric constant 𝜀 𝑆𝑖𝑂 2 = 1.45 2 and placed on non-MO Gadolinium Gallium Garnet (GGG) substrate with 𝜀 𝐺𝐺𝐺 = 1.97 2 .

The MO waveguide core is characterized by the dielectric tensor 𝜀 𝑑 with diagonal and a pair of offdiagonal elements like described by eq (2.1). We have considered a negligible absorption (𝜀 ′′ ≅ 0) for the BIG, the diagonal elements 𝜀 𝑥𝑥 , 𝜀 𝑦𝑦 , 𝜀 𝑧𝑧 are dispersionless and equal to the scalar isotropic dielectric constant 𝜀 𝑑 = 𝑛 𝑀𝑂 2 = 2.3 2 . The off-diagonal elements are 𝜀 𝑥𝑧 = -𝜀 𝑧𝑥 = 𝑖𝑔 where g is the gyrotropy constant. To better display the mechanisms undergoing in both structures, we first consider an artificial value of g as high as 0.1, assumed to be constant over the frequency range of interest. Such a high value of gyrotropy is chosen to highlight the device behavior and the performance trend. We will also consider most realistic values down to 0.001.

Numerical tools and simulation techniques 2.2.3.1 Introduction to photonic modelling

Prior to fabrication of any photonic device, modelling of the geometry and simulation of the electromagnetic fields are required. Therefore, numerical methods for solving Maxwell's equations are needed. The results of such computations have consistently agreed with experiments. Following the increasing growth of photonics, more and more computational tools appear to address various specific needs, and the variety of available Maxwell's solvers has recently been extended a lot in an attempt to optimize photonic devices in two-and three-dimensional space domains [START_REF] Lavrinenko | Numerical methods in photonics[END_REF].

Despite their powerful numerical capabilities, all these techniques possess drawbacks which pose limitations in the range of applicability of the methods to specific classes of problems. These limitations are mainly due to the huge growth in the computational burden required for 3D problems due to the tremendous increase in the simulation area. Furthermore, if nonlinear phenomena (like magnetooptics) are also considered, the limitations appear to be even more severe [START_REF]Ansys/Lumerical[END_REF].

In this thesis, we mainly focus on using Finite Element Method (FEM) based COMSOL Multiphysics and Finite Difference Time Domain (FDTD) based Lumerical as simulation tools for modelling of the electromagnetic fields inside proposed photonic isolator geometries in the presence of material magnetization.

Lumerical FDTD Solutions

Lumerical FDTD Solutions is an experimentally validated tool for modeling nanophotonic devices, especially plasmonic structures. This finely-tuned simulation tool delivers reliable, powerful, and scalable solver performance over a broad spectrum of applications [START_REF] Verruijt | Numerical solution[END_REF]. It is based on the finitedifference time-domain (FDTD) method, which is a universal approach that can be applied to solve Maxwell's equations directly. Maxwell's equations are solved on a grid, which is inserted in the region of interest: the Yee grid [START_REF]COMSOL Multiphysics®[END_REF] (Yee mesh) arranges six components of electric and magnetic fields in a special order, finishing by having only tangential field components on the unit cell interfaces. All derivatives in Maxwell's equations are approximated numerically by finite-difference schemes reducing differential equations to algebraic ones. This leads to an explicit algorithm for updating fields in time that has increased by a small time step. Thus, by applying the updating procedure, evolution of the fields can be followed, which happen during propagation, scattering, absorption, etc.

In this thesis, we use Lumerical FDTD Solutions to simulate the propagation of the electromagnetic fields inside the proposed three-dimensional isolator geometries. Another simulation is that of the photonic band-diagram of a single unit cell of a periodic structure. In the next sections we briefly describe these methods and the different components involved in setting up the simulation platform required to obtain the final results.

2.2.3.2.a Propagation simulation

To determine the underlying optical effects and measure the isolation ratio as well as the efficiency of these nonreciprocal waveguides we perform electromagnetic wave propagation simulations in forward and backward directions using Lumerical FDTD. The most essential part in designing photonic devices with magneto-optical properties is understanding how the computational technique treats non-diagonal permittivity material. Lumerical FDTD Solutions approximates any calculation that includes MO effects via re-diagonalizing the asymmetric tensor whose different elements should be inputted by the user. This is accomplished by calculating first the eigenvalues (using 𝐸𝑣𝑙 = 𝑒𝑖𝑔(𝜀 𝑑 , 1) command where 𝜀 𝑑 is the initial anisotropic matrix) and creating a new material by defining the diagonal entries using setmaterial script command. At this stage, the new material can be checked from the material database. Next, to setup transformation matrix the eigenvectors are calculated (using 𝐸𝑣𝑐 = 𝑒𝑖𝑔(𝜀 𝑑 , 2) command). The last step is adding the Matrix attribute object into the layout editor using addgridattribute script command and the eigenvectors are set to the property "𝑈" of the Matrix attribute object using set script command. On the material tab of the magnetooptic structure the Matrix attribute is assigned to "grid attribute names". As a result, 𝜀 𝐷 which is the diagonalized form of the anisotropic tensor 𝜀 𝑑 can be written using the following form:

𝜀 𝐷 = 𝑈𝜀 𝑑 𝑈 † (2.8)
Where 𝑈 is a unitary transformation matrix which is composed of the eigenvectors of 𝜀 𝑑 , and 𝑈 † = 𝑈 -1 is the complex conjugate transpose of 𝑈. For propagation simulations, the borders of the FDTD simulation region are automatically considered to be Perfectly Matched Layers (PML). PML boundaries (represented in orange in Figure 2.32) are basically absorbing boundary conditions that are impedance matched to the surrounding materials, set around the whole simulation region and designed to absorb incident light with minimal reflections. Ports (in grey) are used at both ends of the structure to simultaneously inject the suitable optical mode, measure reflection on one hand and transmission on the other. Vertical and horizontal monitors (light green) are used to record the electromagnetic field distribution inside the structures. In the FDTD method, the isolator structure is described by a spatial discretization mesh. A spatial mesh size of 𝛥𝑥 = 𝛥𝑦 = 𝛥𝑧 = 10 𝑛𝑚 in the FDTD algorithm is found enough for convergence of the numerical results.

2.2.3.2.b Unit cell study 2.2.3.2.b.i Photonic Band diagram

We consider a single unit cell (one grating period including one resonant MIM structure) of the whole structure with periodic boundary conditions set in the propagation direction, BIG and SiO2 media are the z direction borders and account for the waveguide and surrounding medium respectively. In order to determine the waveguide modes present in the structure, as well as the possible resonant modes in the grating slits, we impose Bloch boundary conditions at the edge of the unitary cell along the propagation direction as represented in Figure 2.33. Exciting the structure with dipoles moments (in green) and collecting the field over time using a collection of field time monitors (in orange) scattered in the simulation region. Using a script and performing FFT (Fast Fourier Transform) can transform the data into the frequency domain which gives us the complete photonic band diagram of the infinite periodic structure. Additionally, from such calculations, by properly inspecting the shape of the electromagnetic fields we can deduce the order of the resonant modes in the MIM structure as well as their nature. 

2.2.3.2.b.ii Absorption by a cavity

Although the second structure includes periodic rectangular nanocavities to absorb the propagating SPPs along one of the dielectric-metal interface, this particular arrangement is not a necessity. Thus, no band-diagram simulations are required. Simple tests involving the BIG cavity surrounded by gold is used with an incident plane wave as a source. A monitor placed behind the source as shown in the Figure 2.34 below is able to record the optical response of the cavity, i.e. the reflection, from where the absorption of the cavity can be deduced. The resonance order can be known by looking at the electromagnetic field maps retrieved from the horizontal monitor placed along the propagation direction of the plane wave and validated by using the Fabry-Perot equation. 

COMSOL MULTIPHYSICS

COMSOL Multiphysics ® is a simulation platform that encompasses all of the steps in the modeling workflow, from defining geometries, material properties, and the physics that describe specific phenomena to solving and postprocessing models for producing accurate and trustworthy results [START_REF] Cardoso | Electromagnetics through the finite element method : a simplified approach using Maxwell's equations[END_REF].

The FEM solves Maxwell's equations in the frequency domain. The realization of the FEM involves two basic steps. First, Maxwell's equations are converted into a so-called variational form that involves integral expressions on the computational domain. Second, the solution space, which should contain a reasonable approximation to the exact solution, has to be constructed. This solution space is obtained by subdividing the computational domain into small geometric patches and by providing a number of polynomials on each patch for the approximation of the solution. The patches together with the local polynomials defined on them are called finite elements. The most common examples of finite elements are triangles and rectangles in 2D and tetrahedrons and cuboids in 3D together with constant, linear, quadratic, and cubic polynomials. These locally defined polynomial spaces have to be pieced together to ensure tangential continuity of the electric and magnetic field across the boundaries of neighboring patches. The strengths of the method are the following: first, complex geometrical shapes can be treated without geometrical approximations, for example curved geometries can be well approximated; second, the finite element mesh can easily be adapted to the behavior of the solution, for example to singularities at corners; and third, high-order approximations are available and ensure fast convergence of the numerical solution to the exact solution [81]. For our studies with COMSOL Multiphysics ® , we utilize the Electromagnetic Wave Frequency Domain (emw) physics interface to accurately perform modal analysis on our studied waveguide interfaces and propagation tests for the full structure.

2.2.3.3.a Waveguide mode analysis

A large part of this thesis depends on the photonic modes which can be hosted by a MO waveguide in the presence of plasmonic layers. COMSOL Multiphysics ® offers a quite fast and efficient method by combining the Mode analysis study step with Frequency domain study. Finer mesh is required at the metal/dielectric boundaries to produce consistent results. The number of output optical modes and the frequency at which the calculation is done can be chosen. The results usually include the mode profiles as well as their corresponding complex effective refractive indices. Moreover, different functions can be assigned to domains, boundaries or edges to calculate quantities like confinement factor and mode asymmetry. 

2.2.3.3.b Propagation simulations

To do propagation tests and inject light into the simulation region, Numeric Ports should be assigned with the on and off choice, to the most left and most right boundaries, in order to act as a mode exciting port or simply function as a transmission recorder. TE or TM modes can be chosen with the required order number. In this case the study section should include Boundary Mode Analysis study step combined with Frequency domain study to find the eigenmodes that correspond to a wave propagating in a direction normal to the port as well as determine the mode shape.

Comparison between Lumerical FDTD and COMSOL Multiphysics

Before going into deeper and more sophisticated parts considering the modelling and simulation of electromagnetic activity inside our structures, here we would like to present a short comparison between the two simulation tools used throughout this thesis in order to validate the performance of both in the case of a system including gyrotropic material. For this purpose, we conduct two minor tests: (1) a waveguide mode analysis study and (2) 2D transmission tests.

2.2.3.4.a Waveguide mode analysis

As a first step we perform a calculation of the fundamental plasmonic mode of a (1D) MDM Au/BIG/Au waveguide corresponding to the (1D) interface one of the magnetoplasmonic structure mentioned in Figure 2.30b. The following table shows the complex effective indices as given by COMSOL Multiphysics and Lumerical FDTD recorded at wavelength of 1.55 μm. The results obtained by both simulation tools, shown in Table 2.2, are similar and their absolute error on the real and imaginary parts of the effective index is in the acceptable range. Their difference could be attributed to two reasons: firstly, each simulation tool uses a different approach to treat the magnetooptical material's tensor; secondly the Drude-Lorentz model for the plasmonic part is differently implemented: COMSOL Multiphysics calculates the permittivity of gold at the desired wavelength whereas Lumerical FDTD uses a fitting method between the points calculated.

MO material gyrotropy COMSOL Multiphysics

Lumerical

2.2.3.4.a Transmission simulation

For further verification we present the results of 2D transmission tests done with both simulation tools for the structure represented in As explained in the former parts, we know for a fact that COMSOL Multiphysics and Lumerical FDTD Solutions have different approaches in the way that they treat MO materials. Judging by the plots of Figure 2.38, we can say that although the results obtained (in this case the transmission/isolation ratio) are not strictly identical however, they are coherent and follow similar behavior with similar amplitude with a mean absolute error of ±0.15 dB on the isolation ratio value. It must be noted that the error is slightly higher when large value of gyrotropy is used (g = 0.1), similar to the case of the effective indices which are shown in Table 2.2. Moreover, we have noticed that the diagonalization method followed by Lumerical FDTD Solutions which aims to simplify the magnetooptic tensor from an off-diagonal to a purely diagonal one is indeed efficient in reducing computer memory requirements and very useful for decreasing simulation time.

Summary

Research on the design and production of integrated optical isolators began in the 1970s. The first works devoted to the study of structures were based on Faraday rotation. Aiming to miniaturize these optical components other phenomena like the Transverse Magneto-optical Kerr Effect were put into use, with different waveguiding geometries like Ring resonators and Mach-Zehnder interferometers.

In this chapter we presented a review of the basic phenomena and the different type of isolators developed till now. The two newly proposed magnetoplasmonic isolator structures are presented with a short description about their inspiration and main phenomena. Finally, a description about the different simulation tools used is also given, and the way they treat magnetooptical materials and systems is discussed with a brief comparison at the end.

2.4

3. Chapter 3: Magnetoplasmonic grating isolator

Introduction

The previous chapter gave a detailed explanation about the state-of-the-art optical isolators, and a description of the main phenomena and physical effects utilized by each one of them. Previously, Dr. Lucas Halagacka, as a member of the Cimphonie group, conducted theoretical and experimental studies on complex magnetoplasmonic nanostructures. This work, in non-guided configuration, focused on the enhancement of the Transverse magneto-optical Kerr (TMOKE) effect by exploiting extraordinary resonances occurring in a 1D periodic grating. Moreover, he was able to demonstrate experimentally the tuning and the inversion of TMOKE by proper adjustment of the grating's geometrical parameters without inversion of magnetization [1].

In this thesis, we aim to design optical isolators in guided configuration. By transforming the nonguided periodic nanostructure to a guided format, we obtain isolating structures for two modes of light.

For the TM input light, we place gold grating on top of the structure, whereas for the TE mode we place it adjacent to the waveguide as represented in Figure 3.1. Here the grating period is sub-wavelength in order to avoid Bragg reflections in the waveguide which could deteriorate the isolation performance. Such a system benefits from the intertwined application of the TMOKE and of plasmonic resonances [3]. As seen before TMOKE is well-adapted to the waveguiding configuration which is based on total internal reflection on opposing interfaces without resulting in mode and/or polarization change [2]. This arrangement is ensured to break spatial and time symmetry simultaneously and permits coupling between the SPPs, the waveguide mode and the horizontal and vertical Fabry-Perot resonant modes inside the grating slits [4]. Finally, the isolation functionality of the proposed structure depends on the coupling degree of the fundamental mode in the MO waveguide to the SPPs propagating at the metal-dielectric interface and the excited metalinsulator-metal (MIM) modes inside the slits. Non-reciprocity of such a waveguide is realized thanks to the non-reciprocal phase shift of the plasmonic mode when it couples into the Fabry-Perot cavities.

In order to fully analyze the behavior and the performance of such a TE grating isolator, we will successively present the design of its MO waveguide and the different modes which can be excited along the isolator, the design of the grating teeth dimensions (to generate Fabry-Perot resonance inside their slits), the propagating mode interaction with plasmonic modes and with slit Fabry-Perot resonances (through dispersion curves calculation), and finally the performance of the full grating isolator.

TE mode waveguide dimension study

The proposed structure, illustrated in Figure 3.1, mainly consists of a magneto-optical waveguide and a noble metal grating. The MO Bismuth Iron Garnet (BIG) ridge waveguide has dimensions of height ℎ𝐵𝐼𝐺 (y direction) and width 𝑤𝐵𝐼𝐺 (z direction) chosen in order to allow the propagation of the fundamental guided mode. The waveguide is embedded in a dielectric medium with a dielectric constant 𝜀 𝑆𝑖𝑂 2 = 1.45 2 and placed on non-MO Gallium Gadolinium Garnet (GGG) substrate with 𝜀 𝐺𝐺𝐺 = 1.97 2 . In our work, we have considered the thickness of the waveguide fixed at 0.45 μm. Figure 3.2a shows the real part of the effective index curves for the different optical modes that can be present in the MO BIG waveguide. The dimensions chosen should be concise enough to be able to eliminate the probability of excitation of higher order, leaky and radiative modes. For this purpose, we choose a width of 1 μm which allows the excitation of a TE mode with a confinement factor of 62 % which is represented in Figure 3.2b.

Fabry Perot cavities

Definition

A Fabry-Perot interferometer, also called resonator, is a linear optical resonator (or cavity) which consists of two highly reflective media. Light confined in a resonator will reflect multiple times from the opposing media, and due to the effects of interference, only certain patterns and frequencies of radiation will be sustained by the resonator, with the others being suppressed by destructive interference. In general, radiation patterns which are reproduced on every round-trip of the light through the resonator are the most stable, and these are the eigenmodes, known as the modes, of the resonator. As we will see in the coming parts, depending on the geometry of the cavity, discrete horizontal or vertical resonances or a combination of both can occur inside the gap.

FP cavities in grating slits

In order to isolate horizontal FP resonances from vertical ones inside a cavity, the thickness of the mirroring layers should not exceed a certain limit wAu >> hAu as represented in Figure 3.4a. Similarly, in order for a cavity to include solely vertical resonances, the width of the cavity should be short enough not to excite horizontally oriented resonances hAu >> wAu as represented in Figure 3.4a. The spectral position of the FP resonances can be modeled accurately when one of the cavity dimensions, wAu or hAu, is eliminated. In this case the equation is as follows [5]:

2𝑚𝜋 = 2𝑛 𝑒𝑓𝑓,𝑠(𝑖,𝑗) 𝑘 0 𝐿 + 𝜑 𝑟i + 𝜑 𝑟j , 𝑚 ∈ ℤ (3.1)
where 𝑚 is the order of the FP resonance and 𝑛 𝑒𝑓𝑓,𝑠(𝑖,𝑗) is the effective index of the fundamental mode within the gap of the unitary cell calculated by considering a cross section parallel to the (i,j) plane. 𝜑 𝑟𝑖 and 𝜑 𝑟𝑗 are the reflection phase shifts of the gap mode at each end of the cavity. It is worth pointing out that the reflection phase shift can be retrieved from the argument of the complex coefficient, which at each boundary can be roughly approximated as the normal incidence reflection coefficient. In our structure and for horizontal FP resonances, the gratings are surrounded from one side by the BIG waveguide and from the other by SiO2 superstrate. Whereas for the vertical ones, the surrounding media are the GGG substrate and the SiO2 cladding. In the following FDTD calculations, dipole sources placed inside the BIG waveguide can excite FP resonances within the slits of the gold grating with a length ls = 0.04 μm.

To study the different FP resonances separately, first we assume the structure to be at a fixed thickness ~ 0.1 μm and vary the width of the gold grating (case: wAu >> hAu). The spectra of the results shown in Figure 3.5a expresses the loci of the horizontal FP resonances occurring inside of the slit. Similarly, we fix the width of the grating to ~ 0.1 μm and vary the thickness of the structure to locate the position of the vertical FP resonances excited in between the grating teeth (case: hAu >> wAu) which are presented in Figure 3.5b.

By inspecting both diagrams we can notice that, for a given frequency, the number of horizontal and vertical resonant peaks increases with the grating width (along the z direction) or the thickness (along the y direction), respectively. More generally, when the width and the thickness of the metal grating teeth are large enough the slit has the capability to host higher-order horizontal or vertical FP modes. These FP resonances are marked as 𝐻 𝑖 for horizontal resonance and 𝑉 𝑖 for modes including a vertical resonance respectively, where 𝑖 is related to the number of nodes in the magnetic field distributions [6]. To better display the mechanisms undergoing in this structure, we first consider an artificial value of g as high as 0.1, assumed to be constant over the frequency range of interest. Such a high value of gyrotropy is chosen to highlight the device behavior and the performance trend. In the last part of the chapter, we represent isolation ratio and FoM curves for different more realistic gyrotropy constants [7], [8] . In our structure, the width and the thickness of the gratings are comparable to each other as it can be seen from the schematic in Figure 3.6a. We have fixed the thickness at ~ 0.45 μm and varied the width of the grating between 0.1 μm and 0.9 μm. The expectation is to see a spectra including both types of FP resonances. The evolution of the spectral position of these resonant modes with respect to the cavity dimensions can be seen in Figure 3.7a. For the narrowest cavity width (wAu = 0.1 μm) and in the frequency range of interest, we can notice a single resonant mode which is a fundamental order vertical FP mode V0. Increasing the cavity width to wAu = 0.3 μm introduces a fundamental order horizontal FP H0 and a first order vertical FP V1 resonance, at 155 THz and 195 THz, respectively. With further increase of the cavity width from wAu = 0.3 μm up to the highest width wAu = 0.9 μm, six resonant modes finally appear. After inspection of the magnetic field profiles inside the slits, these modes have been identified as the H0, V0, H1, V1, V2 and H2 FP resonances. Nevertheless, in the range of calculation of Figure 3.7, the 1st and 2nd order "vertical" FP modes V1 and V2 undergo a distortion of the profile as shown in the subplots (c) and (d). Whatever the mode shape, the response of the FP resonant cavity can be controlled by tuning the geometrical parameters of the grating: this can be fruitfully exploited to control the frequency at which isolation will occur for the whole structure.

Propagating modes interactions

In the following section, the involved propagative modes, their resonances and their impact on the behavior of the device are presented upon variation of the gold grating geometrical parameters, namely its period, its width and its length. Firstly, we evaluate the simplest geometry, i.e. by considering the isolator having closed slits (ls = 0 μm): in this case the grating becomes a flat strip of gold supporting SPPs. Secondly, we examine the nature, the order and the spectral behavior of FP resonances occurring within the grating slits of finite size. Finally, the whole structure involving SPP-slit resonances coupling is analyzed.

Case of closed slits (ls = 0 μm)

The TE mode injected in the waveguide enables the excitation of SPPs at the interface of the waveguidemetal in the area of the grating. To study the effect of the gold on the waveguide mode, a simple structure made of a strip of gold placed adjacent to the waveguide is considered. The photonic band diagrams of a sole waveguide and a waveguide with strip of gold are presented in Figure 3.8a,b respectively.

Dash-dotted white lines correspond to BIG, GGG and SiO2 lightlines (from right to left). Figure 3.8a shows the fundamental TE mode dispersion curve. It is worth pointing out that, due to the periodic boundary conditions used in the calculation, the dispersion curve is reflected at the edge of the First Brillouin Zone (FBZ). The upper picture in Figure 3.8c shows the magnetic field profile of this fundamental TE mode.

The addition of a flat strip of gold next to the BIG waveguide allows the excitation of two hybrid plasmonic-dielectric modes (shown in Figure 3.8b): the modes termed A (higher effective index) and B (lower effective index) display a more plasmonic and dielectric "character", respectively. When the TE mode propagates in the isolator, and after reaching the metallic grating it can couple to plasmonic modes. The three main modes which can be observed in the waveguides are represented in Figure 3.9: Because of the lower index mismatch, the TE mode injected at the beginning of the waveguide will preferentially couple to the second hybrid waveguide plasmonic mode (𝑀𝑜𝑑𝑒 𝐵) at the vicinity of the gold strip. Moreover, the plasmonic nature of both modes can enhance the TMOKE effect at the interface at any incident wavelength thanks to electromagnetic field concentration at the interface. It is worth pointing out that the SPP is more concentrated with increasing frequency when it approaches the plasma frequency (as a general property of SPPs).

Case of non-trivial slits (ls > 0 μm)

When the side gold grating of the full structure (Figure 3.6) has nontrivial slits (ls > 0 μm), the hybrid plasmonic-dielectric mode (𝑀𝑜𝑑𝑒 𝐵 of Figure 3.9) couples to the slits FP resonances. Similarly, to the non-guided version [9], such coupling will lead to the enhancement of TMOKE effect and thus of propagation non-reciprocity. To shed light on the coupling mechanisms between the waveguide and the plasmonic grating, the photonic band diagram of the complete infinite periodic structure (grating and waveguide as depicted in Figure 3.6) has been calculated. Figure 3.10a-d represents the band diagrams when the grating height and the grating period are fixed at hAu = 0.45 μm and pAu = 0.3 μm, the grating length equals ls = 0.04 μm, and the widths are (a,b) wAu = 0.1 μm and (c,d) wAu = 0.9 μm, respectively.

Band diagrams shown in Figure 3.10a and c are representative of the logarithm of the excited modes intensity. In the corresponding handmade tracing reported in Figure 3.10b,d, the red and the blue dispersion curves correspond to the magneto-plasmonic waveguide modes A and B, respectively, whereas the "flat" curves represent different orders of FP resonance modes. The gap at 230 THz at the FBZ border corresponds to the first order Bragg grating reflection, which depends here mainly on the grating period (0.3 μm in both cases). Since reflections must be avoided in isolators, we will focus our analysis on shorter frequency ranges. Besides, below 150 THz we know from Figure 3.6a,b that the guided mode is mainly plasmonic (SPPlike 𝑀𝑜𝑑𝑒 𝐴). Such mode can efficiently interact with FP slit modes: this is manifested by the dispersion curve bending of H0, V0, H1 and V1 which attest of interaction with weakly confined or leaky waveguide modes.

Nevertheless, the frequency of most interest here is between 150 THz and 220 THz, i.e. the NIR range.

In this range, one clear anticrossing is identified in the case wAu = 0.1 μm (Figure 3.10a) between the waveguide 𝑀𝑜𝑑𝑒 𝐵 (mainly) and the slit mode V1 (blue and green curves of the schematic view).

Similarly, a gap is opened near 180 THz in the wAu = 0.9 μm case (Figure 3.10b), resulting from the interaction between the waveguide 𝑀𝑜𝑑𝑒 𝐴 (mainly) and the slit FP resonance H2 (burgundy and red curves of the schematic view). As we will see later, the interaction between the plasmonic modes in the waveguide and the FP resonances inside the slits of the grating can enhance the electromagnetic field inside the structure improving the magnitude of the isolation ratio.

Isolation performance

Effect of grating width

The intersection of the waveguide photonic mode lightlines with the flat bands of the FP resonances can lead to resonant dips in the transmission spectra, without inducing backward reflections into the dielectric waveguide, which are in turn the points at which enhanced isolation occurs.

The full guided structure with ten gold teeth placed on one side of the BIG waveguide has been simulated for two cases: wAu = 0.1 μm and wAu = 0.9 μm. The grating is sized with the same parameters as stated before (period of 0.3 μm) and has thus a total length of 3 μm. The figure below shows the forward and backward transmission 𝑇 𝑓 and 𝑇 𝑏 curves as obtained by FDTD simulations. The transmission spectra recorded using 2D ports at the end of the simulation region, in both cases of grating widths show a perturbed behavior. We can see that with the number of dips increases with the increase in the grating width. This is attributed to the fact that in larger grating teeth widths, more FP resonant modes can be excited as shown in Figure 3.5 and Figure 3.7. Finally, the shift between the forward and backward transmission curves which determines the bandwidth of the device is due to the TMOKE effect and is proportional to the magnitude of gyrotropy of the MO material used. The logarithmic difference of the forward and backward transmission curves, i.e., the isolation ratio as well as the FoM of the device are shown below. Figure 3.12 represents the isolation spectra obtained in both cases. Each curve contains one or several S-shaped peaks, corresponding to the location of the dips in the transmission curves, which demonstrate the enhancement of the non-reciprocal behavior at given frequencies. Interestingly the non-reciprocity sign can be positive or negative, despite the same magnetization orientation. Besides the number of Sshaped peaks increases with the width of the cavity. These S-shaped peaks are similar to the ones described in the non-guided structure reported in and can be attributed to the magneto-optical interaction enhancement by the SPP-slit mode coupling. Their increased number in the wider cavity is due to the existence of higher order FP resonances hosted in the grating. When wAu = 0.9 μm, the isolation ratio curve (in black) shows three prominent resonant S-shaped features labeled 1, 2 and 3 at 125 THz, 185 THz and 245 THz, respectively. By looking at the magnetic field of the full structure shown in Figure 3.13, we can clearly identify that these points correspond to the 1 st horizontal order (a), the 2 nd horizontal order (b) and the 3 rd horizontal order (c) Fabry-Perot modes.

A closer look at the band diagrams of Figure 3.10 allows us better understanding the amplitude difference at the different isolation points.

In the case of wAu = 0.1 μm, the interaction of the 1 st order vertical FP mode occurs mainly with the hybrid waveguide 𝑀𝑜𝑑𝑒 𝐵 (marked by 𝑀𝑜𝑑𝑒 𝐵 and V1 in Figure 3.10a) and is manifested by the anticrossing near 220 THz. The coupling between the hybrid waveguide mode and the slit FP resonance results in transmission non-reciprocity enhancement as seen on the red curve of Figure 3.12a. The magnetic field intensity of the FP resonance occurring in the grating slits at this high isolation point is shown in Figure 3.14. We have checked that the Bragg reflection (which occurs at 230 THz) is negligible at this frequency, and thus optical isolation is fully performed. Since the SPP is more concentrated at higher frequency, this is a particularly favorable configuration combining enhanced TMOKE, high confinement of (short slit width) FP mode and sub-wavelength grating period. In the case of wAu = 0.9 μm (in black), three peaks appear on the isolation curve. FoM calculations are shown in Figure 3.12b for both cavity widths. It is worth pointing out that the FoM decreases with increasing cavity widths. This can be attributed to losses induced in larger cavities FP modes, which do not contribute directly to non-reciprocal effect. Besides the highest FoM obtained for wAu = 0.1 μm at 218.5 THz, when g = 0.1 is considered, corresponds to 22 dB isolation ratio, 17.42 dB insertion loss and negligible back reflection. In addition to the higher compactness of the structure, the grating isolator with the shortest cavity width wAu = 0.1 μm presents promising performance.

Effect of slit length

Furthermore, we intend to optimize both the isolation ratio and the FoM by varying the grating duty cycle. The period pAu remains fixed at 0.3 μm, and the slit length ls is varied. The positions of the isolation peaks undergo a blueshift as the slit lengths increase from 0.02 μm to 0.06 μm as shown in Figure 3.15a, for a gold grating with ten periods and wAu = 0.1 μm. Since the isolation ratio enhancement results from the hybrid plasmonic modes and the FP slit mode coupling, the amplitude balance between the coupled modes is reproduced on the isolation ratio peaks when the FP mode frequency shifts. Thus, the positive and the negative non-reciprocity may have different absolute values. Besides in this range, the FoMs reach similar acceptable levels (>1). It appears here that the variation of the slit length induces a slight isolation frequency shift. Besides, we have shown that isolation can be broadly tuned by the grating width (Figure 3.7 and Figure 3.12). Thus, the frequency at which isolation occurs can be coarsely tuned by playing on slit width and finely tuned via slight adjustment of the grating slit length. In this way, grating geometry allows covering a wide and continuous range of isolation frequency, with similar FoM as long as the FP slit modes appear in the frequency range of waveguide hybrid modes and SPP mode coupling.

Effect of gyrotropy

In the previous parts we explained the intertwined mechanisms involved in providing the isolation effect in the proposed magnetoplasmonic structure. We have also assessed the influence of the geometrical parameters, by using an artificially high and dispersionless gyrotropy value. Although this can depict the performance trend for high gyrotropy, here we consider the effect of more usual gyrotropy values on the isolation ratio and FoM curves. For the sake of simplicity, we consider a constant value on the frequency range of interest. Figure 3.16 shows the isolation ratio as well as the FoM magnitudes for different gyrotropy levels. Lowering the gyrotropy shrinks the bandwidth of isolation, from 15.26 nm for g = 0.1 to 2.23 nm for g = 0.01 and 1.95 nm for g = 0.005. The bandwidth shrinking is due to the decrease in the shift of the FP resonance position in the opposite senses. Although the isolation mechanism presented in this manuscript does not depend on the gyrotropy value, lower value of gyrotropy reduces the device performance by decreasing both isolation and bandwidth by effectively decreasing the variation between the propagation constants in the forward and backward propagation directions due to the TMOKE effect. Nevertheless, with no specific optimization, significant isolation ratio higher than 5 dB remains reachable for g = 0.005 with a grating as short as 3 μm. A larger number of grating elements combined with overall optimization of the geometrical parameters such as grating width and slit length could re-enhance the isolation and increase its ratio. Adding the result of this structure to the plot of FoMs of the state of the art could result in the following map. 

Summary

In conclusion, we have proposed a new isolator design for TE modes based on magnetoplasmonic coupling between a magnetooptical waveguide and a side gold subwavelength grating. This very compact structure, with a total length of 3 μm, can reach typically from 5 dB to 22 dB isolation ratio with a gyrotropy from 0.005 to 0.1, and negligible back reflection at telecom wavelength. Fabry-Perot resonances in the grating slits coupled to the SPP component of the waveguide mode lead to this strong enhancement of the isolation ratio. A change in the grating geometrical parameters enables the selection of the wavelength of interest by concurrently granting significant isolation on a wide wavelength range.

Besides, the isolation ratio can be positive or negative with the same magnetization orientation, enabling integration of isolators in different propagation directions on the same circuit with a single external magnetic field. One drawback of this isolator geometry is the final output mode, which requires more work to transform it back to a fundamental optical mode. In summary, this very compact and waveguiding structure may pave the way for achieving novel compact optical isolators and can simultaneously provide a versatile solution for the integration of nonreciprocal components in photonic circuits.

3.7

4. Chapter 4: Magnetoplasmonic MDM slot waveguide isolator

Introduction

The previous chapter covered a magnetoplasmonic nonreciprocal device based on an array of gold gratings coupled to a MO waveguide. The main concern with such resonant devices is the limited bandwidth of operation (~20 𝑛𝑚), as well as the low forward transmission directly affecting the functional efficiency and performance of the isolator. When considering wideband operation, ranging over at least a couple of hundred 𝑛𝑚-s, a non-resonant structure is preferable.

The rapid development of plasmonic waveguides with highly confined SPP modes has shown their potential for achieving sub-wavelength light confinement over traditional dielectric waveguides. This remarkable capability is promising for the design of densely integrated photonic devices with nanoscale resolution. In recent years, several kinds of magnetoplasmonic slot waveguide devices that can manipulate electromagnetic fields have been proposed. However, none of them focus on achieving nonreciprocal transmission. We intend to use the advantages provided by such systems for the good of isolators. Guiding electromagnetic waves at subwavelength scale has been of great interest, and SPPs are the tool to achieve it. For this reason, several different plasmonic waveguiding structures have been already proposed. On the other hand, slot waveguides were first introduced by Almeida et al. [1]. They demonstrated that when the gap between two high-index dielectric strips is on a submicron or less scale, a slot waveguide is established, and it can strongly confine the guided wave into the low-index slot. The sandwiched region can be filled with a nonlinear, biochemical, or active material intensifying the interaction between light and the filling material because the optical field is greatly concentrated there. This proposition has resulted in the development of a variety of functional devices such as biochemical sensors [2], [3], electro-optic modulators [4], [5] refractive index sensors [6], [7]. In this thesis we intend to utilize the unique properties offered by plasmonic slot waveguides and put them to the task to achieve non-reciprocal effects. Such a way, we propose another isolator geometry based on MDM (metaldielectric-metal) configuration, shown in Figure 3.1.

This structure is a radically new with respect to the mainstream of these last years, presented in chapter 2. The principle of this new isolator is based on magnetoplasmonic slot waveguide modes which lose their symmetry by the use of a magnetized MO material inside the MDM slot. The phenomenon of asymmetrization was identified a few years ago firstly in the case of anisotropic slot waveguide [8], and then more specifically in different magneto-plasmonic works [9], [10]. More recently devices using this effect have been theoretically proposed for (reciprocal) switching in a plasmonic thin metallic waveguide [11] or modulation in a slot waveguide [12]. But no design was proposed for non-reciprocal devices, maybe because these structures have at first sight spatially symmetric feature.

The principle of the new isolator is as follows: the waveguiding region consists of a horizontally oriented trilayered heterostructure, as shown in Figure 4.2a, which can host the fundamental plasmonic, quasi-TE (with respect to the multilayer axis) coupled surface plasmon, LRSPP (long-range SPP) and SRSPP (short range SPP) modes represented in green and blue solid curves, respectively. With the help of a modal adapter, the design of which will be presented in the chapter 5 of this manuscript, the solely LRSPP can be injected in the nonreciprocal section. Because the dielectric region between the plasmonic layers is filled with magnetooptic material, in TMOKE configuration, the LRSPP mode exhibits exceptional properties: the traditional LRSPP with equal amplitude coupled SPPs loses its symmetry and the modal distribution becomes asymmetric. In forward and backward directions this mode has identical propagation constants, however the optical path followed by the unequally distributed SPPs differ, as shown in Whereas this asymmetrization of the slot waveguide coupled modes has been considered up to now as usual magneto-plasmonic effect, we underline it through a new name, "magneto-biplasmonics", the fact that the two-step physical mechanism (mode coupling + TMOKE) radically modifies the impact of magneto-optics on guided mode propagation.

In this chapter we confront the essentials of understanding the mechanism of coupled SPPs and the design of magneto-biplasmonic waveguides. In the first part, theoretical work is conducted whereby solving Maxwells equations in order to establish the mode dispersion, propagation constant and modal behavior of the LRSPP mode in MO slot waveguides. Numerical results obtained from simulation tools are also presented in coherence with the analytical results to assess the validity of the model. Finally, the three-dimensional structure is formed and the transmission of the LRSPP mode in both directions is calculated: the isolation ratio as well as the efficiency of the device are evaluated with respect to different geometrical and material parameters.

1D magneto-biplasmonic slot waveguide study 4.2.1 Theoretical modelling

The following analytical framework is developed in order to deepen the physical understanding of the magneto-biplasmonics effect in MO slot waveguides and to identify design optimization rules based on optical mode losses, confinement factor and asymmetry percentage of the LRSPP mode.

As mentioned before, SPPs are exponentially decaying transverse magnetic TM electromagnetic waves confined to a flat metal-dielectric interface which arise via the coupling of the electromagnetic fields to oscillations of the conductor's electron plasma. Multilayers of alternating conducting and dielectric thin films make up waveguiding geometries where each single interface can sustain bound SPPs. When the separation between adjacent interfaces is comparable to or smaller than the decay length of the interface mode, interactions between SPPs give rise to coupled modes namely the LRSPP and SRSPP.

Considering only a trilayered heterostructure, two configurations of plasmonic waveguides exist, first is a dielectric layer placed between two metal layers referred to as MDM. Second, is the inverse where a metal layer is sandwiched between two dielectric layers called DMD. In this thesis, we will base our studies solely on the properties of the MDM case and its exploitation to realize optical isolators.

General case: M1DM2 magneto-biplasmonic waveguide

From here and on, we will consider the M1DM2 case where a MO dielectric material is placed between two metal layers.

For the general case we assume two non-identical metal layers and derive for the fundamental plasmonic modes, the generalized dispersion relations, the propagation constant and analyze this waveguide's behavior. After this step, we examine the particular case of identical metal layers. We also perform validation tests for our model by checking the cases where the dielectric width is considered to be high, in this case we move from a double interfaced structure to a single interfaced one.

A schematic of the M1DM2 waveguide in which the dielectric material is classified as MO is subject to an externally applied magnetic field is represented in Figure 4.3. The schematic shows a dielectric ridge waveguide of width 2𝑎 in the z direction, placed in between two non-identical metallic slots. The eigenmodes for such structure arise from evanescent coupling between the SPP supported by the individual metal-dielectric surfaces which propagate in the x direction. This magnetoplasmonic waveguide is symmetric in the x and z directions. This type of structure can host two fundamental plasmonic modes, namely, the LRSPP (long-range surface plasmon polaritons) and SRSPP (short-range surface plasmon polaritons) "supermodes".

To obtain the characteristics of SPPs in the M1DM2 waveguide, as sketched in Figure 4.3, we must start by applying Maxwell's equations. Naturally, similar equations exist for the electromagnetic fields (𝐸 ⃗ and 𝐻 ⃗ ⃗ ) propagating in the x-direction. In a cartesian coordinate system the electromagnetic fields can be represented as:

𝐸 ⃗ = 𝐸 0 ⃗⃗⃗⃗ exp [i(ωt -βx)] (4.1) 𝐻 ⃗ ⃗ = 𝐻 0 ⃗⃗⃗⃗ exp [i(ωt -βx)] (4.2) 
Where 𝐸 0 ⃗⃗⃗⃗ and 𝐻 0 ⃗⃗⃗⃗ are the amplitude vectors with complex-valued components. The complex parameter β is the propagation constant of the traveling waves and corresponds to the component of the wave vector in the direction of propagation (x direction) and ω = 2π𝑓 is the angular frequency of the incident wave.

In a medium free of sources and applying Maxwell's equation for a TM wave a semi-vectorial approximation can be used in order to simplify the analytical work, where instead of the six electromagnetic fields, the (coupled) SPP modes in the slot waveguide are considered to be composed of the three largest non-zero field components 𝐸 𝑥 , 𝐻 𝑦 and 𝐸 𝑧 , where x is the propagation direction, y the magnetization direction, and z the transverse direction . The second order wave equation involving one field vector 𝐻 𝑦 can be written as (see appendix A1):

𝜕 2 𝐻 𝑦 𝜕𝑧 2 + ( 𝑘 0 2 -𝛾 𝑥𝑥 (𝑚 (1,2) ,𝑑) β 2 𝛾 𝑥𝑥 (𝑚 (1,2) ,𝑑)
) 𝐻 𝑦 = 0

(4.3)
where

𝛾 𝑥𝑥 (𝑚 (1,2) ,𝑑) = 𝜀 𝑚 (1,2) ,𝑑 𝜀 𝑚 (1,2) ,𝑑 2 -𝑔 2 and 𝛾 𝑧𝑥 (𝑚 (1,2) ,𝑑) = 𝑖𝑔 𝜀 𝑚 (1,2) ,𝑑 2 -𝑔 2 𝑘 0 = 𝜔 𝑐
is the wave number of the propagating wave in vacuum. Choosing reasonable modal field functions in each region of the waveguide and employing the electromagnetic field boundary conditions, the modal field solution and the characteristic equation can be obtained. The magnetic field components in the considered trilayer can be written in the form:

𝐻 𝑦 = exp(𝑖βx) { 𝐴exp[-K m 1 (z -a)] 𝑧 ≥ 𝑎 𝐶 exp[K 𝑑 (z -a)] + 𝐷 exp[-K d (z + a)] -𝑎 ≤ 𝑧 ≤ 𝑎 𝐵exp[K m 2 (z + a)] 𝑧 ≤ -𝑎 (4.4)
By replacing 𝐻 𝑦 of each layer into the wave equation, eq (4.

3), one can find the expression for the vertical component of the SPP wavevector, K m 1 , K d and K m 2 which are complex. Thus, for each layer of the considered M1DM2 structure the respective wavevectors are given in the following forms:

K m 1 = √ β 2 𝛾 𝑥𝑥 𝑚 1 -𝑘 0 2 𝛾 𝑥𝑥 𝑚 1 = √β 2 -𝑘 0 2 𝜀 𝑚 1 (4.5) K d = √ β 2 𝛾 𝑥𝑥 𝑑 -𝑘 0 2 𝛾 𝑥𝑥 𝑑 = √ β 2 -𝑘 0 2 𝜀 𝑑 2 -𝑔 2 𝜀 𝑑 (4.6) K m 2 = √ β 2 𝛾 𝑥𝑥 𝑚 2 -𝑘 0 2 𝛾 𝑥𝑥 𝑚 2 = √β 2 -𝑘 0 2 𝜀 𝑚 2 (4.7)
Finally, applying the continuity of the electromagnetic fields 𝐻 𝑦 eq (4.4), 𝐸 𝑥 and 𝐸 𝑧 at the opposing boundaries 𝑧 = 𝑎 and 𝑧 = -𝑎 for this wave, we find the coupled mode SPP dispersion relation in an M1DM2 slot waveguide in the (x,z) plane where the SPPs are propagating along the x direction. The complex dispersion relation is written in the following way:

exp(-4K d 𝑎) = [β(𝛾 𝑧𝑥 𝑚 1 -𝛾 𝑧𝑥 𝑑 ) + 𝑖(𝛾 𝑥𝑥 𝑚 1 K m 1 + 𝛾 𝑥𝑥 𝑑 K d )][β(𝛾 𝑧𝑥 𝑚 2 -𝛾 𝑧𝑥 𝑑 ) + 𝑖(-𝛾 𝑥𝑥 𝑚 2 K m 2 -𝛾 𝑥𝑥 𝑑 K d )] [β(𝛾 𝑧𝑥 𝑑 -𝛾 𝑧𝑥 𝑚 1 ) + 𝑖(𝛾 𝑥𝑥 𝑑 K d -𝛾 𝑥𝑥 𝑚 1 K m 1 )][β(𝛾 𝑧𝑥 𝑑 -𝛾 𝑧𝑥 𝑚 2 ) + 𝑖(𝛾 𝑥𝑥 𝑚 2 K m 2 -𝛾 𝑥𝑥 𝑑 K d )] (4.8) 
Performing the necessary simplifications such as 𝛾 𝑧𝑥 𝑚 1 = 𝛾 𝑧𝑥 𝑚 2 = 0 since there are no magnetic effects in the metal layers, the dispersion relation can be reduced to: (4.9)

Special case: MDM magneto-biplasmonic waveguide

For an M1DM2 slot waveguide with identical metal layers M1≡M2, the wavevectors K m 1 and K m 2 and the expressions 𝛾 𝑥𝑥 𝑚 1 and 𝛾 𝑥𝑥 𝑚 1 are equal. The structure in this case can be redrawn as Figure 4.4 This said, the dispersion relation can be simplified further to:

exp(-4K d 𝑎) = (β𝛾 𝑧𝑥 𝑑 ) 2 + (𝛾 𝑥𝑥 𝑚 K m + 𝛾 𝑥𝑥 𝑑 K d ) 2 (β𝛾 𝑧𝑥 𝑑 ) 2 + (𝛾 𝑥𝑥 𝑑 K d -𝛾 𝑥𝑥 𝑚 K m ) 2 (4.10)
By examining each term, we notice that this transcendental equation depends only on the square of the propagation constant β. Thus, the dispersion relation is reciprocal. As a result, the propagation constants for the modes propagating in the positive and negative 𝑥 direction are the same, i.e., the solution of the dispersion relation does not change when propagation direction is reversed from β to -β.

Expanding eq (4. 

exp(-4K d 𝑎) = [ K m 𝜀 𝑚 + 1 𝜀 𝑑 2 -𝑔 2 (-β𝑔 + K d 𝜀 𝑑 )] [ K m 𝜀 𝑚 + 1 𝜀 𝑑 2 -𝑔 2 (β𝑔 + K d 𝜀 𝑑 )] [ K m 𝜀 𝑚 - 1 𝜀 𝑑 2 -𝑔 2 (β𝑔 + K d 𝜀 𝑑 )] [ K m 𝜀 𝑚 - 1 𝜀 𝑑 2 -𝑔 2 (-β𝑔 + K d 𝜀 𝑑 )] (4.11)
To decrease the apparent complexity and make the dispersion relation more appealing to the reader, the following substitutions are advised:

𝑞 𝑚 = K m 𝜀 𝑚 , 𝑞 𝑔 = 1 𝜀 𝑑 2 -𝑔 2 (β𝑔 + K d 𝜀 𝑑 ) and 𝑞 -𝑔 = 1 𝜀 𝑑 2 -𝑔 2 (-β𝑔 + K d 𝜀 𝑑 ). exp(-4K d 𝑎) = [𝑞 𝑚 + 𝑞 𝑔 ][𝑞 𝑚 + 𝑞 -𝑔 ] [𝑞 𝑚 -𝑞 𝑔 ][𝑞 𝑚 -𝑞 -𝑔 ] (4.12) 
Solving the dispersion relation by assuming 𝑔 2 ≪ 𝜀 𝑑 2 and 𝜀 𝑚 -𝜀 𝑑 ≅ 𝜀 𝑚 the complex propagation constant β of the MDM waveguide plasmonic modes, LRSPP and SRSPP, can be formalized and expressed in an implicit formulation:

β ≈ β 0 ± √β 𝑔 2 + β 𝑎 2 (4.13)
The "plus" and "minus" signs in eq (4.13) correspond respectively to the LRSPP and SRSPP modes which could be hosted by the MDM waveguide. β 𝑔 and β 𝑎 can be represented as:

β 𝑔 = β 0 𝑔 (1 -𝜀 𝑑 2 𝜀 𝑚 2 ⁄ )√-𝜀 𝑑 𝜀 𝑚 (4.14) β 𝑎 = 2β 0 𝑒 -K 𝑑 𝑎 (1 -𝜀 𝑑 2 𝜀 𝑚 2 ⁄ ) ( -𝜀 𝑑 𝜀 𝑚 ) (4.15)
β 0 = 𝑘 0 √ 𝜀 𝑚 𝜀 𝑑 𝜀 𝑚 + 𝜀 𝑑 (4.16) β g and β a can be seen as modifications to the single SPP propagation constant β 0 . These two terms are respectively related to the gyrotropy and to the SPP modes coupling (strength and overlap) of the magnetoplasmonic waveguide. Upon the presence of magnetization in the y direction in the sandwiched dielectric layer, the electromagnetic field distribution is altered and the SPP amplitude at the two dielectric-metal interfaces are no longer identical (𝐴 ≠ 𝐵). In order to quantify the degree of the mode asymmetry, the parameter 𝜙 is defined as the percentage of the normalized absolute difference between the amplitude of the magnetic field at 𝑧 = +𝑎 and at 𝑧 = -𝑎. 𝜙 can be deduced using the magnetic field form of eq (4.4), and the dispersion relation of the plasmonic modes eq (4.12).

𝜙 = 100 × (1 -| 𝐻 𝑦 (𝑧 = -𝑎) 𝐻 𝑦 (𝑧 = +𝑎) |) = 100 × (1 -| 𝐵 𝐴 |) (4.17)
Utilizing the expressions of A and B (see appendix A1), and the dispersion relation in equation (4.12) one can rewrite the expression of asymmetry in the following way:

𝜙 = 100 × (1 -[ 1 -𝛼 1 + 𝛼 ] 1 2 
) , 𝑐 = 𝜀 𝑚 𝑘 0 2 and 𝑑 = -

(
1 𝜀 𝑚 + 𝜀 𝑑 𝜀 𝑑 2 -𝑔 2
For high gyrotropy g = 0.1, it is preferential to use the expression presented in eq (4.19) for 𝛼. Whereas, for lower gyrotropy values, we can follow minor assumptions like 𝜀 𝑑 2 -𝑔 2 ≈ 𝜀 𝑑 2 , and 𝑅𝑒(𝜀 𝑚 ) ≫ 𝜀 𝑑 , 𝛼 can be simplified further and approximated as:

𝛼 = 𝑔 (2exp (-2K d 𝑎)𝜀 𝑑 3 2 ⁄ √-𝜀 𝑚 ⁄ ⁄ ) (4.20)
The simplified expression of 𝛼 (eq (4.20)) approximates the quantity presented in eq (4.19). This expression together with eq (4.18) can give a good estimation for the asymmetry percentage especially for low values of gyrotropy. Moreover, it indirectly shows us the parameters on which the asymmetry percentage 𝜙 is dependent on like the MO material index, gyrotropy, wavelength and the width of dielectric layer.

As it can be seen from the derived eq (4.17) and the complex expression of 𝛼 eq (4.20), the quantity 𝜙 is in direct relation with the gyrotropy of the magneto-optical material 𝑔, the waveguide width 2𝑎 and the incident wavelength 𝜆 0 . For a given metal and at a fixed wavelength, the width 𝑎 and the permittivity (diagonal element) of the magneto-optical layer have the strongest influence on the mode asymmetry, since they both contribute to the exponential term. For our application, and more precisely for developing non-reciprocal photonic components at the nanoscale, the utilization of this plasmonic mode with its unique asymmetric profile has a particular advantage since the presence of a MO material first breaks time reversal symmetry and the MDM structure allows light to take different paths in the forward and backward dimensions without modification in the real or imaginary parts of the complex effective refractive index. Going through the expression of 𝛼 eq (4.20), one can notice that increasing mode asymmetry can be performed thanks to, in addition to g increase, both an increase in the width (2𝑎) and the MO material dielectric constant (𝜀 𝑑 ), in the limit of the existence of the coupled LRSPP mode. The derived analytical expressions can be used to evaluate design rules and expected performance in term of mode asymmetry.

Model validation: M1DM2 non-magneto-biplasmonic waveguide

Let us consider now that the M1DM2 slot waveguide does not include any MO materials and the dielectric tensor is reduced to a constant. Starting from eq (4.11), the simplifications must include 𝑔 = 0. This means, 𝛾 𝑧𝑥 (𝑚 (1,2) ,𝑑) = 0, 𝛾 𝑥𝑥 𝑚 1 =

1 𝜀 𝑚 1 , 𝛾 𝑥𝑥 𝑚 2 = 1 𝜀 𝑚 2
and 𝛾 𝑥𝑥 𝑑 = 1 𝜀 𝑑 . After introducing these adjustments, the dispersion relation describing the coupled SPP modes without the presence of an external magnetization can be deduced and written in the form of:

exp(-4K d 𝑎) = [ K d 𝜀 𝑑 + K m 1 𝜀 𝑚 1 ] [ K m 2 𝜀 𝑚 2 + K d 𝜀 𝑑 ] [ K d 𝜀 𝑑 - K m 1 𝜀 𝑚 1 ] [ K d 𝜀 𝑑 - K m 2 𝜀 𝑚 2 ] (4.21)
For an M1DM2 slot waveguide with identical metal layers M1≡ M2, the wavevectors K m 1 and K m 2 and the expressions of the dielectric constants 𝜀 𝑚 1 and 𝜀 𝑚 2 are equal. This said, the dispersion relation can be simplified further to:

exp(-4K d 𝑎) = [ K d 𝜀 𝑑 + K m 𝜀 𝑚 ] 2 [ K d 𝜀 𝑑 - K m 𝜀 𝑚 ] 2 (4.22)
By employing the trigonometric relation tanh 𝑥 =

𝑒 2𝑥 -1 𝑒 2𝑥 +1
and replacing 𝑥 by -K d 𝑎, the more commonly known form of the dispersion relations describing the LRSPP and SRSPP modes can be deduced:

tanh(-K d 𝑎) = + K m 𝜀 𝑑 K d 𝜀 𝑚 (4.23) tanh(+K d 𝑎) = - K m 𝜀 𝑑 K d 𝜀 𝑚 (4.24)
Where K d = √β 2 -𝑘 0 2 𝜀 𝑑 and K m = √β 2 -𝑘 0 2 𝜀 𝑚 are the wavevectors in each layer.

One can notice that in the case of identical metal layers and linear dielectric materials (without any external magnetization), by imposing 𝑔 = 0, on expression of 𝛼 eq (4.20), the asymmetry percentage 𝜙 eq (4.17) is reduced to zero.

Model validation: Single magneto-biplasmonic interface

When the width of the dielectric waveguide increases 𝑎 ≫, the term β 𝑎 ≈ 0. The SPP mode tends to become confined only on a single metal-dielectric interface, resembling the case of SPPs propagating on a single interface as shown in Figure 4.5. In the presence of magnetization, the dispersion relation describing such a system can be deduced from eq (4.9) when exp(-4K d 𝑎) = 0. The Magnetic field components on the considered dielectric-metal interface can be written in the form:

𝐻 𝑦 = exp(𝑖βx) { 𝐴 𝑑 exp(𝑖K d 𝑧) 𝑧 ≥ 0 𝐴 𝑚 exp(𝑖K m 𝑧) 𝑧 ≤ 0 (4.26)
The wavevectors in each layer can be expressed similarly to eqs (4.5) and (4.6). By following the same steps as in the case of MDM, the propagation constant in the x direction can be approximated by: The simplified version of this expression is given by Belotelov et al. [13]. Assumptions can be made like cancelling higher order gyrotropy constants and 𝜀 𝑚 ≫ 𝜀 𝑑 . The final simplified form of β can be written:

β = ±√ 𝜀 𝑚 [(𝜀 𝑚 -𝜀 𝑑 ) 3
β = β 0 (1 + 𝜎𝑔) (4.28)
where 𝜎 = 1 (-𝜀 𝑚 𝜀 𝑑 ) 0.5 (1-𝜀 𝑑 2 𝜀 𝑚 2 ⁄ ) 0.5

Model validation: Single non-magneto-biplasmonic interface

Finally, for a dielectric-metal interface without any magnetization 𝑔 = 0. The propagation constant β will reduce to β = β 0 = 𝑘 0 √ 𝜀 𝑚 𝜀 𝑑 𝜀 𝑚 +𝜀 𝑑 as in eq (4.16). Fulfilling the condition 𝜀 𝑑 + 𝜀 𝑚 ≠ 0, it can be seen that the SPPs take place at the interfaces where 𝜀 𝑑 > 0 and 𝜀 𝑚 < 0. Therefore, surface plasmons can only exist for interfaces of materials with dielectric constants of opposite signs, which is in general the case for metal-dielectric interfacing media.

Discussion

We have shown through specific examples the potential of magneto-biplasmonics for optical isolators. Nevertheless, the analytical model can be further analyzed in order to show that this concept is quite general. Indeed, eq (4.13), gives similar expressions as the eigenvalues obtained with the Improved Coupled-Mode Theory [15] in the case of the coupling of two different waveguides: the both coupled waveguides would be here the interfaces supporting the SPPs, their "difference" being induced by the gyrotropy (via TMOKE), and their coupling factor would be related to the SPP penetration into the dielectric waveguide, included in the term 𝑒 -2𝑘 𝑑 𝑎 . Additionally it appears that 𝛼 (in eq (4.18)) is equal to the ratio 𝛽 𝑔 𝛽 𝑎 ⁄ , i.e., the asynchronism factor of the coupled modes as defined in Ref [11]. This asynchronism factor represents the competitive contribution to the coupled mode asymmetrisation, of both SPPs 'difference' (indicated by 𝛽 𝑔 which favours the asymmetrisation) and of their coupling strength and/or overlap (indicated by 𝛽 𝑎 which counteracts it). The plasmonic nature of the both coupled 'waveguides' (interfaces) makes here the asynchronism factor very sensitive to geometrical parameters: indeed, the mode coupling decreases rapidly with the increase of slot waveguide width whereas the optical intensity remains concentrated at the MO-metal interface where TMOKE occurs. Asymmetry increases thus with width 𝑎. Also, for this reason, higher asymmetry is obtained for lower wavelengths, at which more confined SPP can be obtained as well for gold as for silver slot waveguides. Additionally, the light concentration at the plasmonic interfaces is also enhanced by the dielectric permittivity which has strong impact on mode profile through the term 𝑒 -2𝑘 𝑑 𝑎 . We expect similar asymmetry of the supermodes in coupled MO all-dielectric waveguides system, without the advantage of the light concentration and of the TMOKE enhancement induced by plasmonic effect. Magneto-biplasmonics provides thus a technological breakthrough in the integrated non-reciprocal devices domain, which could be combined with magneto-biphotonic (non-metallic) structures for lower insertion losses. Besides such behavior is not limited to MDM structures neither to non-reciprocal devices. Analogous formulations are obtained for DMD switches [10], [11], [16], and several theoretical works suggest that the MO properties could be present as well in the central as in the side layers of the slot waveguide [10], [11], [16]. This may open the route to many innovative non-reciprocal devices.

Numerical & analytical study of 1D magneto-biplasmonics waveguide properties

For our numerical study, we utilize the Radio Frequency module's, Electromagnetic wave Frequency Domain (emw) interface of COMSOL Multiphysics to compute the following properties of the LRSPP mode hosted by magneto-biplasmonic waveguides such as: effective refractive index, propagation constant, confinement factor, modal distribution, electromagnetic field asymmetry, for a given wavelength. It must be noted that numerical methods are based on discretization of the fields, to get consistent results it is advised to perform convergence testing. In the case of nanoplasmonics systems it is highly preferable to use a very fine mesh (~ 10 nm) resolution especially at the metal-dielectric interfaces because of the high localization of the field in those regions.

Influence of gyrotropy on 1D magneto-biplasmonic waveguides

In the presence of a MO material, the propagation constant β of the MDM waveguide, or consequently the effective refractive index, is slightly increased (depending on the gyrotropy 𝑔) with respect to the propagation constant of the mode in the conventional MDM waveguide without a MO material. Figure 4.6 shows the effective indices of the LRSPP and SRSPP modes in both cases for a MO material with εd = nMO 2 = 2.3 2 with respect to an increase in the dielectric width (2a in Figure 4.2). Both graphs show the traditional behavior followed by the effective indices 𝑛 𝑒𝑓𝑓 of the LRSPP and SRSPP modes. The LRSPP mode also referred to as symmetric mode because the distributions of 𝐻 𝑦 and 𝐸 𝑥 are symmetric to the central axis 𝑧 = 0. Reversely, the SRSPP mode is known as antisymmetric mode because of the antisymmetric distribution of 𝐻 𝑦 and 𝐸 𝑥 . For very narrow waveguides, the increasing coupling between SPPs on the opposing interfaces induces a strong increase of the 𝑅𝑒(𝑛 𝑒𝑓𝑓 ) for the LRSPP mode and a decrease for the SRSPP one. Although this property is not presented in Figure 4.6, it is worthy of mentioning that for even shorter widths the SRSPP mode experiences a cutoff width ≈ 𝜆 2√𝜀 𝑑 ⁄ where there only exists the fundamental symmetric LRSPP mode for the MDM structure. For larger waveguide widths, the results (𝑅𝑒(𝑛 𝐿𝑅𝑆𝑃𝑃 ) ≈ 𝑅𝑒(𝑛 𝑆𝑅𝑆𝑃𝑃 ) ≈ 𝑛 𝑀𝑂 = √𝜀 𝑑 = 2.3) are always close to the perfect metal solution asymptotically approaching the effective refractive index of SPPs on a single metal-dielectric interface. We can notice in Figure 4.6b that the 𝑅𝑒(𝑛 𝑒𝑓𝑓 ) curves of the magnetoplasmonic modes never intersect, this is due to the fact that even when the width gets larger, β 𝑎 ≈ 0, the propagation constant for the LRSPP mode (and consequently 𝑅𝑒(𝑛 𝐿𝑅𝑆𝑃𝑃 )) β 𝐿𝑅𝑆𝑃𝑃 = β 0 + β g is superior, and never equal to β 𝑆𝑅𝑆𝑃𝑃 = β 0 -β g .

Another important parameter to be addressed is the imaginary part of the complex effective index, 𝐼𝑚(𝑛 𝑒𝑓𝑓 ), which is associated with the attenuation of the surface plasmon in the direction of propagation. A significant parameter in comparing plasmonic waveguide structures is the propagation length of a supported mode. As a surface plasmon propagates along the surface, it quickly loses its energy to the metal due to absorption. The intensity of the surface plasmon decays with the square of the electric field. The propagation length is defined as the distance for the surface plasmon to decay by a factor of 1/𝑒. This condition is satisfied at a length:

𝐿 𝑆𝑃𝑃 = 1 2𝐼𝑚(β) (4.29)
For the same system as before, we get: From the curves represented in Figure 4.7, we can notice that the losses for both SPP modes are high for short widths and decrease as the width gets larger. The high losses at shorter widths can be attributed to the strong interaction of the coupled SPPs at the opposing metal dielectric interfaces. Comparing the mode losses of the two plasmonic modes, the SRSPP has higher losses, limiting its usability for applications. Moreover, we can see that the curves of Figure 4.7(a) and (b) have similar shape for shorter widths: indeed in that region the propagation constant is mostly affected by β 𝑎 and the magnetization has negligible effect. As the width gets larger and β 𝑎 ≈ 0, the effect of magnetization is more apparent as it modifies the shape of the curve, decreasing further the losses of the SRSPP (due to β 𝑆𝑅𝑆𝑃𝑃 = β 0β g ) and slightly increasing the losses of the LRSPP one (due to β 𝐿𝑅𝑆𝑃𝑃 = β 0 + β g ). Whereas in the case where there is no magnetization β g = 0, both modes will have equal propagation constant β 𝐿𝑅𝑆𝑃𝑃 = β 𝑆𝑅𝑆𝑃𝑃 = β 0 indicating equal losses.

Looking closely to the black curves of Figure 4.7, we notice that the 𝐼𝑚(𝑛 𝑒𝑓𝑓 ) of LRSPP drop to a minimum at around 1.2 µm and then increase back slightly. This fact indicates that LRSPP modes with better confinement can exhibit lower losses and thus, longer propagation lengths. The longest LRSPP propagation length is 8.5% larger than the SPP propagation length for large widths. This optimum waveguide width 𝑎 𝑜𝑝𝑡 can be evaluated by setting the imaginary part of the derivative of the propagation constant with respect to the width to zero. An approximate (for the non-magnetic case) can be given by [14]:

𝑎 𝑜𝑝𝑡 ≈ 0.5𝜆 𝜀 𝑑 2 √|𝑅𝑒(𝜀 𝑚 ) + 1| (4.30)
Where 𝜀 𝑑 and 𝜀 𝑚 are the dielectric constants of the dielectric and the metal, respectively. With increasing material gyrotropy (not included in eq (4.30)) one can expect a slight redshift of this minima as observed between the black curves of Figure 4.7 (a) and (b). The explanation of this remarkable effect has been given by [15]: it is related to the fact that, with the decrease of the dielectric width, the electric field of the coupled SPPs (composed of two exponents) approaches quickly to the electrostatic (capacitor) mode, which is constant across the gap. Consequently, the fractional electric field energy concentrated in the gap first increases (and the damping in metal decreases) when the gap width decreases, this quantity reaches its maximum and then starts to decrease with the field being squeezed from the gap into the metal [15].

Influence of variation of wavelength on 1D magnetobiplasmonic waveguides

To better understand the losses of the MDM structure, we have calculated the confinement factor by eq (4.31), which represents the ratio of the propagating power within the dielectric waveguide to the power in the whole MDM structure, for a fixed width and varying incident wavelength 𝜆. The results for each case are shown below for material with 𝜀 𝑑 = 2.3 2 and 𝑔 = 0.1: By analyzing the curves of Figure 4.8 we can see that for a fixed incident wavelength, when 𝐼𝑚(𝑛 𝑒𝑓𝑓 ), decreases, the confinement factor of the power inside the dielectric region increases (similarly, it would decrease in the metal region), to decrease back slightly when the width of the dielectric waveguide further increases. Thus, by employing these two quantities together we can choose an optimum waveguide width where the losses are minimum and confinement factor is highest in the dielectric region. This characteristic would come in particularly useful when designing a coupler between a strip input waveguide and the MDM plasmonic waveguide, to excite a mode with the lowest ohmic losses and highest propagation length.

Numerically, by simulations we can evaluate the degree of asymmetry 𝜙 (as defined in eq(4.18)) of the LRSPP mode by employing functions which record the intensity of the EM field on the opposing boundaries of the MDM structure. The mode asymmetry percentage is one of the key parameters of the isolator design: it should be maximized versus geometrical dimensions to optimize the isolation ratio. As suggested by the eq (4.17), the asymmetry percentage is in direct relation with the wavelength of the incident light and the dielectric waveguide width. Moreover, the results of Figure 4.9 show that the asymmetry is strongly dependent on both of these factors. For a fixed waveguide width, the decrease of the operation wavelength enhances the asymmetry of the LRSPP mode; besides the asymmetry is higher for larger widths. These data indicate that the asymmetry required can be chosen by choosing a combination of the wavelength and the width of the dielectric.

Influence of material parameters on modal properties of the LRSPP mode in 1D magneto-biplasmonic waveguide

In the absence of an externally applied static magnetic field, the magnetic field profile of the fundamental LRSPP mode (or the SRSPP) supported by the MDM waveguide has a maximum at the two metal-dielectric interfaces, and is exponentially decaying in the metal, making the modal profile symmetric with respect to the, 𝑧 = 0, mirror plane in the middle of the dielectric layer. However, in the presence of an externally applied static magnetic field, the magnetic field profile of the LRSPP mode (or the SRSPP) becomes asymmetric. This time, the maximum field amplitudes at the two interfaces are different, resulting in the asymmetry of the profile. In addition, because of the symmetry of the waveguide structure, the magnetic field profile of the mode propagating in the negative 𝑥 direction is the mirror image with respect to the z = 0 plane of the profile of the mode propagating in the positive 𝑥 direction. Simple visual examination of Figure 4.10 shows the spatial distribution of the magnetic field inside an MDM structure (similar to Figure 4.3) for a = 0.6 μm and excited from the right and left ports respectively at λ = 1.55 μm. We can clearly see the property of asymmetry and the mode inversion in the opposite senses of propagation. For a fixed incident wavelength and variation of gyrotropy for three values (0.1, 0.01 and 0.001), we can conclude from the results of Figure 4.11, which shows the asymmetry variation of the LRSPP mode in the MDM waveguide, that for a constant waveguide width, the increase in gyrotropy increases the LRSPP mode asymmetry as it can be seen from the derived, complex expression of 𝛼 (eq (4.20)), and the quantity 𝜙 of eq (4.17) which are in direct relation with the gyrotropy of the MO material 𝑔, the waveguide width 𝑎 and the incident wavelength λ. For a given metal and at a fixed wavelength, the width 2a and the permittivity (diagonal element) of the MO layer have major influence on the mode asymmetry, since they both contribute to the exponential term. In reality, finding MO materials with such high gyrotropy is a difficult task, in this part we show that the decrease in gyrotropy can be compensated by the slight increase of the dielectric constant of the material. Figure 4.12 shows asymmetry in the case of three values of gyrotropy (0.1, 0.01 and 0.001), for arbitrary theoretical dielectric material permittivities (diagonal element). According to the plots, the decrease in asymmetry due to the decrease in gyrotropy 𝑔 can be compensated by the increase in the refractive index of the MO dielectric. Nevertheless, the impact of refractive index is more strongly marked when gyrotropy is low. For a 2 μm waveguide width and an optical index equal to 3, the asymmetry of the LRSPP mode can reach more than 95 % in the case of very high gyrotropy 0.1, and more than 80 % in the case of 𝑔 = 0.01. Plotted on the solid curves of Figure 4.12, are dots which represent the asymmetry percentage as calculated by using the 1D model of MDM waveguides developed at the beginning of this chapter. By calculating the absolute difference at all the points represented in the plots of Figure 4.12 we approximate that the use of the semi-vectorial approximation may introduce a relative error of ± 0.3 % on the asymmetry percentage of the LRSPP mode, nevertheless the theoretical model has predicted with high accuracy the results obtained from the 1D study using COMSOL Multiphysics.

To comment further about the LRSPP mode, which can be excited for different MO materials, for simplicity, we have considered the cases where nMO = 2, 3 and 4 for 𝑔 = 0, since the effect of gyrotropy on the values of the effective indices can be considered as a minor perturbation. This allows us to visualize more clearly the modal field profiles (without an additional degree of freedom: the asymmetry). The plots of To summarize, there exists a tradeoff between the MO material used, its index and gyrotropy constant, which have a major impact on the mode losses, confinement factor and the power propagating inside the waveguiding region. Moreover, the material properties intertwined with the geometrical parameters of the waveguide as well as the wavelength of operation influence the mode asymmetry percentage which is the largest point of concern when aiming to develop such an optical isolator.

Numerical study of 2D (non)magnetobiplasmonics waveguide properties 4.3.1 Introduction to different magneto-biplasmonic waveguide interfaces

In this chapter and till this point, we have discussed theoretically the numerical results and shed light on the main properties of the LRSPP mode confined in a 1D magnetoplasmonic MDM structure. To further investigate the properties of realistic plasmonic modes, we should expand our study to the 2D scenario where different top and bottom medias surround the core. The additional degree of freedom to be considered while transitioning from the 1D to the 2D case is the thickness of the guiding layer, the parameter h. In the case of the second configuration this thickness is divided to h1 and h2 between the waveguiding and just the layer parts. It is worth noting that, in all the conducted studies, the metal region is infinite in the z direction of the simulation region to decrease unwanted radiation losses. In both configurations, the waveguides are placed on a non-magnetic substrate GGG (𝑛 𝐺𝐺𝐺 = 1.97) and covered by SiO2 cladding (𝑛 𝑆𝑖𝑂 2 = 1.47).

Ridge-slot waveguide

In this part, we will first identify the modes of the ridge-slot waveguide and the relevant dimensions to excite the LRSPP mode. Then we will study the MO properties of such a guiding structure.

Influence of waveguiding layer thickness

A cross sectional study using COMSOL Multiphysics is used to find out the properties of both configurations, for simplicity no gyrotropy is considered. Herein after we consider the case of Figure 4.14a. For a constant waveguide width set to 1 μm and incident wavelength 1.55 μm, a study was conducted with respect to the waveguide thickness h, the results of which are shown in Figure 4.15.

The confinement factor in the 2D case is defined by the ratio of the power in the slot region to the ratio of the power in the whole interface, which includes the substrate, the cladding, and the slot region:

𝐶𝐹 2𝐷 = ∫ ∫ 𝑅𝑒(𝑬 × 𝑯 * ) 𝑥 ̂ 𝑑𝑧 𝑑𝑦 +𝑎 -𝑎 +ℎ 2 ⁄ -ℎ 2 ⁄ ∫ ∫ 𝑅𝑒(𝑬 × 𝑯 * ) 𝑥 ̂ 𝑑𝑧 𝑑𝑦 +∞ -∞ +∞ -∞ (4.32) 
Figure 4.15a shows the variation of the real part of the complex effective indices of the different modes vs the waveguide height. By inspecting the curves we can observe that, with the increase in the waveguide thickness, additional higher order modes appear next to the curves of the fundamental LRSPP0 and SRSPP0 modes (straight black and red lines in (a), corresponding to (c) and (d) magnetic field plots respectively), such as the LRSPP1 and the SRSPP1 modes (dashed black and red lines in (a), corresponding to (e) and (f) magnetic field plots respectively). Moreover, we can see from the results of Figure 4.15b that the losses of the LRSPP0 mode decrease, with a gradual increase in the confinement factor as the thickness increases. Thus, an optimum thickness of the waveguiding layer can be chosen to have low losses with a good confinement factor, and more importantly to avoid interferences from higher order modes during excitation.

Having finalized the discussion about the thickness, for all coming parts the assumed waveguide thickness is fixed at 0.45 μm.

Influence of waveguiding layer width

We turn our attention to the width of the ridge-slot waveguide. Similar behavior can be expected as additional modes may appear while increasing the width. The real part of the effective indices of the different modes are plotted in Figure 4.16a. A first look at the effective index curves of the LRSPP0 and SRSPP0 modes show similar results as found in the 1D case of Figure 4.6a. The increase in the waveguide width results in an increase in the number of modes, mainly photonic-plasmonic TE0 and TM0 modes appear as it can be seen from the magnetic field plots of Figure 4.16e,f. These modes have distinct shapes, the maximum of the field appears at the central of the core layer, whereas the maximum of the fields for the plasmonic modes, shown in Figure 4.16c,d, always lies at the metal-dielectric interface. The imaginary part of the effective index of the LRSPP0 mode presented in Figure 4.16b shows a similar behavior to the 1D case of Figure 4.7a. Although this quantity seems almost constant (~ 5.5×10 -3 ) over the range between 0.5 μm and 3 μm, an optimum width still exists around 1 μm. The confinement factor of the LRSPP0 mode also undergoes a slight decrease due to the SPPs experiencing gradual decoupling as the dielectric region's width increases.

For a full functioning isolator geometry, as we will see in Chapter 5, to minimize the coupling losses between the input strip waveguide and the MDM structure a width close to ~1 μm must be chosen: in that case the LRSPP0 experiences its lowest losses and at the same time we do not risk exciting higher order modes.

Influence of gyrotropy

Now that we have fully understood the properties of the LRSPP mode with respect to the dimensions of the MDM structure, namely its thickness and width, we move on to the determination of the power asymmetry percentage which is indeed the most essential parameter for the development of the final isolator. It must be noted in the 1D case, the asymmetry percentage is calculated by using the magnetic field (in the y direction), in order to have analytical and numerical results which are comparable to each other. In the 2D case, to get a global view of the asymmetry we use the normalized magnetic field asymmetry.

To avoid the same steps of showing the asymmetry first with respect to wavelength and then waveguide width, we summarize the results in a surface plot simultaneously for both parameters. The three surface plots in Figure 4.17, representing the asymmetry percentage for different gyrotropy values, exhibit similar behavior. For a constant wavelength, the asymmetry increases with the increase in waveguide width. Of course, with the decrease in gyrotropy higher widths are required to increase the asymmetry. The higher this quantity is, the higher will be the isolation ratio obtained by the full device. To choose the right width for the MO dielectric, it is preferable to be at the interface between the bright and dark red regions where a coupled SPP mode, namely the LRSPP mode, still exists. 

Rib-slot waveguide

In this section, we present the properties obtained for rib-slot hybrid waveguides. This second configuration, shown in Figure 4.14b, includes a MO material layer beneath the MDM, thus the waveguiding domain is a sum of thicknesses h1 and h2.

Influence of thickness h2

To demonstrate the advantage of the rib-slot waveguide over the conventional ridge-slot configuration presented in section 4.3.2, we assume that the thickness of the slot layer is fixed h = h1 = 0.45 μm in order to minimize the losses. Thus, the effect of the MO layer, with thickness h2 = 0.4 μm, buried under the slot layer will be the sole difference between the two configurations studied. At a wavelength of 1.55 μm three cases of gyrotropy are considered: 0.1, 0.01 and 0.001. We represent the results concerning the ridge-slot waveguide case. We can see from the plots of Figure 4.18 that for each gyrotropy, the placement of a MO layer underneath the slot region results in an increase in the asymmetry percentage. An interesting outcome is that for the same waveguide width and incident wavelength, the asymmetry increases more for lower 𝑔, implying that this method can be exploited when dealing especially with MO material with low gyrotropy. Now that we have seen that the rib-slot configuration poses an advantage in terms of asymmetry, it is interesting to show the variation of this quantity as a function of the thickness h2 of the rib region. We can see that for the different gyrotropy cases in Figure 4.19, the asymmetry percentage increases with the increase in the thickness of the MO layer underneath the slot. However, a saturation value exists for the thickness of h2 above 0.3 μm. Finally, the effect of the thickness h1 of the slot layer on the asymmetry percentage is also investigated. The decrease in the thickness of the slot region h1, results in an increase in the asymmetry percentage.

According to the plots of Figure 4.20, this effect is more advantageous when considering low gyrotropy materials. By this method, higher asymmetry percentage can be achieved for shorter widths. This is an essential asset which helps avoiding the excitation of higher order modes at large gap widths.

All this said, we can conclude that the use of rib-slot configuration with optimized geometrical parameters (h1 and h2) can be tremendously useful when considering MO materials with moderate or low gyrotropy levels.

Till here, we have theoretically and analytically established the basics to asymmetrically guiding light.

We have proved how the quantity of the SPPs can be unequal in a magneto-biplasmonic MDM structure along the opposite interfaces in the forward and backward directions. This work highlights the ability to control the degree of the non-reciprocal excitation of SPPs via the several configurations considered, it also clearly states the possibilities of enhancing the asymmetry percentage by careful and simultaneous optimization of geometrical dimensions and material indices.

4.4

Full device study 4.4.1

Surface plasmon polariton absorptive rectangular nanocavities

Thus far, the time reversal symmetry is broken due to the presence of a MO material between the metal domains. Although the structure is placed in TMOKE configuration, however, guiding light on opposite interfaces in the forward and backward directions does not induce a change in the effective index of the optical mode (since the dispersion relation eq (4.10) depends on the square of the propagation constant β 2 , thus the dispersion relation is reciprocal), meaning there does not exist any non-reciprocal losses or non-reciprocal phase shift phenomena to result in isolation. To ensure that the amount of light transmitted in opposite directions is different, spatial symmetry must be broken too, meaning the structure should be asymmetric around the axis z = 0.

For our work, we avoid employing highly resonant structures, like ring resonators, which have very narrow bandwidth response and could induce back reflections. Instead, we use rectangular nanocavities arranged on one side of the MDM waveguide as represented in Figure 4.2b which can, with very high efficiency, absorb the propagating SPPs along the device length. This way, light follows different paths (see the LRSPP modes drawn in green in Figure 4.2b): the forward light confined on one of the metal dielectric interfaces passes through, unaffected by the lossy cavities, whereas most of the backward light that is confined on the opposite interface of the MDM will excite Fabry-Perot resonant modes and undergo absorption by the several cavities placed next to each other, barely allowing any SPPs to pass through unaffected. Although many complex nanocavity geometries could be considered, and even coupling between cavities of different dimensions, we suggest here elementary rectangular nanocavities as represented in Figure 4.21. These are easy to integrate in the isolator structure with a manageable nano-fabrication process. The geometrical parameters of these recurrently placed nanocavities such as the length, lcav (in the x direction) and width wcav (in the z direction) can be properly and specifically designed to obtain the required optical response (high losses on a large bandwidth) at the required wavelength. The resonant condition of the rectangular nanocavity can be approximated by the Fabry-Perot equation:

2𝑚𝜋 = 2𝑛 𝑒𝑓𝑓,𝑔(𝑥,𝑦) 𝑘 0 𝑤 𝑐𝑎𝑣 + 𝜑 𝑟1 + 𝜑 𝑟3 , 𝑚 ∈ ℤ (4.33)
where 𝑚 is the order of the horizontal FP resonance and 𝑛 𝑒𝑓𝑓,𝑔(𝑥,𝑦) is the effective index of the fundamental mode within the BIG gap of the unitary cell calculated by considering a cross section parallel to the (x,y) plane. 𝜑 𝑟𝑖 is the reflection phase shift of the gap mode at each end of the cavity, with 𝑖 = 1 and 𝑖 = 3 corresponding to the reflection of light from the BIG waveguide and from the Au surrounding, respectively. FDTD calculations are performed to have a general idea about the absorption spectra for a fixed cavity length lcav = 0.1 μm and different wcav vs the incident wavelength. The absorption response is plotted below: 22 above shows the different orders of FP resonant modes which can occur inside the nanocavities with increasing dimension in the z direction. For a single mode, a slight increase in the width allows the shift of the FP to higher wavelengths as it can be predicted from the FP equation (4.33). Whereas a tremendous increase in the width results in a higher order mode. Higher order horizontal FP resonant modes are also expected to appear because of this increase: for this reason, as wcav grows the cavity absorption peak becomes sharper and stronger (as it can be noticed in Figure 4.22).

For better visualization of the results, we consider different order of FP modes and represent their absorption spectra in In fact, Figure 4.23 displays the absorption spectra (or the response) of a single rectangular nanocavity for a fixed lcav = 0.1 μm (in the x direction) and varying wcav = 0.1, 0.4 0.65 and 0.95 μm (in the z direction), when it is excited by a plane wave placed directly opposite to it. First, second, third and fourth order Fabry-Perot resonances occur in the dielectric region of the rectangular nanocavities with respect to the four widths considered. Thus, the peaks differ in position and their response is not continuous over the wavelength range because each one belongs to a different order resonance.

Thus, a rectangular cavity with dimensions lcav = 0.1 μm and wcav = 0.95 μm can provide an absorption peak near λ = 1.55 μm due to the fourth order horizontal Fabry Perot resonance happening inside the cavity as shown in the magnetic field plot of Figure 4.23e. Several cavities with these dimensions, integrated adjacent to each other on one interface of the MDM structure, can absorb the SPPs propagating on its side.

Two other parameters which need to be addressed are the periodicity pcav and the number of cavities Ncav. Periodicity should be adequately chosen to avoid back reflections and coupling between adjacent cavities, which could result in a shift in the optical response of the cavity, in turn altering the response of the isolator in the wavelength range of interest. Simultaneously the number Ncav should be as low as possible to decrease the total isolator length and minimize the plasmonic losses in the forward direction, and sufficiently high to provide complete absorption of the backward propagating light.

Three-dimensional propagation in ridge-slot magnetobiplasmonic isolator

At this point, all the necessary components required to build a functioning isolator as shown in Figure 3.1 have been discussed above. From the modal studies previously conducted, for a fixed incident wavelength (range of wavelengths) and material properties the parameter which affects most the asymmetry percentage is the dielectric width.

Influence of waveguide width on device performance

In order to present the effect of the increase in asymmetry on the isolation performance, three different widths 2a are chosen equal to 1 μm, 1.2 μm and 1.4 μm, which can provide with 38%, 55% and 72% magnetic field asymmetry percentage, respectively. All these put together can indeed make up the core of the isolator structure which can efficiently create an imbalanced pathway for the coupled LRSPP mode in the opposite propagation directions and absorb the traveling SPPs when they are mostly on the interface where the cavities are located.

Using commercial software Lumerical based on FDTD method, 3D simulations have been performed to simulate the propagation of light in the ridge-slot waveguide isolator corresponding to the interface represented in Figure 4.14a. The LRSPP mode is excited using ports, which act also as monitors to collect the transmission. Horizontal monitors are used to collect the cartography of the electromagnetic fields.

In this part we assume a theoretical value of gyrotropy, 𝑔 = 0.1, and a material index nMO = 2. The transmission curves in the forward direction increase with the increase in the gap width, since the SPP on the interface opposite to the cavities has higher intensity. On the other hand, in the backward direction, the transmission decreases with the increase in width since more SPP power get absorbed by the regular arrangement of the nanocavities when a 4 th order Fabry-Perot resonance is excited in them. As it appears from the curves represented in Figure 4.26, reflections in both directions are due to the presence of the cavities and the percentage of the SPPs propagating on that interface. The difference between the transmissions in the opposing directions of propagation has resulted in a large isolation ratio. We can notice that even for short dielectric widths there still exists a satisfactory amount of isolation and FoM which translates to good performance and efficiency of the device. Moreover, we can see that both these quantities have high values on a long wavelength scale. This means that this structure exhibits broadband non-reciprocal transmission extending over 0.2 μm.

Influence of number of cavities on device performance

This part of the study will focus on the spatial symmetry breaking rectangular nanocavities, and more specifically the number of these absorbers. One would expect to increase absorption by increasing number of cavities. It should be noted that whatever the spacing between the cavities is set to be, and whatever the number of placed cavities is, there always exists a degree of coupling between the adjacent cavities and a collective Fabry Perot resonance occurs in each one with decreasing intensity from the first to the last. The results presented in Figure 4.28 show that for a fixed dielectric width, the isolation ratio and FoM of the isolator increase with the number of cavities from 4 to 8. This is simply because more cavities can perform more Fabry-Perot resonances and in turn absorb more of the incoming SPPs reducing the transmission gradually, in the best case ensuring a complete absorption of the incoming light. Another point that we can clearly observe is that the highest point in the isolation ratio or the FoM is around wavelength ~ 1.55 μm which means the fourth order Fabry-Perot resonance occurs simultaneously inside all the cavities. A slight shift in the peak of the isolation ratio or the FoM is visible with the increase in number of cavities, this is indeed because of the coupled resonance that happens inside the cavities.

Influence of periodicity of cavities on device performance

The last parameter to be determined is the period of the nanocavities. These Fabry-Perot hosting absorptive structures can be placed along one of the metal-dielectric interfaces of the MDM without any specific defined pattern. No matter the arrangement, there is a certain degree of coupling and a collective resonance happening during the SPP propagation. The closer they are placed, the stronger is the coupling. Higher coupling can result in a strong shift of the resonant wavelength position, which manifests itself as a dip in the transmission spectra (and inversely, a peak in the isolation curve). To decrease the degrees of freedom and account for a single spacing between all arranged cavities, in this part we represent the isolation ratio curves with respect to pcav = 0.5 μm, 0.6 μm and 0.7 μm for MO dielectric width 1.8 μm and ten cavities. From the results of Figure 4.29 we still can see the broadband behavior where a minimum of 10 dB isolation ratio is obtained. In general, the value is consistent along the whole wavelength range, the peaks which appear can be attributed to the lowest backward transmission which is at the point at which there exists the collective Fabry-Perot resonance. This peak undergoes a redshift with the increase in the period.

All this said, we can hypothesize the following: the isolation ratio highly depends on the percentage of asymmetry of the slot waveguide which primarily depends on the combination of the incident wavelength and the width of the MO material. High asymmetry which means indeed confining light mainly on one of the metal-dielectric interfaces requires an adequate number of cavities which can fully absorb the light. These cavities when arranged by a definite spacing can roughly tune the response of the structure by shifting the highest isolation ratio point.

Influence of gyrotropy on device performance

Here we present the transmission, reflection, isolation ratio and FoM of the slot waveguide isolator for three different gyrotropy values 0.1, 0.01 and 0.001. We assume the number of cavities to be the same in all cases Ncav = 10. The only parameter which differs is the width of the MO dielectric. For 𝑔 = 0.1, 2a = 1.9 μm, 𝑔 = 0.01, 2a = 2.75 μm and 𝑔 = 0.001, 2a = 3 μm. In order to obtain optimum results for propagation simulations, a wide waveguide width was chosen in each case, which promises a high asymmetry percentage to obtain the highest contrast between forward and backward transmissions in the wavelength range of 1.45 μm to 1.65 μm. Although the cavity arrangement is not of primary importance and randomly placed cavities can provide similar intended SPP absorption, we have positioned the ten cavities with a regular spacing pcav = 0.8 μm, which is sufficient to avoid their mutual coupling and allows each cavity to absorb independently from the others.

In the forward direction the transmission curve takes a smooth shape (black curves in Figure 4.30a-c) while the majority of the LRSPP energy travel on one interface of the slot waveguide with very small interaction with the cavities as shown by the amplitude of the magnetic field surface plot in Figure 4.31a. Negligible backward reflections occur in this case (black curves in Figure 4.30d-f). On the other hand, the backward propagation of the LRSPP energy occurs on the interface with the periodically arranged nanocavities which provide absorption and induce a very perturbed and low transmission (red curve in Figure 4.30a-c) this corresponds to the magnetic field plot of Figure 4.31b. In this sense of propagation some reflections occur due to the interaction of the SPP with the cavities (red curve in Figure 4.30d-f). These reflections have moderate impact on the isolator performance since they induce propagation in the increasing x direction. As we can notice in Figure 4.30g-l high isolation ratio and FoM are obtained over the wavelength range of interest which are due to i) the high asymmetry percentage of the coupled LRSPP mode hosted by the magnetized MO slot waveguide, and ii) the losses due to horizontal FP resonances of the rectangular cavities. For visualization of the results, we also present the optimum results of each case with their equivalent scattering matrices including transmission and reflection coefficients from the opposite ports. The bandwidth is calculated by the difference of the upper and lower wavelength values at -3dB from the highest isolation point of each case. The simple design we proposed (consisting of a single linear array of absorbing cavities) already shows the potential of this non-reciprocal structure. It is worth underlining that the proposed structure allows to obtain a high isolation ratio even for low gyrotropy material. Low insertion losses and back reflections contribute to increasing the FoM of this magnetoplasmonic isolator. Although at first the bandwidth might seem short, the isolation ratio obtained is above 10 dB along the whole spectral range. 

Gyrotropy, Width

Summary

For decades, the performance of integrated photonic isolators was limited by integration issues, high insertion losses or low operation bandwidth. Here we propose a novel isolator geometry based on an MDM waveguide configuration with a newly exploited phenomena "the magneto-biplasmonic" effect which has the potential to tackle previous issues. Time reversal symmetry is broken by the MO properties of the waveguide central layer, and spatial symmetry is broken by lossy cavities, to finally achieve non-reciprocal transmission of SPPs. It should be noted that the rectangular absorbing cavities can be interchanged with different geometries as long as SPP absorption at the wavelength of interest is realized. We have validated that by using Maxwell's equations in gyrotropic media with an asymmetric tensor a 1D model is sufficient to predict and give a good estimation of the 2D results (mainly asymmetry percentage) obtained by the FEM method. Moreover, we have proved analytically and numerically that the geometrical parameters as well as material properties (dielectric constant and gyrotropy) of the MDM ridge/rib-slot waveguides can be chosen according to the incident wavelength range of operation, and that they are all relevant parameters in determining the final isolation performance.

Compared to former designs, the main issues tackled are the low operation bandwidth and the low gyrotropy of the MO material. Our proposed new generation of photonic isolators can be integrated with silicon strip waveguides operating with the fundamental TE mode. By following appropriate device engineering, i.e. impedance matching, an efficient coupling design can be defined which could excite solely the asymmetric LRSPP mode with minor back reflections. The remaining challenge is to realize this transition in a short propagation distance. This is the objective of the next chapter.

Finally, by this chapter we underline the importance of the "magneto-biplasmonic" effect of the magneto-plasmonics field as the most efficient tool for achieving optical signal isolation up to 20~30 dB on a broad band and by using easy-to-integrated low gyrotropy MO materials and emphasize the exploitable properties of magneto-optical slot waveguides for future photonic circuit components.

4.6

Chapter 5: Magnetoplasmonic isolator full device

Introduction

Thus far we have demonstrated two magnetoplasmonic isolator geometries functioning at telecom wavelengths which work efficiently in providing isolation ratio of about 20 dB with fair insertion losses and barely any back reflections. The first, discussed in Chapter 3, enjoys the advantage of simplicity where a monomode waveguide is coupled to a gold grating placed adjacent to it. A full device can be realized by coupling the MO waveguide to input and output grating couplers to efficiently excite the TM/TE mode from one side and collect the remaining power from the other. Unfortunately, this is not the case for the second isolator geometry proposed in Chapter 4. The plasmonic modes hosted by such a structure cannot be excited directly, a coupling mechanism must be designed to serve as an interconnection between the input monomode and the plasmonic MDM waveguides. This brings us to the first part of this chapter which is about the design of efficient and compact couplers which are crucial in the integration of plasmonic components with conventional silicon on insulator components. When dealing with such couplers, one should take into consideration the coupling losses. All these should be as minimum as possible not to alter or affect the device performance. The second part of this chapter deals with the conversion of the LRSPP mode, excited at the tip of the first converter, with a symmetric electromagnetic field profile to an asymmetric one by using an inversely positioned taper. In this section the geometrical parameters of the taper must be optimized in order to decrease insertion losses.

2D Fundamental TE to Plasmonic LRSPP mode converter

To appreciate the advantage of the device proposed in Chapter 4, designing a broadband and high efficiency converter is essential. Several methods have been studied to couple an SOI waveguide to a plasmonic waveguide. In this chapter, we aim to present numerical results and demonstrate the coupling mechanism of an ultracompact multi-sectioned taper which is capable of efficient conversion of light from a silicon strip to an Au/BIG/Au slot waveguide, and vice versa. By optimizing the geometrical parameters of the laterally tapered silicon waveguide and the metallic taper, it is possible to achieve extremely low loss coupling between the different compartments making up the converter design. In this chapter, we propose a mode converter with a good fabrication tolerance, consisting of two sections as it can be seen in the schematic of Figure 5.1 The mode converter is composed of two different compartments. Since the mode field and the propagation constant of the wire and slot modes are different, coupling light between these two is a challenge. Initially, the Si strip waveguide is excited with the fundamental TE mode from the left side.

The first step requires the addition of two semi-infinite layers of BIG on both sides of the Si core, with a slight modification in the width of the latter. Assuming that the reflections are minimized at the first interface, two semi-infinite layers of Au are introduced as shown in Figure 5.1, where the light mode continues to propagate without significant alteration at the interface C. In the last part of the modal adapter, the BIG spacer width is kept constant while the overall width of the Au/BIG/Si/BIG/Au structure is reduced. In this way, the horizontal component of the electromagnetic field can excite the SPPs at the BIG/Au interfaces. At the end of the coupler, the Si core reaches a null width and the BIG spacers on both sides combine to form the new core of the slot waveguide. At the end of the whole taper, the TE mode guided by the input SOI waveguide no longer exists and is completely converted to the LRSPP plasmonic mode of the slot waveguide.

For the moment, we assume that both MDM and SOI waveguides have identical vertical dimensions (perpendicular to the direction of light propagation). Thus, the coupling between the dielectric and slot waveguides was simulated by a two-dimensional finite element method (FEM) at wavelength λ = 1.55 μm. Triangular mesh is used with maximum element size ~ 10 nm, both in the transmission and transverse directions. Due to the rapid field variation at the metal-dielectric interfaces, a finer mesh is required at the boundaries to adequately resolve the local fields. This size was small enough to accurately capture field changes at the high-index-contrast interface while also ensuring an acceptable processing time.

In all cases the dielectric and plasmonic waveguides are aligned with their coinciding axes. To calculate the transmission and reflection coefficients of couplers between dielectric and MDM plasmonic waveguides, we excite the fundamental mode at the input waveguide and measure the power flux at both the input and output waveguides. The coupling efficiency is calculated as the ratio of the power transferred to the MDM plasmonic waveguide to the available power from the SOI waveguide. This is calculated with COMSOL Multiphysics's numeric port boundary conditions placed at both ends of the coupling structure.

The parameters of the structure's geometry are tuned to increase the coupling efficiency of the coupler starting from the width of the strip waveguide wSi 1 and wSi 2 , the dielectric BIG spacer widths a 1 , the taper length lSi 3 , the tip width w Tip and the final MDM width 2a 2 .

Interface A

The first interface to be studied includes a dielectric strip waveguide of Si surrounded by SiO2. In 2D, the sole variant parameter to be optimized is the width wSi 1 , which should be wide enough to host the fundamental TE mode and short enough to avoid higher order modes. Having considered the structure in 2D, by computational tools we can extract the different in plane optical modes present which are the fundamental and higher order TE modes. The results of Figure 5.2a show the real part of the effective indices of both transverse electric in-plane modes. For the propagative TE0 mode to have a satisfactory confinement factor we choose a width wSi 1 = 0.475 μm with an effective refractive index Re(neff) = 3.1246, whose electric field in plane propagation is represented in Figure 5.2b. The length between interfaces A and B is chosen to be lSi 1 = 2.5 μm. Such a mode can be initially excited easily by using an input grating coupler.

Interface B

Now that the TE mode has started propagating inside the waveguide, which is embedded in SiO2, it must enter interface B which instead of SiO2 contains MO BIG dielectric surrounding the Si. However, since the refractive index of BIG is greater than that of SiO2 this means that for the same waveguide width the effective refractive index of the fundamental TE mode will be higher. Keeping the core width constant can result in a mismatch in the effective refractive indices resulting in reflections and radiation losses. To resolve this minor issue, we advise a slight decrease in the width of the Si core wSi 2 . Similar to the study of interface A, by computational tools we can extract the in plane fundamental optical mode present at interface B. The result of Figure 5.4 shows that indeed the highest coupling efficiency is achieved when wSi 2 = 0.4 μm as predicted by the effective index matching technique. It is worth mentioning that at this level of the structure and in all cases of wSi 2 the backward reflections are in the order of 10 -4 ~ 10 -5 . Thus, we can say that efficient coupling is achieved between interfaces A and B with high transmission and negligeable backward reflections.

Interface C

The main difference between interfaces B and C is the addition of Au layers flanking the BIG dielectric, which, in turn, surrounds the Si core. For low loss coupling, the effective index of the propagating mode at the interface C should closely match that at the interface B. Mode analysis performed on the interface C as a function of the BIG spacer width, are shown in Figure 5.5a. We can notice that the effective index decreases with the increase in the BIG spacer. Above ~ 0.4 μm, the spacer has no longer a real influence on the modal shape and does not alter anymore the effective index value. To confirm our analysis, we perform transmission simulations for a variation of the BIG spacer width, a1, and fixed Si widths wSi 1 = 0.475 μm (interface A) and wSi 2 = 0.4 μm (interface B), to demonstrate solely the effect of the spacer width (no taper was considered in this case). The coupling efficiency versus a1 (Figure 5.5b) confirms our analysis: it first increases and reaches an almost constant value higher than 98% above ~ 0.4 μm. The electric field of the optimum case is represented in Figure 5.5c.

Interface D

When considering the Au/BIG/Si/BIG/Au taper, at the boundary between the low (BIG spacers) and high (Si core) index materials, the normal component of the TE mode redistributes to preserve continuity, which causes a higher field confinement in the low-index material (BIG spacers). Briefly, the evanescent field of the vanishing Si core will first excite the surface plasmon polariton (SPP) mode at the Au/BIG interfaces and then gradually evolve into the mode of the MDM waveguide. The field enhancement inside the slot is directly related to the index contrast between the Si core and the BIG spacers. With a smaller spacer width (a1 ≤ 0.3 μm), unwanted backward reflections can occur at interface C, whereas with a larger spacer width (a1 ≥ 0.7 μm) a longer taper is required to ensure the adiabaticity of the mode conversion up to interface D. For this reason, we limit our studies to spacer widths a1 ϵ [0.4-0.6] μm in order to keep the propagation length of light as low as possible around lSi 3 = 10 μm.

When designing the taper between interfaces C and D, one should pay attention and take into consideration the spacer width 2a2 at the end of the taper (at interface D). If this width is too short (2a2 ≤ 0.4 μm), a lossy LRSPP mode can be excited (refer to Chapter 4, black curve of Figure 4.7b). Another reason for utilizing smaller widths at the end of the taper (2a2 ≤ 0.7 μm) is to avoid any light propagating in the middle of the MDM waveguide. On the contrary, if this width is too large (2a2 ≥ 1 μm), the plasmonic modes namely the LRSPP and SRSPP can be simultaneously excited because for larger waveguide widths both modes have similar effective refractive indices (refer to Chapter 4, black and red curves of Figure 4.6b). This said, we can choose the width at the end of the taper to be 2a2 ϵ [0.5-0.6] μm. The taper must have a small angle to ensure a quasi-adiabatic transition with high conversion efficiency.

As it can be seen, we have narrowed down the possible combinations to just six remaining geometrical parameters. For the same converter taper length lSi 3 , considering spacer widths a1 ϵ [0.4-0.6] μm and end width 2a2 ϵ [0.5-0.6] μm a similar coupling efficiency is expected from all combinations. Herein after, we have chosen the largest spacer width a 1 = 0.6 μm to ensure low reflections at interface C and 2a 2 = 0.6 μm to guarantee higher transmission and lower losses at interface D. We can see that the mode converter which spans from x = lSi 1 + lSi 2 = 5 μm to lSi 1 + lSi 2 + lSi 3 = 15 μm, provides a smooth transition between the effective refractive indices of the different sections of the multi-sectioned taper which is the main reason for low backward reflections ranging between 10 -4 and 10 -5 and high transmission which translates to a coupling efficiency ≥ 0.8. As shown in Figure 5.7, the field distribution excited at the device input section resembles that of a strip waveguide TE mode (the normalized electric field is represented in Figure 5.7c). Due to the slight change in the waveguide dimension, the field distribution remains unaffected until it reaches x = 5 μm, while passing from SiO2 to BIG as the material flanking the Si core (the normalized electric field is represented in Figure 5.7d). At the entrance of the taper, SPPs are slightly excited at the metal-dielectric interfaces (Au-BIG interface). A slow decrease of the Si core width ensures an adiabatic transformation of the guided mode by re-confining the light inside the BIG spacer when x ϵ [10][11][12][13][14][15] μm (the normalized electric field is represented in Figure 5.7e,f). At the end of the taper (x = 15 μm) the solely LRSPP mode of the MDM waveguide slot waveguide is therefore excited (the normalized electric field is represented in Figure 5.7g,h, and the y-component of magnetic field is represented in Figure 5.7b).

Along the mode converter, besides the considerations made about the phase matching, the fundamental TE mode transforms into the LRSPP mode also thanks to the symmetry of their field distribution (see Hy) with respect to the x-axis when z = 0. To prove this hypothesis, we now aim to excite only the SRSPP mode. Thus, instead of the fundamental TE mode, we widen the wSi 1 to 0.8 μm and excite the first order TE mode which has an asymmetric H y profile around z = 0. Similarly to what we did for the LRSPP, to minimize the phase mismatch between interfaces A and B we set wSi 2 to 0.75 μm. In the following section, the effect of different geometrical parameters on the coupling efficiency of the proposed coupler is studied by varying one parameter at a time (while the others are fixed).

Effect of the Si core tip width

A problem that could arise during the fabrication of the proposed geometry is due to the infinitesimal size of the tip of the Si core. Until now and solely for numerical purposes, we had assumed that, at the end of the taper, the Si core width wTip reduces to zero. Here, a study of the impact of a non-infinitesimal wTip is proposed. This is presented via modal analysis, performed on the interface D, and calculation of the confinement factor within the tip (defined as the power ratio in the Si layer with respect to the whole interface), when the BIG spacer width a1=0.6 μm is fixed. According to the results of Figure 5.9a, at the end of the tapered region, the real part of the effective refractive index of the confined mode increases with wTip. Having in mind that the MDM waveguide has an effective index neff = 2.114 + 0.003i, this means that even a slight addition of Si can cause a mode mismatch at interface D. Similarly, the ratio of the power confined in the Si layer, as shown in Figure 5.9c, increases with wTip. 

Wavelength study

Finally, we investigated the wavelength dependence of the coupler and plotted the results in Figure 5.11. The geometrical parameters used a1=0.6 μm, a2=0.3 μm and wTip=0. One can find that the coupling efficiency remains above 0.82 over a 0.2 μm wavelength range 1.45-1.65 μm. In conclusion, through effective index matching, we have designed and simulated a compact and highly efficient coupler between a dielectric strip waveguide and a plasmonic MDM slot waveguide. Coupling efficiency as high as 83% is obtained numerically at 1.55 μm with low back reflections and losses only due to metallic absorption. The obtained results show that the proposed mode converter is highly tolerable for fabrication imperfections and is almost wavelength insensitive in the wavelength range of interest. The proposed coupler provides an efficient way to exploit slot waveguides together with strip waveguides without introducing any large connection converters.

Considering the fabrication of the proposed taper, challenges that could decrease the coupling efficiency include the imperfect alignment between the silicon taper and the plasmonic waveguide and the surface roughness of metal pattern.

Finally, this design also permits extensive utilization of slot waveguides in many applications and enables hybrid integration of semiconductor devices and plasmonics.

2D Symmetric and asymmetric LRSPP mode converter

To our knowledge, such a coupler has never been utilized when considering a MO slot waveguide in order to realize non-reciprocal transmission. However, the asymmetric LRSPP mode of the slot waveguide which is the main focus of the magnetoplasmonic isolator cannot be excited directly. In fact, at the tip of the coupler (interface D), SPPs are excited with equal amplitude on both metal interfaces. This brings us to the second part of this chapter, which aims to create the asymmetric plasmonic mode. Although complex geometries could be explored to decrease the propagation length and realize the asymmetric mode with the lowest losses possible, in this thesis we base our studies on a simple geometry where another taper is used, placed specularly with respect to the first one, as shown in the schematic of Figure 5.12. To the left of the isolating region, the LRSPP mode can evolve by propagating in this new taper, reaching a certain percentage of asymmetry by properly choosing to the propagation length lBIG and the final taper width wISO. Thus, this taper acts as a converter of the modal distribution of the LRSPP from symmetric to an asymmetric one. Furthermore, with the aim of re-coupling the mode propagating through the MDM waveguide (where isolation occurs) to a new SOI waveguide at the output of the isolator, an opposite action (re-symmetrization of the mode) can be achieved by cascading a second mirrored taper. In fact, when the asymmetric LRSPP starts propagating in output taper (after interface E'), since the width gradually shortens back to 2a2, the SPPs on one side will start coupling back to the other interface, eventually recreating the LRSPP with symmetric profile at the end width corresponding to interface D′. Finally, this symmetric LRSPP can couple back to a mirrored mode converter which will transform it to a fundamental TE mode confined in the Si core.

The evolution of the electric field profile along the full device (input SOI waveguide + input mode converter + input asymmetry taper + isolator + output (mirrored) asymmetry taper + output (mirrored) mode converter + output SOI waveguide) is plotted in Figure 5.13.

Effect of the gyrotropy

The 2D case studied in this part of the chapter approximates the response of the ridge-slot waveguide configuration. In order to study the influence of the geometrical parameters on the resultant asymmetry percentage, we first simulate the propagation of the electromagnetic wave inside the taper section alone, extending between interfaces D and E. To avoid producing any fake asymmetry, at the entrance of the taper the MO BIG was replaced with a non-MO one of about length ~ 0.2 μm. This guarantees that the excited LRSPP mode at the entrance (Interface D) has a symmetric profile. After a propagation length of lBIG, the LRSPP gains its asymmetric profile. Meanwhile, operators placed on the opposite interfaces record the electromagnetic fields on each metal-dielectric interface, from here we can calculate the asymmetry percentage. The plots of Figure 5.14 represent the asymmetry percentage of a taper with fixed entry width 2a2 = 0.6 μm, and a variation of lBIG and wISO for different gyrotropy levels g = 0.1 and 0.01. As described in Chapter 4, for lower gyrotropy larger waveguide widths are required to achieve higher asymmetry percentage of the LRSPP mode. It must be noted that larger widths wIso require longer taper lengths lBIG to realize gradual mode conversion from a symmetric to an asymmetric LRSPP mode. The curves in Figure 5.14a and b show the same "S"-shape behavior of the asymmetry curves represented in Chapter 4. For a fixed taper length lBIG, the results show an increase in the asymmetry percentage with the width wISO until a certain value is reached, after which the asymmetry percentage drops. This means for a certain width of the isolator region a definite taper length must be used in order to realize the highest asymmetry percentage. In order to reach the theoretical limit of asymmetry percentage (results of Chapter 4) one can increase the taper length further. According to the plots of Figure 5.14, for g = 0.1 an asymmetry of 95 % is attained by using a taper with length lBIG = 120 μm and wISO = 2.7 μm. Whereas, for g = 0.01 an asymmetry of 83% is achieved by using a taper with length lBIG = 1050 μm and wISO = 3.6 μm.

Effect of material index

In Chapter 4, we had discussed the influence of the MO material's dielectric constant on the asymmetry percentage. Moreover, we had presented numerical results of 1D and 2D simulations concerning the increase in asymmetry by increasing of the index of the material sandwiched between the metal layers for different waveguide widths. In this section, we put this hypothesis to the test by assuming an input asymmetry taper of moderate length lBIG = 60 μm for the case of g = 0.1 and by studying the variation of the asymmetry percentage with respect to its final width wISO. The material indices used are nMO = 2.3, 3 and 3.5. The three curves presented in Figure 5.15 correspond to the asymmetry percentages of the taper with different filling materials. These curves show similar trends: they all show an increasing slope first, up to a certain critical wISO, and then decreasing. As predicted in the results of Chapter 4, we notice that for a fixed wISO, the asymmetry increases with nMO. This means that the material index plays an important role in determining the taper length: eventually the increase in its value can limit propagation distances and insertion losses.

Isolation performance in 2D

For this part, the gyrotropy of the MO material is assumed to be 0.1. To ensure a high asymmetry percentage we have fixed the taper length lBIG = 120 μm and the width of the isolator at wISO = 2.9 μm (choice of parameters matching the maximum of the purple curve in Figure 5.14a). The Figure 5.16 below shows the asymmetry percentage of the LRSPP mode in the full structure without the SPP absorbing cavities, as a function of the wavelength between 1.45 μm and 1.65 μm. Although device optimization was always centered at a wavelength of 1.55 μm, we can see from the plot of Figure 5.16 that the asymmetry percentage for a long range of wavelengths is above 85%, which guarantees a broadband isolation performance.

Finally, an array of cavities, designed to absorb SPP in the wavelength range of interest, are placed on one side of the MDM waveguide's interfaces. The ten cavities placed are of length lcav = 0.1 μm, width wcav = 0.95 μm and periodicity pcav = 0.8 μm (see section 4.4 of Chapter 4). An LRSPP mode asymmetry of ~ 90 % can theoretically induce an isolation ratio of 𝐼𝑅 (𝑑𝐵) = 10 log 10 (100 (100 -90)) = ⁄ 10 dB. The curve of the isolation ratio presented in Figure 5.17 shows a variation between 2 and 25 dB, with an average value around 10 dB as expected. At certain wavelengths, due to backwards reflections and collective resonances inside the rectangular cavities, the backward transmission drops intensively, leading to high isolation peaks.

5.4

3D Full structure

3D Fundamental TE to plasmonic LRSPP mode converter

In order to continue our studies and investigate further the evolution of an EM wave inside the isolator structure it is imperative to pass from a 2D to a 3D format. Unfortunately, the memory requirements and time requirements of such a 3D simulation are tremendous. For this reason, we try to keep the simulation region as short as possible and, in order to have an asymmetric LRSPP mode for the shortest distance, it is preferable to use a high level of gyrotropy like g = 0.1. As discussed in Chapter 4, two different configurations will be considered: the ridge-slot and the rib-slot. The 3D schematics of the full device in both configurations are shown below. Analyzing the values of the effective refractive indices, we can see that similarly to the 2D case represented in Figure 5.6, the TE mode propagates from the interface A at x = 0 μm, ng to and reaches the interface C, at x = 5 μm, without any significant alteration. This is a key step in minimizing back reflections. Along the first tapered section, from x = 5 μm to 15 μm, the evanescent parts of the TE wave couple to the interface of the BIG-Au on both sides and excite the LRSPP mode at x = 15 μm.

Study of rib-slot asymmetry percentage

The increase in taper length would result in an increase in the insertion losses of the full device due to higher plasmonic absorption. Thus, the overall optimization of the device requires shorter propagation lengths i.e., shorter tapered sections for the conversion of the symmetric LRSPP to an asymmetric one. This means that we want to achieve a higher asymmetry percentage for shorter taper lengths lBIG.

One of the different methods which can be utilized to enhance the asymmetry percentage is adding a layer of MO BIG underneath the slot waveguide. This was shown in Chapter 4, by 1D and 2D modal studies. However, 2D (in plane) propagation simulations (like in the former parts) cannot mimic the effect of the rib, 3D propagation tests must be conducted in order to exhibit the expected enhancement.

In these cases we perform simulation on 3D structure without the cavities in order to evaluate the asymmetry (Figure 5.19). We take into consideration the case where the gyrotropy of the MO material is set to g = 0.1 and the length of the inverse taper is fixed at lBIG = 40 μm. It is worthy to mention that the black curve in Figure 5.20 is the 3D simulated version of the 2D case represented in Figure 5.14a (the red curve). Both show identical behavior and similar results with an absolute error of 5% which can be attributed to the lower mesh quality of the 3D case. Coming to the comparison between the curves of Figure 5.20, we can see that in the rib configuration, LRSPP asymmetry has reached its threshold for shorter widths than in the ridge. More importantly, the asymmetry percentage is around 20 % higher in the rib case for a fixed width wISO < 1.6 μm. Since we have already shown the propagation of the electromagnetic wave inside the coupler, we only show in Figure 5.21 the evolution of the LRSPP mode in both cases along the taper region and finally in the middle of the isolator compartment. 

Study of rib-slot thickness h1

In Chapter 4 of the manuscript, we had performed 2D modal analysis on different interface geometries. One of the cases studied investigated the effect of the thickness of the waveguiding slot layer on the asymmetry percentage. According to the results obtained, the decrease in this thickness has an enhancement effect on the degree of the asymmetry. In order to the test this hypothesis, we fix the length of the taper of a rib-slot waveguide to lBIG = 40 μm and, at the same time, the thickness of the slot waveguiding layer h1 is varied between 0.25 μm and 0.45 μm. From the plots presented in Figure 5.22, we can see the asymmetry percentage curve maxima shifting to lower widths with the decrease in thickness. For example, at width wISO = 1 μm the asymmetry increases from 62 % to 85 % as the thickness h1 decreases from 0.45 μm to 0.25 μm. All three magnetic field plots recorded at the middle of the simulation region, x = 60 μm are shown in Figure 5.23. We can see that, as the thickness of the slot layer decreases, the asymmetry percentage of the LRSPP mode becomes higher. Similarly to the effect observed while transitioning from ridge to rib configuration, the manipulation of the slot layer thickness is another degree of freedom that we can exploit to achieve a higher asymmetry percentage for shorter taper length and isolator width.

Isolation performance comparison

In order to compare the performance of the ridge to the rib configurations with different waveguiding layer thickness at a wavelength λ = 1.55 μm, we take into considerations geometrical dimensions which promise an 80 % asymmetry percentage for all three cases. In the presence of ten cavities, with length lcav = 0.1 μm, width wcav = 0.95 μm and periodicity pcav = 0. We can see in Table 5.1 that the isolation ratio, IR (dB), of the three cases is of acceptable magnitude. The FoM, which is calculated with respect to the total length of the device, shows an increase due to the decrease in the insertion losses thanks to shorter taper lengths lBIG. Although not fully optimized yet, we believe that the rib configuration can contribute positively to decreasing full device length hence, increasing the overall efficiency of the isolator. The Figure 5.24 below shows the magnetic field in the isolator region for three configurations studied and in both senses of propagation. Generally speaking, the rib-slot configuration has decreased the insertion losses of the device. However, we can notice that the isolation ratio in the three cases studied are not of equal magnitude. This can be attributed to difference in the final isolator region width wISO (Interface F), because at different widths the complex effective indices of the LRSPP modes are different. Thus, the incoming LRSPP mode behaves differently (is absorbed differently) with the set of cavities placed on one side of the isolator. For better isolation performance, it is hence necessary to configure the arrangement pcav in order to maximize the absorption of the LRSPP-s in the backward direction.

Placing the FoMs on the FoM map of state of the art. To obtain the ultimate outcome, a thorough numerical study should be done in order to unravel all the coupled mechanisms occurring in the full device. High LRSPP mode asymmetrization at different widths and taper lengths is to be carefully inspected, to understand the behavior of the electromagnetic wave when it comes in contact with the specific placement of the cavities in both forward and backward directions.

Summary

In this chapter, we discussed in detail the formalism that we followed in order to develop a full functioning isolator, which could be integrated in conjunction with lasers. In the first part, we presented the 2D design of a high efficiency mode converter, which allows to couple from a Si core with fundamental TE mode to an MDM waveguide hosting the LRSPP mode.

The several steps shown are crucial to developing mode converters with low back reflections and insertion losses. After ensuring the preferential excitation of the LRSPP mode at the tip of the coupler, we presented the design of an inverse taper which has the responsibility of converting a symmetric LRSPP to an asymmetric one. We studied, by using numerical simulations, the propagation of the electromagnetic wave inside the taper at different gyrotropy values as well as with different material indices and found the combined set of geometrical parameters (Taper length: lBIG and isolator width wISO) required to achieve different levels of LRSPP mode asymmetry. When placed in between the input coupler and the isolator compartment in the full device, this taper can affect the isolation ratio and the FoM. Finally, the different methods proposed to increase the asymmetry percentage of the LRSPP mode which were shown in Chapter 4 were tested, by 3D simulations, such as adding an unetched layer of BIG underneath the waveguiding structure and decreasing the thickness of the slot layer. The preliminary results showed a notable enhancement of the FoM of the full device particularly when going from the ridge-slot to the rib-slot configuration.

However, the simulation of the full device also showed that involved mechanisms are quite complex, and the full understanding and optimization of the device have still to be performed. The first results that we have obtained show that our device exhibits an acceptable performance when using a magnetooptic material with gyrotropy 0.1. Although this value might seem too high, different methodologies could be followed to compensate for lower gyrotropy levels and enhance the TMOKE in the MDM waveguides to ensure the decrease in total device length. This brings us one step closer to achieving miniaturized magnetoplasmonic isolators which could be integrable in photonic integrated circuits.

Chapter 6: General conclusion and future work

For decades researchers have shown an interest in the search of miniaturized and integrable optical isolators which could eliminate the backward reflection of light into laser sources that could potentially create noise and disturb the medium. Many designs for waveguide based isolators were proposed and studied over the years. Structures based on Faraday rotation, non-reciprocal losses, non-reciprocal phase shift have all been carefully studied numerically and realized experimentally. However till now, these devices never gained notable recognition due to their size, fabrication complexity, integration difficulty or limited performance over a large range of wavelengths.

This thesis is devoted to the study of new optical isolators in waveguiding configuration based on the intertwined formalism and the advantageous properties offered by the field of magnetoplasmonics. The joint effects of plasmon resonances and magnetooptic phenomena can be exploited to pave up the way for many other devices with different functionalities.

In summary, this manuscript combines work done in two different magnetoplasmonic nonreciprocal waveguiding structures which break simultaneously time reversal and spatial symmetry. In the third chapter, we have carried out numerical studies on a resonant structure composed of a magnetooptic waveguide coupled to an array of periodic gold gratings. This isolator which can function in both TE and TM modes (depending on the placement of the grating) is based on non-reciprocal phase shift of the plasmonic mode when it couples into the Fabry-Perot cavities, which is shown as dip shift in the forward and backward transmission curve spectra. The excitation of surface plasmons at the dielectricmetal boundary enhances the magnetooptical effect leading to high isolation ratio. Moreover, by utilizing the photonic band structure of a single unit cell of the structure we analyzed the crossing and the interaction of the different photonic waveguide modes and the flat Fabry-Perot resonant bands. The proposed device can be optimized and is selective of the wavelength of operation. The geometrical parameters of the plasmonic grating can be carefully chosen to tune the final performance of the waveguide. Such a structure offers an isolation performance with a ratio higher than 20 dB. However due to its resonant nature, the bandwidth would still stay limited to a few nanometers. Additionally, another drawback of such structure is the electromagnetic profile of the output mode which requires more work to convert it to a fundamental optical mode. Finally, the decrease in the gyrotropy of the magnetooptic material has its influence in diminishing the bandwidth.

In order to overcome the bandwidth problem, and the limitations that the gyrotropy could offer, in the fourth chapter of the manuscript we propose a brand new isolator design which could possibly tackle the aforementioned issues. The main idea behind this work is taking advantage of the asymmetry of the plasmonic LRSPP mode confined in a magnetoplasmonic slot waveguide in TMOKE configuration. The chapter theoretically discusses the behavior of such plasmonic mode and its modal distribution over the horizontally stretched MDM waveguide in forward and backward transmission directions. In order to have a high transmission contrast, a high asymmetry of the guided mode is required. A series of rectangular cavities is placed on one side of the structure to absorb the light of the backward travelling wave. Using modal analysis, different formalisms are proposed to enhance the asymmetry of the plasmonic mode such as the rib-slot configuration and the integration of materials with higher dielectric constants. Final numerical results show that high isolation ratio can be obtained for magnetooptic materials with different gyrotropy levels just by changing the geometrical parameters of the waveguide. The asymmetry of the plasmonic mode is in fact higher than 80 % over a large wavelength span. This unique characteristics is of absolute importance when it comes to the final performance of the isolator because it guarantees an acceptable amplitude difference between the waves propagating in the opposite senses with a long bandwidth. Thus, this design of a magnetoplasmonic isolator solves the problem of operation bandwidth and the lack of high gyrotropy magnetooptic material.

The potential of the second isolator is big and the possibility of turning it into a full functioning device which could stand out among others and offer a solution to bulky isolators which could be integrated with lasers is not out of reach. Thus, in chapter 5 of the manuscript we advise a coupling structure which is able of transforming an input photonic TE fundamental mode to a plasmonic LRSPP mode. High efficiency coupling is observed with the optimization of the structure using effective index matching technique between the different compartments. This opens up the possibility of integration of the magnetoplasmonic waveguide with Si input and output waveguides. Inverse taper geometries are discussed afterwards to convert the excited symmetric plasmonic mode at the end of the coupler to an asymmetric one when it reaches the isolation region. Finally, by using three dimensional simulations, we exhibit the decrease in insertion losses and increase in the overall efficiency of the device when using rib-slot configuration instead of the ridge-slot main design. In case of a technological process requiring the etching of a MO garnet layer, the rib-slot also enables an easier integration as the etching requirements of the magnetooptic material decreases tremendously. The results obtained at g = 0.1 are optimistic and although this value of gyrotropy might seem too high however, we believe with adequate device architecture, lower values of gyrotropy can be compensated for keeping the overall performance and efficiency of the device high. In the near future with the proper work, the compactness of our structure make it more favourable than other standard design and simultaneously guarantee high quality non-reciprocal performance for all laser and integrated circuit users over a broadband wavelength range.

The research work in this manuscript successfully develops two designs for magnetoplasmonic isolators and proposes their miniaturization and integration scheme with usual substrates. The performance of the second (MO slot waveguide) device is highly promising as it fulfills several requirements for an optical isolator, i.e. high optical isolation, moderate loss, possible integration, large bandwidth, compatibility with low gyrotropy materials. However, additional work must be done to further optimize the device and realize the experimental demonstration:

-The device length could be decreased by increasing the mode asymmetrization efficiency. Preliminary study of the integration of an air gap inside the slot waveguide shows a significant enhancement of the asymmetry percentage. Although further investigation is required, we believe that the gap pushes the field profiles from the middle to the edges of the waveguide, thus more surface plasmons interact with the surface leading to an enhancement of the TMOKE. In theory, combining the effects of the rib configuration and the air gap can efficiently overcome the problem of insertion losses. -In general, the numerical work conducted in this thesis is something that has not been demonstrated and needs further experimental research work on this aspect. We are aimed at fabricating these theoretically designed structures and test their isolator properties for having a low loss on chip optical isolator. Whereas first demonstration could be realized with all garnet structures, the compatibility of the magneto-plasmonic slot waveguide isolator with low gyrotropy material opens the road toward the use of composite MO material (like cobalt ferrite nanoparticles embedded in a silica matrix [1]) which could be deposited with sol-gel process on any kind of substrate. Such approach could also allow slightly adjusting the optical index of the composite host matrix. -Finally, other optical components such as circulators can also be realized by using the same formalism of work. In this case the asymmetric LRSPP (the signal) would be transmitted from port 1 to port 2, and another one from port 2 to port 3. Finally a third LRSPP can be transmitted from port 3 to 1. Similar to the isolator case, the magnetoplasmonics field can contribute positively to minimize the size of optical circulators.

[1] L. Bsawmaii, E. Gamet, F. Royer, S. Neveu, and D. Jamon, "Longitudinal magneto-optical effect enhancement with high transmission through a 1D all-dielectric resonant guided mode grating," Optics Express, vol. 28, no. 6, p. 8436, 2020, doi: 10.1364/oe.385634. La conception de ce composant a été réalisée en trois étapes : (1) la détermination des modes guidés dans la structure, (2) l'étude des résonances Fabry-Pérot qui peuvent être excitées dans les fentes du réseau d'or, et enfin (3) l'évaluation des performances du composant complet, en fonction de certains paramètres géométriques. (2) Les résonances Fabry-Pérot (FP) excitées dans les fentes du réseau d'or jouent un rôle essentiel dans l'exaltation de la non-réciprocité, comme cela avait été montré précédemment en optique libre. Une analyse détaillée de ces résonances a été effectuée, en 2D, afin d'identifier les résonances horizontales et verticales (Figure 3). Les courbes de dispersion de ces résonances ont été établies (Figure 4), et ont permis d'identifier les dimensions géométriques caractéristiques des dents du réseau d'or périodique (hauteur, profondeur, largeur de fente) permettant d'exciter une ou plusieurs résonances FP. (3) La troisième étape de la conception a consisté à simuler la structure complète en FDTD 2D magnéto-optique, en considérant deux géométries de réseau identifiées précédemment (hAu=0,45 μm, et wAu = 0,1 μm ou wAu = 0,9 μm) qui ont conduit respectivement à une et trois résonances FP : ces résonances couplées au(x) mode(s) guidé(s) plasmoniques, A ou B, génèrent une exaltation de la non-réciprocité qui se traduit par des pics de taux d'isolation (Fig. 5). Une analyse approfondie de ces simulations, utilisant des calculs de courbes de dispersion de la structure complète (non montré ici) ainsi que la cartographie des modes (Fig. 6), ont permis d'identifier les modes mis en jeu dans chaque cas. Il apparait en particulier que le mode B est à l'origine de l'exaltation la plus marquée du cas wAu = 0,9 μm (Fig. 6(b, e), et pic 2 de la courbe noire Fig. 5), ainsi que celle de l'unique pic du cas wAu = 0,1 μm (courbe rouge de la Fig. 5). La figure de mérite de l'isolateur, qui est le rapport entre le taux d'isolation et les pertes de la structure, est également la plus élevée dans ces deux cas. La dernière étape de la conception de cet isolateur est l'étude du composant en 3D, et l'évaluation de ses performances d'isolation. Après une étape de conception des cavités latérales dont la fonction est l'absorption du mode retour, les largeurs de guides optimales en fonction de la gyrotropie ont été déterminées. La figure 11 résume les résultats de transmission, réflexion, isolation et FoM obtenus dans le cas du "ridge-slot" pour différentes valeurs de gyrotropie et largeurs de guide optimisées en fonction de la gyrotropie. Le principe général de cette conception est de réaliser une adaptation de modes du guide fondamental TE en silicium jusqu'au mode LRSPP de la section non-réciproque. Le schéma général est montré Fig. 13, et les profils des modes optimisés en 2D sont présentés Fig. 14. L'étape suivante de la conception consiste à évaluer la propagation du mode tout au long de la structure, en 3D, et d'établir l'isolation et les pertes d'insertion globales de la structure. Cela a été réalisé pour les deux structures de guide 3D (Fig. 15), et pour 3 configurations (tableau 1, et Fig. 16). Malgré des pertes d'insertion élevées, ces premières simulations ont montré de forts taux d'isolation assortis de figures de mérite convenables. La structure rib-slot semble présenter de meilleures performances que la structure ridge-slot pour l'ensemble de ces paramètres.

L'ensemble de ces simulations ont également mis en évidence la complexité des phénomènes physiques mis en jeu, et révèlent une compréhension encore partielle des mécanismes liés à l'asymétrisation des modes. Les premiers résultats laissent néanmoins entrevoir des possibilités prometteuses pour ce nouvel isolateur intégré.

En conclusion générale, les résultats numériques présentés montrent que l'intégration d'un laser et d'un isolateur magnéto-plasmonique pourrait être réalisée à court terme. Cette démonstration devrait ouvrir de nouvelles opportunités pour les circuits photoniques intégrés, de grand intérêt pour les communications optiques, les capteurs, la photonique RF.
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 11 Figure 1.1. Confluence of various disciplines into integrated photonics.
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 12 Figure 1.2. Optical isolator in conjunction with a laser from one side and a reflective surface from the other.

Figure 2 . 1 .

 21 Figure 2.1. Schematic diagram for observing polarization rotation due to the Faraday effect in which direction of propagation of light and the applied external magnetic field are parallel.

Figure 2 . 2 .

 22 Figure 2.2. Setup of a polarization (a) sensitive and (b) insensitive Faraday isolators. The arrows blue and red indicate the direction of light in the forward and backward senses, respectively.
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 23 Figure 2.3. Cross section in the (x,z) plane of Polycrystalline/amorphous Ferromagnetic TE-TM Mode Converter (PFMC).

Figure 2 . 4 .

 24 Figure 2.4. Different configurations of the Magnetooptic Kerr Effects (MOKE) arising due to reflection of light from materials having anisotropic dielectric constant 𝜀 𝑑 and placed under external magnetization 𝑀 0 . (a) Polar configuration: the magnetic field is perpendicular to the sample plane. (b) Longitudinal configuration: the magnetic field is parallel to both the sample plane and the incidence one. (c) Transverse configuration: the magnetic field is applied in the sample plane and perpendicular to the plane of incidence.
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 25 Figure 2.5. 𝐺𝑎 1-𝑥 𝐴𝑙 𝑥 𝐴𝑠 𝑥 optical waveguide covered with 𝐶𝑜. Either 𝑆𝑖𝑂 2 or 𝐺𝑎 0.55 𝐴𝑙 0.45 𝐴𝑠 was used as the buffer layer.
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 26 based on non-reciprocal losses and functioning in TM mode was theoretically proposed and experimentally realized by Vanwolleghem et al.
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 26 Figure 2.6. Schematic representation of the nonreciprocal ferromagnetic metal-clad SOA TM mode isolator.
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 27 Figure 2.7. Schematic representation of a TM mode optical isolator with 𝑀𝑛𝐴𝑠 ferromagnetic layer.
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 28 Figure 2.8. TE mode waveguide optical isolator where the 𝐹𝑒 layer placed on one sidewall of the SOA waveguide.
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 29 Figure 2.9. Schematic diagram of a Mach-Zehnder interferometer.
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 210 Figure 2.10. Optical isolator employing a non-reciprocal phase shift. A reciprocal phase shifter and a non-reciprocal phase shifter are included in an optical interferometer.

Figure 2 . 11 .

 211 Figure 2.11. (a) Top view of proposed TE based MZI isolator. (b) A cross-sectional cut in the (x,y) plane showing the interface of the waveguiding structure with opposing magnetic domains.

Figure 2 . 12 .

 212 Figure 2.12. Schematic representation of (a) a single non-reciprocal microresoantor coupled with two straight waveguides. (b) parallel-coupled non-reciprocal microdisk resonators.

Figure 2 . 13 .

 213 Figure 2.13. Schematic of the nonreciprocal optical resonator structure. The inset to the left shows a transverse cross-sectional view at the window section of the resonator where a 100 nm garnet film layer is deposited on the single mode silicon channel waveguide.

Figure 2 . 14 .

 214 Figure 2.14. Graph of the operating speeds and critical dimensions of various chip-scale device technologies, highlighting the strengths of the different technologies which rely on the unique material properties. The dashed lines indicate physical limitations of different technologies; semiconductor electronics is limited in speed by interconnect delay time issues to about 10 𝐺𝐻𝑧. Dielectric photonics is limited in size by the fundamental laws of diffraction. Plasmonics can serve as a bridge between similar-speed dielectric photonics and similar-size nano-electronics.
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 215 Figure 2.15. Diagram representing the intertwined purpose of the magnetoplasmonics field.

Figure 2 . 16 .

 216 Figure 2.16. An SPP propagating along a metal-dielectric interface. These waves are transverse magnetic in nature. Their electromagnetic field intensity is highest at the surface and decays exponentially away from the interface.

Figure 2 . 17 .

 217 Figure 2.17. Excitation of a SPP by a plane wave. the light cone of dielectric medium is colored in light blue. The SPP dispersion relation is at the right of the light cone.

Figure 2 . 18 .

 218 Figure 2.18. SPP excitation in a thin metallic layer by means of a prism.

Figure 2 . 19 .

 219 Figure 2.19. SPP excitation by means of a grating with lattice constant 𝑝 and reciprocal vector 𝑚.

Figure 2 . 20 .

 220 Figure 2.20. Schematic of the basic proposed coupler (top view) showing a monomode 𝑆𝑖 waveguide coupled to a plasmonic waveguide through an air-gap coupler.

Figure 2 . 21 .

 221 Figure 2.21. The schematic picture of the silicon-metal plasmonic coupler.

Figure 2 . 22 .

 222 Figure 2.22. Coupler cross-section showing the adjacent copper and silicon waveguides vertically spaced by silica. (b) Schematic view of the guided modes in the hybrid structure. Propagation constant of the pure photonic and plasmonic modes are respectively denoted (𝛽 𝑎,𝑏 ) in the uncoupled area. In the superstructure, (𝛾 𝑒,𝑜 ) respectively, denote the propagation constant of the even and odd supermodes.

Figure 2 . 23 .

 223 Figure 2.23. (a) An example device made of a 𝐴𝑢/𝐴𝑢 -𝐶𝑜 𝑎𝑙𝑙𝑜𝑦/𝑇𝑖 trilayer, with the magnetic field applied parallel to the sensing surface. (b) The TMOKE signature, the derivative shaped feature produced due to the difference between the two shifted signals with the sign change of the external magnetic field.

Figure 2 . 24 .

 224 Figure 2.24. Schematic of a Fabry-Perot cavity structure consisting of an MDM waveguide side-coupled to two MDM stub resonators. The metal is subject to an externally applied static magnetic field.

Figure 2 . 25 .

 225 Figure 2.25. Schematic representation of the studied structure: gold grating with a period Λ and a thickness h1 on a magnetooptic garnet substrate in transversal configuration with incident plane wave in y-z plane at the incident angle φ0 and with s-or p-polarization.

  2009, Montoya et al. devised a surface plasmon isolator based on nonreciprocal coupling. The isolator design shown in the Figure 2.26 below, consists of non-magnetic claddings with a MO core and a surface plasmon generating layer on the top [63].
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 226 Figure 2.26. Schematic of surface plasmon isolator based on non-reciprocal coupling
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 227 Figure 2.27. (a) Band structure of a waveguide undergoing photonic transition between two states 𝜔 1 and 𝜔 2 . (b) Schematic of ring resonator designed for non-reciprocal frequency conversion. The dark regions are modulated.
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 228 Figure 2.28. Schematic of a cw signal isolator with two phase modulators and wavelength filters.

Table 2 . 1 .

 21 Summary of different types of optical isolators, such as the FR; Faraday rotation, NRL; Non-reciprocal losses, NRSP; Non-reciprocal phase-shift and NRC; Non-reciprocal coupling and their respective FoMs. Superscript (") stands for experimental whereas (*) stands for numerical demonstration of isolation performance. TE/TM indicate the operational polarization of the structure.
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 229 Figure 2.29. Graph of different magneto-optical isolators and their FoM.
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 230 Figure 2.30. Schematic representations of (a) Bragg isolator and (b) MDM waveguide plasmonic isolator In 2014, Halagacka et al., had proposed a 1D grating on top of a MO bismuth substituted yttrium iron garnet-magnetic film (BIG) (the MO garnet can be doped with Gd-Pr-Bi-Lu) [74] layer placed on a

Figure 2 . 31 .

 231 Figure 2.31. Schematic of a Yee lattice used to discretize Maxwell's equations in space as defined by the FDTD method. The scheme involves the placement of electromagnetic fields on a staggered grid.
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 232 Figure 2.32. 3D schematic of a FDTD simulation region including ports, field monitors and PML boundary conditions to perform propagation tests.

Figure 2 . 33 .

 233 Figure 2.33. 3D schematic of a FDTD simulation region of a unit cell, including dipole moment sources, time monitors, PML (top and bottom) and Periodic Boundary Conditions (in propagation direction).
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 234 Figure 2.34. 2D schematic of a FDTD simulation region of a single cavity made up of BIG and surrounded by Au. PML layers surround the area which also includes a source and a monitor to measure the reflection.
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 235 Figure 2.35. Schematic of a tetrahedral element used to mesh a FEM based simulation region in COMSOL Multiphysics ® .

Figure 2 . 36 .

 236 Figure 2.36. 2D schematic of the interface of a waveguide on top of a substrate and under cladding. Horizontal and vertical PML layers are constructed around the area of interest and Scattering Boundary Conditions are applied to the external boundaries to reduce reflections.

Figure 2 . 37 .

 237 Figure 2.37. 2D schematic which utilizes Numeric Ports on each side of the propagation simulation region. Horizontal and vertical PML layers are constructed around the area of interest and Scattering Boundary Conditions are applied to the external boundaries to reduce reflections.

Figure 2 . 37 .

 237 The simulation is centered around wavelength 1.55 μm, with a span of 0.6 μm. Ten gold gratings are placed on top of the MO waveguide operating in TM mode with a thickness 0.4 μm and gyrotropy g = 0.1. The gratings are arranged with a periodicity of 0.3 μm. The spacing (slit length in propagation direction) between individual gratings is varied between 0.02 μm and 0.06 μm.

Figure 2 .

 2 Figure 2.38. (a-c) Transmission spectra and (d-f) Isolation ratio as obtained from COMSOL Multiphysics (in green) and Lumerical FDTD Solutions (in red) for slit lengths 0.02 μm, 0.04 μm and 0.06 μm, respectively.
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 31 Figure 3.1. (a) 3D scheme of the proposed magnetoplasmonic isolator. A periodic gold grating is positioned on one side of a BIG waveguide integrated on a non-magnetic GGG substrate. MT is the magnetization of the BIG layer, oriented along the y direction. (b) Operation principle of the isolator: coupling of the waveguide mode to the FP resonances inside the slits of the gratings.

Figure 3 . 2 .

 32 Figure 3.2. (a) Dispersion curves of the different modes present in a BIG waveguide for constant thickness and as a function of width. (b) Electric field profile of the fundamental TE mode, the effective index of which corresponds to the blue dot in (a).

Figure 3 . 3 .

 33 Figure 3.3. A Fabry-Perot cavity made up of spherical mirrors separated by distance L. Light enters the cavity and undergoes internal reflections resulting in constructive or destructive interferences.

Figure 3 . 4 .

 34 Figure 3.4. Discrete (a) horizontal and (b) vertical FP resonances confined in cavity length, wAu and hAu, respectively.

  𝑟 𝑖,𝑗 = |𝑟 𝑖,𝑗 | exp (𝑖𝜑 𝑟 𝑖,𝑗 ) = 𝑛 𝑒𝑓𝑓,𝑠 -√𝜀 𝑖 𝑛 𝑒𝑓𝑓,𝑠 + √𝜀 𝑖 (3.2)
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 35 Figure 3.5. Dispersion curves of (a) the different horizontal and (b) vertical cavity modes FP resonances (marked as 𝐻 𝑖 or 𝑉 𝑖 , respectively) within the grating slits as a function of the cavity width (z direction) and thickness (y direction), respectively.

Figure 3 . 6 .

 36 Figure 3.6. Sketch of the device unitary cell. (a) Axonometric view of the unitary cell. (b, c, d) 2D cut views. In (b) the upper and lower horizonal dashed thin lines represent the traces of the planes where the 2D cuts depicted in (c) and in (d) are taken, respectively. The two vertical thin dotted lines represent the position where the Bloch boundary conditions are imposed in FDTD calculation to delimit the unitary cell. In (c) and (d) the horizonal dashed thin line represents the trace of the plane where the 2D cut depicted in (b) is taken.

Figure 3 . 7 .

 37 Figure 3.7. (a) Dispersion curves of the different horizontal and vertical cavity modes FP resonances (marked as 𝐻 𝑖 or 𝑉 𝑖 , respectively) within the grating slits as a function of the cavity width (z direction). (b)-(g) Intensity of the magnetic field along the (y,z) plane, when x corresponds to the center of the slits, for the different points marked with black circles in (a).

Figure 3 . 8 .

 38 Figure 3.8. FDTD calculated band structures of (a) the sole dielectric waveguide and (b) the waveguide with a gold continuous strip (period pAu gold grating with ls=0).

Figure 3 . 9 .

 39 Figure 3.9. The three main modes present in the waveguide: fundamental TE mode, pure plasmonic mode (Mode A) and hybrid plasmonic-dielectric waveguide mode (Mode B).

Figure 3 . 10 .

 310 Figure 3.10. Simulated photonic band diagrams for (a) wAu = 0.1 μm and (c) wAu = 0.9 μm. To improve their readability, a handmade tracing of the corresponding dispersion curves is reported in (b) and (d) respectively.

Figure 3 . 11 .

 311 Figure 3.11. Transmission spectra in forward and backward direction propagations for (a) wAu = 0.1 μm and (b wAu = 0.9 μm.

Figure 3 . 12 .

 312 Figure 3.12. (a) Isolation ratio and (b) FoM for wAu = 0.1 μm (in red) and wAu = 0.9 μm (in black), when hAu=0.45 μm.

Figure 3 . 13 .

 313 Figure 3.13. First row: (a-c) Intensity of the magnetic field along the (x,z) plane (top view of the device), when y = 0 μm. Second row: (d-e) magnetic field intensity maps along the (y,z) plane, when x = 0 μm. Each column corresponds respectively to the three isolation frequencies marked on the black curve of Figure 3.12 as 1, 2 and 3: at (a) 125 THz, (b) 185 THz and (c) 245 THz which involve modes H1, H2 and H3 in Figure 3.10b. For all cases: wAu = 0.9µm.

  Points 1, 2 and 3 are related to H1, H2 and H3 resonances respectively (represented in Figure 3.13a-c). By analyzing the band diagram (Figure 3.10c), H1 and H3 resonances appear weakly coupled to the waveguide mode without causing any band gap, especially because the waveguide mode is very deconfined and leaky below 150THz and undergoes reflections above 230 THz. The interesting point is at 185 THz where a 2 nd order horizontal FP (H2) intersects the two Modes A and B dispersion curves near their anticrossing gap: at this frequency, the coupling of the dielectric waveguide mode and the SPP mode is already maximum (Figure3.8b), and thus favors their interaction, and especially the interaction of Mode B, with the FP slit mode. This could explain the increase in isolation ratio near 185 THz. However, the maximum isolation ratio is lower than in the case of wAu = 0.1 μm, probably because of less confined SPP at shortest wavelength, and less confined FP mode in the wider cavity.
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 314 Figure 3.14. Intensity of the magnetic field (a) along the (x,z) plane (top view of the device), at y = 0 μm and (b) along the (x,y) plane (side view of the device), at z = 0.55 μm, calculated at 220 THz. hAu = 0.45 μm and wAu = 0.1 μm.
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 315 Figure 3.15. (a) Isolation ratio in dB (color scale) (b) FoM for wAu = 0.1 μm and pAu = 0.3 μm versus slit length for a device length of 3 μm.
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 316 Figure 3.16. (a) Isolation ratio in dB (color scale) (b) FoM for wAu = 0.1 μm and pAu = 0.3 μm for gyrotropy values g = 0.1, 0.01, and 0.005.
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 317 Figure 3.17. Graph of different magneto-optical isolators and their FoM.
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 41 Figure 4.1. 3D schematic view of a slot magnetoplasmonic isolator.

Figure 4 .

 4 2b. Adding rectangular nanocavities (causing absorption of the propagating plasmons) on one of the metal-dielectric interfaces breaks the symmetry of the structure. The imbalance of the SPPs travelling in opposite directions entails unequal transmission, i.e., non-reciprocity.

Figure 4 . 2 .

 42 Figure 4.2. (a) Interface of a magnetoplasmonic MDM waveguide made up of Au/BIG/Au with the asymmetric energy field profiles of the LRSPP and SRSPP modes. (b) Top view of the Au-BIG-Au waveguide, with N nanocavities positioned on one metal-dielectric interface. The BIG layer is magnetized along the y direction. Magnetic field profiles Hy of the LRSPP mode (solid green) are represented in forward (increasing x) and backward (decreasing x) senses.

Figure 4 . 3 .

 43 Figure 4.3. Schematic of the M1DM2 trilayer heterostructure supporting LRSPP and SRSPP plasmonic modes.

  exp(-4K d 𝑎) = [β𝛾 𝑧𝑥 𝑑 -𝑖(𝛾 𝑥𝑥 𝑚 1 K m 1 + 𝛾 𝑥𝑥 𝑑 K d )][β𝛾 𝑧𝑥 𝑑 -𝑖(-𝛾 𝑥𝑥 𝑚 2 K m 2 -𝛾 𝑥𝑥 𝑑 K d )] [β𝛾 𝑧𝑥 𝑑 + 𝑖(𝛾 𝑥𝑥 𝑑 K d -𝛾 𝑥𝑥 𝑚 1 K m 1 )][β𝛾 𝑧𝑥 𝑑 + 𝑖(𝛾 𝑥𝑥 𝑚 2 K m 2 -𝛾 𝑥𝑥 𝑑 K d )]

Figure 4 . 4 .

 44 Figure 4.4. Schematic of the 𝑀𝐷𝑀 trilayer heterostructure supporting LRSPP and SRSPP plasmonic modes.

Figure 4 . 5 .

 45 Figure 4.5. Schematic waveguide with high width supporting LRSPP and SRSPP.

Figure 4 . 6 .

 46 Figure 4.6. Graphs showing the variation of the real part of the effective refractive indices 𝑅𝑒(𝑛 𝑒𝑓𝑓 ) of the LRSPP and SRSPP modes, for (a) 𝑔 = 0 and (b) 𝑔 = 0.1, each for a varying waveguide width 𝑎 and a fixed wavelength λ = 1.55 μm.

Figure 4 . 7 .

 47 Figure 4.7. Graphs showing the variation of the imaginary part of the effective refractive indices 𝐼𝑚(𝑛 𝑒𝑓𝑓 ) of the LRSPP and SRSPP modes, for (a) 𝑔 = 0 and (b) 𝑔 = 0.1, for a varying waveguide width 𝑎 and a fixed wavelength λ = 1.55 μm.

Figure 4 . 8 .

 48 Figure 4.8. Variation of (a) Imaginary part of effective refractive index and (b) Confinement factor of the LRSPP mode in the dielectric region for different wavelengths λ = 1.45 μm, 1.55 μm and 1.65 μm as a function of the waveguide width 2a.

Figure 4 . 9 .

 49 Figure 4.9. (1D case) Magnetic field asymmetry percentage of the LRSPP mode for different widths versus the wavelength at g = 0.1.

Figure 4 . 10 .

 410 Figure 4.10. An MDM structure hosting the asymmetric LRSPP mode when excited at wavelength λ = 1.55 μm from (a) the left port and propagating towards increasing x direction and (b) the right port and propagating towards decreasing x direction.

Figure 4 .

 4 Figure 4.11. (1D case) Magnetic field asymmetry percentage of the LRSPP mode at three different gyrotropy and a variation of waveguide width between 0.5 μm and 3 μm. Dots represent results as obtained from the analytical model.

Figure 4 . 12 .

 412 Figure 4.12. (1D case) Magnetic field asymmetry percentage of the LRSPP mode for gyrotropy (a) 𝑔 = 0.1, and nMO = 2, 2.5 and 3; (b), 𝑔 = 0.01 and nMO = 3, 3.5 and 4 and (c) 𝑔 = 0.001 and nMO = 4, 4.5 and 5; for a fixed incident wavelength λ = 1.55 μm and waveguide width ranging between 0.5 μm and 3 μm. Straight lines represent results obtained from modal study using COMSOL Multiphysics whereas the asterisks represent results from analytical model.

Figure 4 .

 4 13a and b show the real and imaginary parts of the complex effective refractive index, respectively. Whereas Figure4.13c shows the modal fields in the three cases studied. The results show that the increase in the index of the dielectric material increases the effective indices of the LRSPP modes, both the real and imaginary parts. The increase in the imaginary part of the complex effective refractive index is an indication of the power confinement: indeed, the confinement decreases inside the dielectric region (and the losses increase) when the SPP modes are more pushed towards the metal layers. The decrease in the coupling of the SPPs (lower overlap inside the dielectric layer) can be seen by looking at the magnetic field profiles of Figure4.13.

Figure 4 . 13 .

 413 Figure 4.13. (1D case) (a) Real and (b) Imaginary part of effective refractive indices (c) Magnetic field profiles (𝑔 = 0) of the LRSPP mode for nMO = 2, 3 and 4 for a fixed incident wavelength λ = 1.55 μm.

Figure 4 .

 4 Figure 4.14 shows schematic representations of the two different studied geometries: (a) ridge-slot waveguide, (b) rib-slot hybrid waveguide. Structure (b) is also considered because, from a manufacturing point of view, MO materials are difficult to etch completely and smoothly down to the substrate. The additional degree of freedom to be considered while transitioning from the 1D to the 2D case is the thickness of the guiding layer, the parameter h. In the case of the second configuration this thickness is divided to h1 and h2 between the waveguiding and just the layer parts. It is worth noting that, in all the conducted studies, the metal region is infinite in the z direction of the simulation region to decrease unwanted radiation losses.

Figure 4 . 14 .

 414 Figure 4.14. Scheme of (a) ridge-slot, (b) rib-slot waveguide, placed on GGG substrate and under SiO2 cladding.

Figure 4 . 15 .

 415 Figure 4.15. (2D case) (a) Real part of the effective refractive indices of the plasmonic modes hosted by the slot waveguide with the increase in waveguide thickness. (b) Imaginary part of effective refractive index (black) and the Confinement factor (red) of the fundamental LRSPP0 mode. (c-f) Magnetic field plots of the four different plasmonic modes LRSPP0, SRSPP0, LRSPP1 and SRSPP1 at h = 0.45 μm, a = 0.5 μm and λ = 1.55 μm.

Figure 4 . 16 .

 416 Figure 4.16. (2D case) (a) Real part of the effective refractive indices of the plasmonic modes hosted by the slot waveguide and (b) Imaginary part of effective refractive index and the Confinement factor of the fundamental LRSPP0 mode with the increase in waveguide width. (c-f) Magnetic field plots of the four different plasmonic modes LRSPP0, SRSPP0 photonicplasmonic TE0 and TM0 at h = 0.45 μm, a = 1 μm and λ = 1.55 μm.

Figure 4 . 17 .

 417 Figure 4.17. (2D case) Slot waveguide magnetic field asymmetry percentage with respect to variation of waveguide width and incident wavelength for gyrotropy values (a) 0.1, (b) 0.01 and (c) 0.001.
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 418 Figure 4.18. (2D case) Magnetic field asymmetry percentage of the LRSPP mode for gyrotropy values (a) 0.1, (b) 0.01 and (c) 0.001, for a fixed incident wavelength λ = 1.55 μm, in the case of ridge-slot and rib-slot waveguides with width ranging between 0.5 μm and 3 μm. (black and red curves represent the results from the ridge-slot waveguide (h = 0.45 μm) and ribslot waveguide (h1 = h and h2 = 0.4 μm) configurations respectively).

Figure 4 .

 4 Figure 4.19. (2D case) Magnetic field asymmetry percentage of the LRSPP mode for gyrotropy values (a) 0.1, (b) 0.01 and (c) 0.001, for a fixed incident wavelength λ = 1.55 μm, in the case of rib-slot waveguide with width ranging between 0.5 μm and 3 μm and varying thickness h2.
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 420 Figure 4.20. (2D case) Magnetic field asymmetry percentage of the LRSPP mode for gyrotropy values (a) 0.1, (b) 0.01 and (c) 0.001, for a fixed incident wavelength λ = 1.55 μm, in the case of rib-slot waveguide with h2 = 0.5 μm, width ranging between 0.5 μm and 3 μm and varying thickness h1.
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 421 Figure 4.21. Schematic of the lossy rectangular cavity formed by BIG and surrounded by Au.
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 422 Figure 4.22. Absorption spectra of a rectangular nanocavity as a function of λ and wcav for cavity lengths ranging between wcav= 0.1 μm to 1 μm.

Figure 4 .

 4 Figure 4.22 above shows the different orders of FP resonant modes which can occur inside the nanocavities with increasing dimension in the z direction. For a single mode, a slight increase in the width allows the shift of the FP to higher wavelengths as it can be predicted from the FP equation (4.33). Whereas a tremendous increase in the width results in a higher order mode. Higher order horizontal FP resonant modes are also expected to appear because of this increase: for this reason, as wcav grows the cavity absorption peak becomes sharper and stronger (as it can be noticed in Figure4.22).

  Figure 4.23.
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 423 Figure 4.23. Absorption spectra of a rectangular nanocavity as a function of λ and wcav for cavity length wcav= 0.1μm, 0.4 μm, 0.65 μm and 0.95 μm (b-e) Intensity of the magnetic field along the (x,z) plane in increasing order of wcav.
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 424 Figure 4.24. Modal fields of the LRSPP mode for widths 1 μm, 1.2 μm and 1.4 μm. First row (a-c-e) in the forward direction and the second row (b-d-f) in the backward direction.

Figure 4 .

 4 Figure 4.24 shows the modal fields in forward and backward directions for three different widths. The increase in asymmetry of the LRSPP mode is apparent with the increase in the horizontal dimension of the waveguide. Using the aforementioned parameters, 3D simulations in both senses give the following results for transmission and reflection.

  3. The wavelength is centered around 1.55 μm and spans over 0.2 μm. The thickness of the ridge-slot waveguide is set fixed to 0.45 μm. The rectangular absorptive nanocavities are of dimensions lcav = 0.1 μm and wcav = 0.95 μm. Ten cavities are arranged with spacing pcav = 0.8 μm.

Figure 4 . 25 .

 425 Figure 4.25. Transmission in the (a) forward and (b) backward directions for dielectric width 1 μm, 1.2 μm and 1.4 μm.

Figure 4 . 26 .

 426 Figure 4.26. Reflection in the (a) forward and (b) backward directions for dielectric width 1 μm, 1.2 μm and 1.4 μm.

Figure 4 . 27 .

 427 Figure 4.27. (a) Isolation ratio and (b) FoM for dielectric width 1 μm, 1.2 μm and 1.4 μm.

Figure 4 . 28 .

 428 Figure 4.28. (a) Isolation ratio and (b) FoM curves for a fixed dielectric width 1.8 μm, and increasing number of cavities Ncav = 4, 6 and 8.

Figure 4 . 29 .

 429 Figure 4.29. (a) Isolation ratio and (b) FoM for cavity period width pcav = 0.5 μm, 0.6 μm and 0.7 μm .

Figure 4 . 30 .

 430 Figure 4.30. (a-c) Transmission and (d-f) Reflection in forward (in black) and backward directions (in red), (g-i) Isolation ratio (dB) and (j-l) FoM for 𝑔 = 0.1, 0.01 and 0.001, respectively.

Figure 4 . 31 .

 431 Figure 4.31. Intensity of magnetic field along the (x,z) plane (top view of the device), when y = 0 μm and λ = 1.564 μm, for (a) forward and (b) backward transmission directions respectively, in the case of 𝑔 = 0.01, isolator with width 2a = 2.75 μm, thickness h = 0.45 μm and total length of 11.2 μm.

Figure 4 . 32 .

 432 Figure 4.32. Graph of different magneto-optical isolators and their FoM.

Figure 5 . 1 .

 51 Figure 5.1. 2D schematic of a mode converter designed to convert a fundamental TE to a plasmonic LRSPP mode.

Figure 5 . 2 .

 52 Figure 5.2. (a) Effective indices curves of the in-plane waveguide modes of interface A, composed of a Si core embedded in SiO2, with respect to increase in width wSi1 (z direction). (b) and (c) Electric field distributions of the TE0 and TE1 guided mode when the widths are equal to 0.475 μm and 1 μm corresponding to the black and red dot marks in (a), respectively.

Figure 5 . 3 .

 53 Figure 5.3. (a) Effective index curve of the in-plane waveguide mode TE0 of a interface B, composed of a Si core embedded in BIG, with respect to increase in width wSi2 (z direction). (b) Electric field distribution of the TE0 guided mode when the width wSi1 is equal to 0.4 μm corresponding to the black and red dot marks in (a).

Figure 5 . 4 .

 54 Figure 5.4. (a) Coupling efficiency between interfaces A and B. (b) Electric field distribution of the TE0 guided mode as the Si core passes from the region embedded with SiO2 to BIG, when the width wSi2 is equal to 0.4 μm corresponding to the black dot mark in (a).

Figure 5 . 5 .

 55 Figure 5.5. (a) Effective index of interface C composed of Au/BIG/Si/BIG/Au (b) coupling efficiency at interface C with respect to variation of the BIG spacer region a1. (c) Electric field distribution of the TE0 guided mode as the Si core passes from the regions A and B to C, when the spacer with is equal to 1 μm corresponding to the black dot mark in (a).

Figure 5 .

 5 Figure 5.6 shows the variation of the effective refractive index, as obtained from modal analysis, from the beginning (Interface A, monomode Si core), till the end of the taper (Interface D, entrance to the MDM slot waveguide).

Figure 5 . 6 .

 56 Figure 5.6. The variation of the effective index from the beginning till the end of the mode converter at different positions along the x axis (from A to D in Fig. 5.1).

Figure 5 . 7 .

 57 Figure 5.7. (a) Normalized electric field distribution and (b) y-component of magnetic field demonstrating the successful excitation of the sole LRSPP mode at the end of the mode converter. (c)-(h) Electric field amplitude profiles at different positions along the x axis.

Figure 5 . 8 .

 58 Figure 5.8. (a) Normalized electric field distribution, (b) magnetic field in y direction showing the excitation of solely the SRSPP mode in the mode converter.

Figure 5 .

 5 Figure 5.8 show the propagation of TE1 inside the mode converter. In particular, Figure 5.8b depicts the propagation of the y-component of the magnetic field along the modal adapter. The latter shows the selective excitation of the SRSPP within the MDM waveguide.

Figure 5 . 9 .

 59 Figure 5.9. (a) Real, (b) imaginary part of the effective index and (c) confinement factor of the optical mode at interface D, composed of Au/BIG/Si/BIG/Au as a function of the tip width wTip, when a initial spacer width a1 = 0.6 μm and a final spacer width a2 = 0.3 μm are considered.

Figure 5 . 10 .

 510 Figure 5.10. (a) Backward reflection and (b) coupling efficiency of the mode converter as a function of the tip width wTip, at a constant spacer width a1 = 0.6 μm and a final spacer width a2 = 0.3 μm are considered.

Figure 5 .

 5 Figure 5.10a displays backward reflections, at the input port of the mode converter, due to the effective indices mismatch at the interface D.Figure 5.10b shows the coupling efficiency, which undergoes a minor increase with wTip.

Figure 5 .

 5 Figure 5.10a displays backward reflections, at the input port of the mode converter, due to the effective indices mismatch at the interface D.Figure 5.10b shows the coupling efficiency, which undergoes a minor increase with wTip.

Figure 5 . 11 .

 511 Figure 5.11. The coupling efficiency of the mode converter as a function of wavelength

Figure 5 . 12 .

 512 Figure 5.12. 2D schematic of the full isolator device including the input and output couplers, the tapers responsible for symmetrization and asymmetrization of the LRSPP mode and the isolator compartment.

Figure 5 . 13 .

 513 Figure 5.13. Electric field amplitude profiles at the different interfaces along the x axis. The interfaces before the isolator region are marked with the letters A-D, whereas the interfaces after the isolator region are marked with their corresponding letter prime.

Figure 5 . 14 .

 514 Figure 5.14. Magnetic field asymmetry percentage of a taper with dimensions lBIG and wISO for (a) g = 0.1 and (b) g = 0.01.

Figure 5 . 15 .

 515 Figure 5.15. Magnetic field asymmetry percentage of a taper with dimensions lBIG = 60 μm and wISO for nMO = 2.3, 3 and 3.5.

Figure 5 . 16 .

 516 Figure 5.16. Asymmetry percentage of the full device when g = 0.1, lBIG = 120 μm and wISO = 2.9 μm.

Figure 5 . 17 .

 517 Figure 5.17. (a) Isolation ratio and (b) insertion losses from 2D simulations with lBIG = 120 μm and wISO = 2 μm with ten periodically arranged nanocavities.

Figure 5 . 18 .

 518 Figure 5.18. 3D schematics of the full structure in (a) Ridge-slot and (b) Rib-slot configurations.

Figure 5 . 19 .

 519 Figure 5.19. (a) Variation of the effective refractive index at different positions along the x axis which correspond to the different interfaces studied. (b) Electric field profiles of the different modes at different positions for ridge-slot and rib-slot configurations.

Figure 5 . 20 .

 520 Figure 5.20. Asymmetry percentage of the LRSPP mode in ridge and rib slot waveguides at fixed taper length lBIG = 40 μm for g = 0.1.

Figure 5 . 21 .

 521 Figure 5.21. The normalized electromagnetic field distributions at different points along the propagation direction (after the TE to LRSPP mode converter) for the ridge slot and rib slot configurations, respectively.

Figure 5 . 22 .

 522 Figure 5.22. Asymmetry percentage for three slot waveguide thickness vs the MDM width.

Figure 5 . 23 .

 523 Figure 5.23. Magnetic field plots at the center of the 3D simulation region for three thicknesses of the waveguiding slot layer h1 = 0.45 μm, 0.35 μm and 0.25 μm.

Figure 5 . 24 .

 524 Figure 5.24. From top to bottom, the magnetic field in the isolator compartment of the full device for the three configurations, ridge-slot (a-b), rib-slot h1 = 0.45 μm (c-d) and rib-slot h1 = 0.15 μm (e-f) for forward and backward propagation directions, respectively.

Figure 5 . 25 .

 525 Figure 5.25. Graph of different magneto-optical isolators and their FoM.

( 1 )

 1 Les dimensions du guide de BIG ont d'abord été déterminées de manière à autoriser la propagation du seul mode TE fondamental, dans la gamme de longueur d'onde d'intérêt (autour de 1,55µm), dans la section sans réseau. Puis les 2 modes guidés pouvant être excités dans la section avec un film d'or latéral ont été identifiés, comme représentés sur la figure 2 : le mode A, purement plasmonique, et le mode B, résultant d'une hybridation entre le mode diélectrique et le mode plasmonique.

Figure 2 .

 2 Figure 2. Les trois principaux modes guidés : le mode TE fondamental, le mode purement plasmonic (Mode A) et le mode hybride plasmonic-dielectrique (Mode B).

Figure 3 .

 3 Figure 3. Résonances FP horizontale (a) and verticale (b) confinées dans une cavité de longueur wAu de hauteur hAu, respectivement.

Figure 4 .

 4 Figure 4. (a) Courbes de dispersion des différentes résonances FP horizontales and verticales (marquée 𝐻 𝑖 et 𝑉 𝑖 , respectivement) dans les fentes du réseau, en fonction de la largeur (direction z) de la cavité. (b)-(g) Intensité du champ magnétique dans le plan (y,z) et au centre de la fente, pour les différents points marqués par un cercle noir en (a).

Figure 5 .

 5 Figure 5. (a) Taux d'isolation (b) FoM pour wAu = 0.1 μm (rouge) and wAu = 0.9 μm (noir), et hAu=0.45 μm.

Figure 6 .

 6 Figure 6. (a-c) Intensité du champ magnétique dans le plan (x,z) (vue du dessus), pour y = 0 μm. (d-e) Intensité du champ magnétique dans le plan (y,z), pour x = 0 μm. Chaque colonne (a,d), (b,e) et (c, f) correspondent, respectivement aux trois pics d'isolation notés (1,2,3) sur la figure 5, aux fréquences : (a) 125 THz, (b) 185 THz et (c) 245 THz qui impliquent les modes H1, H2 et H3 respectivement. Dans tous les cas : wAu = 0.9µm.

Figure 7 .

 7 Figure 7. Vue 3D de l'isolateur magnétoplasmonique à fente.

Figure 8 .

 8 Figure 8. (a) Interface d'un guide magnétoplasmonique MDM en Au/BIG/Au avec les profils asymétriques des modes LRSPP et SRSPP. (b) Vue du dessus du guide Au-BIG-Au, avec Ncav absorbeurs (cavités) positionnés sur une seule des interfaces métal-diélectrique. Le BIG est aimanté selon la direction y. Profil du champ magnétique Hy du mode LRSPP (vert) représenté dans le sens aller (x croissant) et retour (x décroissant).

Figure 10 .

 10 Figure 10. Schéma des guides (a) ridge-slot, (b) rib-slot.

Figure 11 .

 11 Figure 11. (a-c) Transmission et (d-f) Reflexion aller (noir) et retour (rouge), (g-i) Isolation (dB) et (j-l) FoM pour 𝑔 = 0.1, 0.01 et 0.001, respectivement.La figure12représente les cartographies de l'intensité du champ magnétique pour une propagation dans le sens aller et dans le sens retour dans l'isolateur à mi-hauteur de la structure.

Figure 12 .

 12 Figure 12. Intensité du champ magnétique dans le plan (x,z) (vue du dessus), pour y = 0 μm et λ = 1.564 μm, pour les transmissions (a) aller et (b) retour respectivement, dans le cas 𝑔 = 0.01, 2a = 2.75 μm, h = 0.45 μm et longueur totale 11.2 μm.

Figure 13 .

 13 Figure 13. Schéma 2D de l'isolateur complet incluant les coupleurs entrée et sortie, les tapers réalisant l'asymétrisation et la symétrisation du mode LRSPP, et la section isolateur (centrale).

Figure 14 .

 14 Figure 14. Amplitude du champ électrique aux différentes interfaces le long de x (indiquées Fig. 13).

Figure 15 .

 15 Figure 15. Schéma 3D de la structure complète (a) Ridge-slot et (b) Rib-slot.

Figure 16 .

 16 Figure 16. De haut en bas : intensité du champ magnétique dans la section isolateur pour les trois configurations, ridge-slot (a-b), rib-slot h1 = 0.45 μm (c-d) and rib-slot h1 = 0.15 μm (e-f) pour les sens de propagation aller et retour respectivement.
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Table 2 . 2 .

 22 Variation of the effective refractive index of a 1D magnetoplasmonic waveguide with respect to the gyrotropy of the MO material as recorded by COMSOL Multiphysics and Lumerical FDTD Solutions.

	FDTD Solutions	Absolute Error

Table 4 . 1 .

 41 Summary of results for slot isolators of different gyrotropy.

  8 μm in the isolator region, we perform 3D FEM simulations starting and ending with the Si strip waveguide. Below, a table summarizes the results obtained.

		lBIG (μm)	wISO	Length	IR (dB)	IL (dB)	FoM
			(μm)	(mm)			
	Ridge-slot	60	2	0.16	23	53	0.43
	Rib-slot h1=0.45	40	1.2	0.12	17	27	0.62
	μm						
	Rib-slot h1=0.15	30	0.7	0.1	8.7	28	0.31
	μm						

Table 5 . 1 .

 51 The Isolation ratio IR (dB), insertion losses IL (dB) and FoM of the three devices.

Table 1 .

 1 Taux d'isolation IR (dB), pertes d'insertion IL (dB) et figure de mérite FoM des trois configurations indiquées.

		lBIG (μm)	wISO	Length (mm) IR (dB)	IL (dB)	FoM
			(μm)				
	Ridge-slot	60	2	0.16	23	53	0.43
	Rib-slot h1=0.45	40	1.2	0.12	17	27	0.62
	μm						
	Rib-slot h1=0.15	30	0.7	0.1	8.7	28	0.31
	μm						

Non-reciprocal devices such as optical isolators and circulators are key elements of PICs. Absence of these functionalities could limit the integration of lasers and/or amplifiers in circuits which leads to a
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Appendix -Analytical model 1.A Derivation of the analytical model of the MO slot waveguide

To obtain the characteristics of SPPs in the M1DM2 waveguide, as sketched in Figure 4.3, we have to start by applying Maxwell's equations. Naturally, similar equations exist for the electromagnetic fields (𝐸 ⃗ and 𝐻 ⃗ ⃗ ) propagating in the x-direction. In a cartesian coordinate system the electromagnetic fields can be represented as:

⃗⃗⃗⃗ exp [i(ωt -βx)] (A4.1)

Where 𝐸 0 ⃗⃗⃗⃗ and 𝐻 0 ⃗⃗⃗⃗ are the amplitude vectors with complex-valued components. The complex parameter β is the propagation constant of the traveling waves and corresponds to the component of the wave vector in the direction of propagation (x direction) and ω = 2π𝑓 is the angular frequency of the incident wave. In a medium free of sources, 𝐽 = 0 and 𝜌 = 0, Maxwell's equations (Faraday's law, Ampere's law) can be simplified and used to describe the relation between the electric and magnetic fields. The foregoing equations are the bases for the analysis of plasmonic MDM/DMD waveguides. The physical constants 𝜀 0 = 8.85 × 10 -12 𝐹 𝑚 ⁄ and 𝜇 0 = 4𝜋 × 10 -7 𝐻 𝑚 ⁄ respectively represent the dielectric permittivity and permeability in vacuum, with SI system units. These constants are connected through the speed of light in vacuum.

𝑐 = 1

√𝜀 0 𝜇 0 = 2.99792458 × 10 -𝑔 2 are the necessary substitutions to simplify the complex expressions of the electromagnetic fields. Replacing the acquired forms of the electric fields, eq (A4.9) and eq (A4.10), in eq (A.4.5), and for a TM wave, the second order wave equation involving one field vector 𝐻 𝑦 can be written as:

) 𝐻 𝑦 = 0 (A4.11) 𝑘 0 = 𝜔 𝑐 is the wave, wave number of the propagating wave in vacuum. Choosing reasonable modal field functions in each region of the waveguide and employing the electromagnetic field boundary conditions, the modal field solution and the characteristic equation can be obtained. The magnetic field components in the considered trilayer can be written in the form:

The Electric field components of 𝐸 𝑥 and 𝐸 𝑧 can be derived by inserting the forms of 𝐻 𝑦 and its derivative with respect to 𝑧, in eq (A4.9) and eq (A4.10). Moreover, by replacing 𝐻 𝑦 of each layer into the wave equation, and eq (A4.11), one can find the expression for the vertical component of the SPP wavevector, K m 1 , K d and K m 2 which are complex. Thus, for each layer of the considered M1DM2 structure the respective wavevectors are given in the following forms:

Finally, applying the continuity of the electromagnetic fields 𝐻 𝑦 eq (A4.12), 𝐸 𝑥 eq (A4.9) and 𝐸 𝑧 (A4.10) at the opposing boundaries 𝑧 = 𝑎 and 𝑧 = -𝑎 for this wave, we find:

The combination of these last expressions for both the metal and the dielectric sides, lead to the coupled mode SPP dispersion relation in an M1DM2 slot waveguide in the (x,z) plane where the SPPs are propagating along the x direction. The complex dispersion relation is written in the following way:

(A4.20)

Performing the necessary simplifications such as 𝛾 𝑧𝑥 𝑚 1 = 𝛾 𝑧𝑥 𝑚 2 = 0 since there are no magnetic effects in the metal layers, the dispersion relation can be reduced to:

Assuming the two metal layers are identical, one can write the dispersion relation as follows:

To solve this equation for the propagation constant, first let

With the necessary replacements

(A4.28)

The dispersion relation can be re-written in the form of

For further ease and simplification of this polynomial, let:

From here equation (A4.30) can be rewritten with the change in variables 

2.A Calculation of the mode asymmetry, in the analytical model of MO slot waveguide

Utilizing the expressions of A eq (A4. 16) and B eq (A4.17), one can rewrite the expression of asymmetry in the following way:

) (A4.40)

Replacing 𝑞 𝑚 , 𝑞 𝑔 and 𝑞 -𝑔 by their expressions can reduce the expression under the radical to,

Thus,

) (A4.42)

Where 𝑤 = 

Thus, we can see more clearly the dependence of this quantity and eventually the asymmetry percentage 𝜙 on the gyrotropy of the magneto-optical material g, the waveguide width and incident wavelength λ0.

To solve the dispersion relation for the propagation constant one can take into consideration the following algorithm.

Résumé en français

Les isolateurs optiques intégrés sont des composants non-réciproques, autorisant la propagation de la lumière dans une seule direction. Ils sont essentiels pour l'intégration de circuits photoniques (PIC) complexes : un isolateur protège en effet un laser d'éventuels signaux réfléchis qui peuvent le déstabiliser. L'isolateur intégré devra pour cela présenter un fort taux d'isolation et de faibles pertes d'insertion.

Plus généralement, la transmission non-réciproque (NR) dans un système optique pourrait considérablement enrichir les architectures possibles des PIC en permettant l'insertion des fonctions isolateur ou circulateur. Ces deux composants peuvent y jouer de nombreux rôles, mais leur réalisation est un véritable défi du fait de la nature réciproque de la plupart des matériaux habituellement utilisés.

La conception de guides d'onde avec la fonctionnalité NR requiert la brisure simultanée de leurs symétries spatiale et temporelle. L'aimantation dans les matériaux magnéto-optiques (MO) permet de briser la symétrie temporelle des structures et rend ces matériaux intéressants pour les composants nonréciproques. Les oxydes de grenat comme le Bi3Fe5O12 (BIG) font partie de cette classe de matériau. Parmi les effets magnéto-optiques possibles, le TMOKE (Effet Magneto-Optique Transverse) se prête particulièrement bien à l'optique intégrée car il ne modifie pas la polarisation de la lumière. La miniaturisation des composants et l'amélioration de leur performance requièrent une exaltation des effets MO, qui peut être obtenue en insérant des structures plasmoniques qui concentrent le champ électromagnétique à l'échelle nanométrique grâce aux plasmons polaritons de surface (SPPs).

Dans le but de proposer un isolateur intégré, deux géométries différentes d'isolateur magnétoplasmoniques ont été étudiées en détail dans cette thèse. L'étude réalisée est numérique et analytique, et s'est appuyée sur des outils de simulation de propagation d'ondes basés sur la FEM (finite element method) de Comsol Multiphysic, et sur la FDTD (finite differential time domain method) de Lumerical.

Isolateur magnétoplasmonique à réseau d'or

Le premier composant, présenté dans le chapitre 3, est inspiré d'un système d'optique libre composé d'un réseau d'or déposé sur un substrat de grenat MO et qui a montré une exaltation de l'effet TMOKE. La version guidée comprend un guide MO couplé à un réseau d'or nanostructuré adjacent. Cette configuration permet au mode fondamental du guide MO d'exciter un SPP à l'interface métaldiélectrique, qui à son tour excite les modes des fentes du réseau (principe illustré sur la Fig. 1). d'abord établi un modèle analytique original de calcul de mode dans un guide à fente MO, en 1 D, afin d'identifier les paramètres physiques permettant d'optimiser cette asymétrie. L'asymétrie 𝜙 est définie comme le rapport des amplitudes du champ magnétique de l'onde propagée aux deux interfaces métalliques :

Nous avons établi que:

)

où

et 𝑤 = 

Il apparait donc que l'asymétrie peut être augmentée en accroissant la gyrotropie, la largeur du guide à fente ou la constante diélectrique (diagonale) du matériau MO. Ces différents effets sont étudiés dans le manuscrit, à l'aide du modèle analytique et à l'aide de calculs de modes avec la méthode FEM. L'accord est excellent, comme montré sur la figure 9 où les paramètres étudiés sont la constante diélectrique du matériau MO et sa gyrotropie. 

Title : Non-reciprocal waveguides based on magnetoplasmonic effects

Keywords : magneto-optics, plasmonics, guided optics Abstract : Integrated optical isolators are nonreciprocal components which are crucial for complex Photonic Integrated Circuits, in order to protect laser sources from reflected signals. Our aim is to develop isolator structures in waveguiding configuration which are based on the intertwined effects of magneto-optics and plasmonics. Such a system exploits on one hand magneto-optical (MO) effects to provide nonreciprocal functionality and on the other hand, propagating surface plasmons to enhance these nonlinear effects and contribute to the miniaturization of the device. Two different magnetoplasmonic isolator geometries are studied thoroughly in this thesis. The first is a resonant device consisting of a MO waveguide side coupled to a nanostructured gold grating. The second is non-resonant and is based on the asymmetric plasmonic mode of a MO slot waveguide. In both cases, high values of isolation ratio and figure of merit are predicted with a respectable bandwidth of operation.