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GENERAL INTRODUCTION

Magneto-optics is the study of polarization-dependent interaction of light with matter, either containing an internal magnetization or subject to an external magnetic field. Such magnetic order induces a non-reciprocal coupling between the different components of electromagnetic waves and results as antisymmetric off-diagonal elements in the material's permittivity tensor [START_REF] Ak Zvezdin | Modern magnetooptics and magnetooptical materials[END_REF]. This gives rise to first-order Magneto-Optical (MO) effects which have been studied in this work. They include Faraday effect in transmission and polar-, longitudinal-, transverse-Kerr effects in reflection [START_REF] Ak Zvezdin | Modern magnetooptics and magnetooptical materials[END_REF] configurations. Over the years, magneto-optics have found varied applications ranging from sensing [2], optical isolation [3] and modulation [START_REF] William E Ross | Two-dimensional magneto-optic spatial light modulator for signal processing[END_REF] to even data storage [START_REF] Betzig | Near-field magneto-optics and high density data storage[END_REF].

In order to improve the performance of associated devices, strategies have been led since approximately 20 years. One of the most common approaches is to use a periodic micro-structuration to provide a resonant optical effect which induces an enhancement of the MO effects [START_REF] Alexander B Khanikaev | Anomalous faraday effect of a system Bibliography with extraordinary optical transmittance[END_REF]. As the best performing MO materials are iron garnets and their derivatives which are still challenging to micro-or nano-structure [START_REF] Mehmet | Optical and magneto-optical behavior of Cerium Yttrium iron garnet thin films at wavelengths of 200-1770 nm[END_REF], a majority of the articles in literature are theoretical and simulation papers [START_REF] Ivan S Maksymov | Transverse magneto-optical kerr effect in subwavelength dielectric gratings[END_REF][START_REF] Lei | Extraordinary optical transmission and enhanced magneto-optical effects induced by hybrid waveguide-surface plasmon polariton mode in bilayer metallic grating[END_REF][START_REF] Vi Belotelov | Magnetooptical effects in the metal-dielectric gratings[END_REF][START_REF] Caballero | Faraday effect in hybrid magneto-plasmonic photonic crystals[END_REF]. The few experimental achievements generally bypass the structuration of the MO material by using a metallic grating on top of a MO thin film [START_REF] Vi Belotelov | Enhanced magneto-optical effects in magnetoplasmonic crystals[END_REF].

The aim of this thesis is to demonstrate an experimental enhancement of MO effects using 1-D resonant gratings. This can be achieved as the MO material, de-veloped in our research team since more than 15 years, can be more easily processed into photonic devices [START_REF] Hadi | Hybrid magneto-optical mode converter made with a magnetic nanoparticles-doped SiO 2 /ZrO 2 layer coated on an ion-exchanged glass waveguide[END_REF][START_REF] Kekesi | Experimental study of 3D magneto-photonic crystals made of silica inverse opals doped by magnetic nanoparticles[END_REF]. Indeed, this is a silica composite with embedded NPs of cobalt ferrite, obtained through a soft temperature sol-gel process. The sol-gel route allows filling of the grating slits, leading to MO devices.

The thesis is organized as follows:

Chapter-1 starts with an introduction to magneto-optics in detail with sections on its physical origin and its effect in transmission and reflection configurations. It is followed by sections that describe the physics of guided magneto-optics, resonant structures and surface plasmons. This is important to understand the final section of this chapter which focuses on the works reported in literature regarding a resonant enhancement of magneto-optical effects using different means. According to this bibliographic study, the ways of attaining exaltation in magneto-plasmonic as well as in all-dielectric 1-D structures are identified and will lead to the experimental work and associated results described in chapter 3.

Chapter-2 first presents the methods used in this work to achieve the aims set.

Firstly, the characteristics of cobalt ferrites NPs, synthesized in Phenix Laboratory (Paris) by Dr. Sophie Neveu, are presented. Their crystal structure and magnetic properties are discussed as well as the spectral behavior and magnetic field dependence of the resulting Faraday effect. The next section deals with the MO composite elaborated by the sol-gel technique and coated as thin-films using the dip-coating method. Optical properties of this composite and its ability to impregnate templates gives a complement of its properties. The optical and MO measurement setups are then detailed. The focus is on the explanation about the spectral magneto-optical bench that permits to measure polarization rotation until 10 -3 • in the visible and near IR range. Examples of magneto-optic thin-film measurements are then given in transmission or reflection configurations. The chapter ends with some explanation about the simulation tools used to design the devices. 

ENHANCEMENT PROCESSES

The objective of this chapter is to give the general information required to fix the main issues of this study. As the subject of this work is to use a planar periodic structuration to enhance MO effects, it will be devoted to the physical background of this phenomenon. The first section deals with magneto-optics and the second with resonant structures. In the third section, mechanisms of enhancement of MO effects are reviewed before giving the objectives of this thesis.

Magneto-Optics: An introduction

The study of MO effects commenced in the 19 th century after the discovery of light polarization rotation by glass in a longitudinal magnetic field by M. Faraday in 1845 [START_REF] Mansuripur | The faraday effect[END_REF]. It was the first experimental evidence of a coupling between light and magnetism. Since their discovery, they have played an important role in the development of electromagnetism by providing experimental support to the electromagnetic theory and also the quantum theory of spin-orbit coupling [START_REF] Dk Misemer | The effect of spin-orbit interaction and exchange splitting on magneto-optic coefficients[END_REF]. Practically, 1.1. Magneto-Optics: An introduction they have found applications in sensing [2], optical modulation [START_REF] William E Ross | Two-dimensional magneto-optic spatial light modulator for signal processing[END_REF], optical isolation [3] [START_REF] Ando | Waveguide magneto-optic isolator fabricated by laser annealing[END_REF], data storage [START_REF] Betzig | Near-field magneto-optics and high density data storage[END_REF] [START_REF] Spaldin | Magnetic materials: fundamentals and applications[END_REF] to name a few. Magneto-optical effects can be linear or non-linear in nature. The aim of this section is to give the main features of the various linear magneto optic effects i.e. effects that are characterized by a linear dependence of material properties on the magnetic stimulation.

Physical origin

In nature, there are materials whose constituent atoms/ions do not contain any intrinsic magnetic dipole moments. Such materials are termed as diamagnetic materials or diamagnets. On the contrary, there are materials which do have intrinsic magnetic moments, but randomly oriented in thermal equilibrium above a certain characteristic temperature. Such materials are known as paramagnetic materials or paramagnets. When such materials are in the presence of an external magnetic field their dipoles orient themselves along the direction of the external field, resulting in a net magnetization of the material. Furthermore, there are certain paramagnets whose intrinsic magnetic moments can become orderly oriented even in the absence of a external magnetic field below a certain critical value. Such materials are called magnetically ordered materials. A magnetically ordered material whose intrinsic magnetic moments all point in the same direction possesses a spontaneous magnetization and is called a ferromagnetic material or ferromagnet. Examples include Fe, Co, Ni etc. For materials whose intrinsic moments are magnetically ordered but point in alternate directions in unequal numbers, this results in a net spontaneous magnetization of the material. They are termed as ferrimagnetic materials or ferrimagnets. Examples include rare-earth garnets and iron oxides: cobalt ferrite (CoF e 2 O 4 ), F e 3 O 4 , γ -F e 2 O 3 . If the anti-parallel alignment of the alternating moments completely cancel each other, there is no spontaneous magnetization in the material. Such a material is called an anti-ferromagnetic material or antiferromagnet. Examples include Cr, FeO, CoO, NiO [START_REF] Liu | Photonic devices[END_REF].

Magneto-Optics is the branch of optics dealing with the interaction of light and matter, either in the presence of an internal magnetization M in the matter or, an externally applied magnetic field, H 0 . MO effects can be described by the interaction of incident photons with the electron spins through spin-orbit coupling [START_REF] Ps Pershan | Magneto-optical effects[END_REF] but, these effects can be completely explained by the classical magnetic properties of the material [START_REF] Liu | Photonic devices[END_REF] [START_REF] Ak Zvezdin | Magnetooptical properties of two dimensional photonic crystals[END_REF]. For instance, MO effects in an anisotropic material can be Chapter 1. Magneto-optical effects and enhancement processes conveniently expressed in terms of its relative dielectric permittivity, which is a 3x3 tensor as follows: Here, the subscripts x, y, z represent the three Cartesian coordinate axis. For a linear anisotropic material, it is further reduced to just a diagonal tensor as follows:

=     xx 0 0 0 yy 0 0 0 zz     (1.2)
However, in the presence of an internal magnetization M pointing, for instance, in the z-direction i.e. M=Mẑ, the off-diagonal elements of the permittivity tensor in the x-and y-direction become coupled. Microscopically, this can be explained using the classical electron theory. When an incident EM field illuminates a material, a

Lorentz force acts on the material's electrons and consequently, an oscillation in one direction, tends to create another oscillation in its transverse direction manifesting itself as non-zero off-diagonal elements. The material's permittivity gets modified as:

=     xx i M O 0 -i M O yy 0 0 0 zz     (1.3)
where the off-diagonal elements represent the magnetically-induced part and are directly proportional to M. M O is referred to as the magneto-optical constant of a material. Its value varies from material-to-material and is a function of the incident wavelength i.e.

M O = M O (λ, M)
The tensor elements of the permittivity tensor are complex in general. For an isotropic material at room temperature, the diagonal elements can be expressed as a square of the complex refractive index of the material i.e. with a longitudinal internal magnetization, M. The light exiting from the medium gets its polarization plane rotated by a certain angle, θ F with the appearance of an ellipticity, F . This is known as the MO Faraday effect. For a given material of length l, the magnitude of Faraday effect depends on the longitudinal component of M. For diamagnetic materials, which do not possess any spontaneous magnetization, the Faraday rotation (FR) angle for an incident light wave propagating in the z-direction through a medium subjected to an external magnetic field H 0 , is expressed as:

θ F = V lH 0z (1.5)
where V is a constant of proportionality, called the Verdet constant, and is defined in terms of the rotation per unit length per unit magnetic field strength. The Verdet Chapter 1. Magneto-optical effects and enhancement processes constant of a given material is a function of both the incident wavelength, λ 0 and the ambient temperature T.

V = V (λ 0 , T ) Figure 1.2 shows the dependence of Verdet constant of a microscopic glass slide as a function of incident wavelength (400-900 nm).

Wavelength (nm)

Verdet constant [° (mT) -1 (mm) - Now, let us have a look on the physical origin of the Faraday effect. Consider a medium with a magnetically-induced optical anisotropy due to the presence of an internal magnetization, M pointing in the z-direction. As mentioned in the previous section, this is manifested as non-zero off-diagonal elements of the permittivity tensor 1.3. If a linearly polarized light wave, also propagating in the z-direction, is incident on the medium, it can be represented as follows:

E = E 0 e i(kz-ωt) with E 0 ∈ IR (1.6)
where k denotes the propagation constant of the wave and is expressed as follows:

k = N k 0
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where k 0 is the incident wavevector = 2π/λ 0 and N is the complex refractive index of the medium, represented as in equation 1.4. Solving Maxwell's equations with equation 1.6, permittivity tensor 1.3 and assuming xx = yy results in two eigen waves having different indices of refraction, N. One solution is a Right-Circularly Polarized (RCP) wave with an index of refraction N + , while the other is a Left-Circularly Polarized (LCP) wave with an index of refraction N -. These two refractive indices are linked to the permittivity tensor by the following relation:

N ± = n ± + iκ = √ xx ± M O (1.7)
Thus, an incident linear polarization has to be decomposed on these two circular eigenstates. Precisely, a linearly polarized light can be resolved into two oppositely polarized circular light waves and in turn, two circularly polarized light waves of opposite orientation can be vectorially added to result in a linearly polarized light [22]. Within the medium, the RCP wave travels with a velocity c/n + while, the LCP wave travels with a velocity c/n -. If n + = n -and κ + = κ -, each circular component of the incident wave travels through the medium of length l with different velocities and different absorption giving rise to a complex phase difference, φ. It is expressed as follows:

φ = 2π λ (N + -N -)l (1.8)
This complex phase-difference results in the output wave exiting this medium to have its polarization plane rotated by a certain angle. This is known as the Faraday effect. The Faraday angle is expressed as:

θ F = Re φ 2 = Re π λ (N + -N -)l (1.9)
and the Faraday ellipticity is expressed as:

ε F = -tanh Im φ 2 = -tanh Im π λ (N + -N -)l (1.10)
Replacing N ± by the permittivity tensor elements using equation 1.7, we get the following expressions for Faraday effect:

θ F = Re π λ ( √ xx + M O - √ xx -M O )l ≈ π λ Re MO √ xx l (1.11)
and,

ε F = -tanh Im π λ ( √ xx + M O - √ xx -M O )l ≈ π λ Im M O √ xx l (1.12)
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Here, the assumption M O << xx is used which is true for many MO materials used for practical applications. For instance, for Bismuth substituted Yttrium Iron Garnet (Bi:YIG), one of the highly preferred MO materials, M O = 0.005 and xx = 4.84 [START_REF] Pohl | Tuning of the transverse magneto-optical kerr effect in magneto-plasmonic crystals[END_REF]. An interesting property of Faraday effect is that it is non-reciprocal.

This means that the sense of the FR does not depend on the direction of wave propagation but only on the direction of magnetization, M. Thus, if a light wave passes through a medium with a longitudinal magnetization, and somehow retraces its original path in the opposite direction, the amount of Faraday effect is doubled, rather than canceled. Figure 1.3 schematically depicts this behavior. Similar non-reciprocity occurs for Faraday ellipticity, but is avoided here for clarity.

Applications of this effect are used in optical isolators (devices that transmit light only in one direction) that serve to prevent back-reflections in lasers and circulators (multiple-port devices that transmit light from one port to another) in telecommunication systems [START_REF] Krasiński | Optical nonreciprocal devices and their applications[END_REF].

FR is measured in degrees, however to quantify the intrinsic MO activity of a material, it is convenient to define a new parameter called specific FR, expressed in ( • cm -1 ) as: The sample is a thin-film of cobalt ferrite nanoparticles embedded in a silica matrix. The inset gives the behavior as a function of the applied field at 760 nm.

θ sp F = FR ( • )
result of the FR as a function of the applied magnetic field through a thin film sample of Cobalt ferrite NPs (volume fraction of 22%) embedded in a silica matrix at an incident wavelength of 760 nm at room temperature. At low-fields, the behavior is linear with a small hysteresis, and a saturation appears at high field. This is the behavior of the magnetization of the sample illustrating that the FR effect is proportional to the magnetization through M O . Figure 1.4 shows the measured spectral dependence of specific FR ( • cm -1 ) at an applied external magnetic field of 800 mT for the same sample, demonstrating regions of high FR near 750 nm and near 1550 nm [START_REF] Donatini | Experimental investigation of longitudinal magneto-optic effects in four ferrite ferrofluids in visible-near infrared spectrum[END_REF].

Magneto-Optical effects in reflection mode

MO effects in reflection mode are called MO Kerr effects and have the same physical origin as MO Faraday effect. They result in a change of the polarization properties and/or of the light intensity when a linearly polarized light gets reflected from a magnetized medium. When a linearly polarized optical wave travels through or is Chapter 1. Magneto-optical effects and enhancement processes reflected by an isotropic, non-magnetic medium; it could be in either of its two eigenmodes (waves that preserve their polarization while propagating through a medium):

• Transverse Electric (TE) polarization, where the direction of the incident E lies perpendicular to the incidence plane (XOZ in the schematic of table 2.1) or,

• Transverse Magnetic (TM) polarization, where E of the incident light is parallel to the incidence plane.

However, when it is incident on a magnetized medium, the off-diagonal elements of the permittivity tensor of this medium induce a coupling between the two polarizations or modify the reflectivity depending on the magnetization orientation. There are three configurations of the MO Kerr effect based on the direction of M :

• Polar Magneto-Optical Kerr Effect (PMOKE): the magnetization, M is normal to the medium surface from which the incident light is reflected.

• LMOKE: the magnetization, M is contained in the plane of incidence and is parallel to the medium surface from which the incident light is reflected.

• TMOKE: the magnetization, M is perpendicular to the plane of incidence. Table 2.1 summarizes the MO Kerr effect configurations with a schematic depiction of each effect. Chapter 1. Magneto-optical effects and enhancement processes

For the polar and longitudinal cases, both TE and TM polarized incident waves have non-zero components of E perpendicular to the direction of M , which, as explained in the previous section, results in circular birefringence when the incident light hits the medium's surface. Consequently, for these two configurations, the magnetic material induces a coupling between the TE and TM polarizations. The net result is a reflected light wave having its polarization plane rotated by an angle, called Kerr rotation angle, θ K and the introduction of a ellipticity, called Kerr ellipticity, ε K . Their magnitudes depend on the incidence angle, θ inc and on the magnitude of M O .

For PMOKE, the mathematical expressions for Kerr rotation and ellipticity (considering the incident medium to be air) are given as [START_REF] Ak Zvezdin | Modern magnetooptics and magnetooptical materials[END_REF]:

θ K = Im N 2 [N 2 -sin 2 (θ inc )] 1/2 ∓ sin(θ inc ) tan(θ inc ) (N 2 -1)(N 2 -tan 2 (θ inc )) M O xx (1.14)
and,

ε K = Re N 2 [N 2 -sin 2 (θ inc )] 1/2 ∓ sin(θ inc ) tan(θ inc ) (N 2 -1)(N 2 -tan 2 (θ inc )) M O xx (1.15)
Similarly, for LMOKE, Kerr rotation and ellipticity are given as:

θ K = Im    sin(θ inc )N 2 sin(θ inc ) tan(θ inc ) ± N 2 -sin 2 (θ inc ) [N 2 -1][N 2 -tan 2 (θ inc )][N 2 -sin 2 (θ inc )] 1/2 M O xx    (1.16)
and,

ε K = Re    sin(θ inc )N 2 sin(θ inc ) tan(θ inc ) ± N 2 -sin 2 (θ inc ) [N 2 -1][N 2 -tan 2 (θ inc )][N 2 -sin 2 (θ inc )] 1/2 M O xx    (1.17)
where N is the complex index of refraction of the magnetized medium. In case of an incident medium other than air, N should be replaced by η, the ratio of refractive index of the superstrate to that of the magnetized medium (N/n superstrate ). The upper sign corresponds to TE-polarization of light, and the lower sign corresponds to TM-polarization of light. A simplified expression for polar Kerr rotation and ellipticity in the case of normal incidence is expressed as follows:

θ K = Im M O N (N 2 -1) (1.18)
1.1. Magneto-Optics: An introduction and the Kerr ellipticity, ε K as:

ε K = Re M O N (N 2 -1) (1.19)
The Transverse Magneto-Optic Kerr effect (TMOKE) is slightly different from the other two Kerr effects. According to its configuration, it is only the TM polarized incident wave, not the TE polarized wave that can interact with the internal magnetization, M. Consequently, there is no coupling possible between the two polarizations and hence, no change in the polarization properties of the reflected light is observed. However, there is a modification of the intensity of reflected wave due to an odd dependence on the magnetization. It is represented by the parameter δ expressed as follows:

δ(M ) = I + -I - I 0 (1.20)
where I + and I -denote the output light intensity at saturated values of internal magnetization in the opposite directions. The mathematical expression linking δ to the incidence angle and magneto-optical parameter is given as follows [START_REF] Ak Zvezdin | Modern magnetooptics and magnetooptical materials[END_REF]:

δ = -Im 4 tan(θ inc )N 2 (N 2 -1)(N 2 -tan 2 (θ inc )) M O xx (1.21)
It is evident from the above equations that at normal incidence, LMOKE and TMOKE vanishes whereas, PMOKE reaches its maximum value. 

Magneto-Optic materials

MO devices have many technological applications ranging from light polarization control to data storage to even magnetic domain research [START_REF] Kirilyuk | A combined nonlinear and linear magneto-optical microscopy[END_REF]. Properties such as circular birefringence and non-reciprocity offer functions very difficult to achieve with other photonic devices. A quantity frequently used to characterize magnetooptic materials, in addition to the FR angle, is known as the material's Figure-of-Merit (FoM), defined as the ratio of the FR to the absorption loss incurred in the material. It is represented as follows: cm -1 at 1550 nm. However, magnetic garnets have some drawbacks preventing their incorporation in optoelectronic devices and integrated photonic circuits. First, due to a lattice parameter mismatch and thermal expansion mismatch, they cannot be grown easily on common photonic substrates [START_REF] Mehmet | Integration of bulk-quality thin film magneto-optical cerium-doped yttrium iron garnet on silicon nitride photonic substrates[END_REF] such as glass, silicon, GaAs and require garnets as their substrates [START_REF] Hutchings | Prospects for the implementation of magneto-optic elements in optoelectronic integrated circuits: a personal perspective[END_REF]. Good quality iron garnet films require fabrication methods such as pulsed laser deposition [30] [31], sputtering [START_REF] Mino | Preparation of Bi iron garnet film with a two-step growth technique[END_REF], liquid phase epitaxy [32] [33] etc. Second, they have a high crystallization temperature (> 700 [START_REF] Choueikani | Magneto-optical waveguides made of cobalt ferrite nanoparticles embedded in silica/zirconia organicinorganic matrix[END_REF]. The sol-gel technique is used to synthesize the magnetic composite. This provides the advantage of a lower thermal treatment of 90 • C making its integration with classical technologies easier. Another advantage of this composite is its operational wavelength of 1550 nm making it useful for telecom applications (refer to figure 1.4). The average nano-particle diameter in the composite is measured to be 9 nm and the specific FR from this composite is a function of the volume fraction of the magnetic cobalt ferrite particles. Figure 1.6 shows the specific FR of 0.65% and 1.5% volume fraction of cobalt ferrite nano-particles which reaches a maximum value of 250 • cm -1 at 820nm (and 310 • cm -1 at 1550 nm, not shown here). These values are very promising when compared to those of YIG (200 • cm -1 at 1550nm [START_REF] Huang | Wavelength and temperature characteristics of BiY-bIG film/YIG crystal composite structure for magneto-optical applications[END_REF]). However, in terms of FoM, the silica/zirconia composite doped with cobalt ferrite nano-particles yield a FoM = 2.3 • dB -1 at 1550 nm which is quite lower than that of iron garnets (see table 1.2) but still is higher than other alternative MO materials. But a major advantage of this material is its ability to impregnate 3-D nanostructures [START_REF] Kekesi | 3D magneto-photonic crystal made with cobalt ferrite nanoparticles silica composite structured as inverse opal[END_REF] [47] which gives a good opportunity to realize 1-D MO periodic devices. The material used in this work is cobalt ferrite NPs embedded in a silica matrix.

F oM = Specific FR angle ( • cm -1 ) absorption loss (dB cm -1 ) (1.22)
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Guided Magneto-Optics

Guided-wave optics is the physics of transmitting optical power from one position to another using optical confinement in a material medium rather than in free space.

Such a medium is called an optical waveguide. The basic principle of optical confinement is total internal reflection i.e. a light ray traveling from a denser medium to a rarer medium gets totally reflected back to the denser medium if its incidence angle (measured from the interface) is less than a critical angle. This section focuses solely on the physics of planar dielectric waveguides consisting of a dielectric slab of refractive index, n f sandwiched between a substrate and cover material with lower refractive indices n s and n c , respectively (see figure 1.7). The confined light ray is called a "guided-mode" of the waveguide. If it makes an angle α with the interface as it propagates, one can define its propagation constant β and its effective refractive index N ef f as follows:

β = k 0 n f cos(α) = k 0 N ef f (1.23)
Also, this light ray accumulates a phase-shift in each reflection at the dielectric interface. For a light wave with its electric field vector, E parallel to the interface, called TE light wave, the phase shift at total-internal reflection can be expressed as:

φ T E = -2 arctan N 2 ef f -n 2 j n 2 f -N 2 ef f (1.24)
Chapter 1. Magneto-optical effects and enhancement processes and, for a light wave with its magnetic field vector, H parallel to the interface, called TM light wave, the phase shift at total-internal reflection can be expressed as:

φ T M = -2 arctan n 2 f n 2 j N 2 ef f -n 2 j n 2 f -N 2 ef f (1.25)
In equations 1.24 and 1.25, n j represents the refractive index of either the cover or the substrate depending on which interface the total-internal-reflection is taking place. Now, when the light ray (TE or TM) travels from one film boundary to the opposite film boundary, in addition to the phase change accumulated in traveling that distance, there are two other phase shifts introduced due to total internal reflection at the two boundaries, φ s and φ c . To obtain constructive interference, the following condition holds true:

2n f k 0 sin(α)d + φ c + φ s = 2πm or 2k 0 d n 2 f -N ef f + φ c + φ s = 2πm (1.26)
where m is an integer and represents the mode number of the wave being guided in the medium n f . Equation 1.26 is a transcendental eigen-value equation and physically signifies that for every value of mode number m, there exists a unique effective index N ef f corresponding to it. Since the phase shifts φ c and φ s are different for TE and TM polarizations, one obtains two different eigenvalue equations for each polarization. Using equation 1.24, 1.25 and 1.26, one gets:

For TE waves: Similarly, for TM waves:

k 0 d n 2 f -N 2 ef f -arctan β 2 -n 2 c k 2 0 n 2 f k 2 0 -β 2 -arctan β 2 -n 2 s k 2 0 n 2 f k 2 0 -β 2 = mπ (1.27)
k 0 d n 2 f -N 2 ef f -arctan n 2 f n 2 c β 2 -n 2 c k 2 0 n 2 f k 2 0 -β 2 -arctan n 2 f n 2 s β 2 -n 2 s k 2 0 n 2 f k 2 0 -β 2 = mπ (1.28)
It is evident from this figure and from the dispersion relations 1.27 and 1.28 that for a fixed set of physical parameters n c , n s , n f and d, the effective indices are not equal for the two types of modes i.e.

N T E ef f = N T M ef f (1.29)
To illustrate such a difference figure 1.9 gives a graphical representation of the TE and TM effective indices deduced from equations 1.27 and 1.28 as a function of the thickness, d of the waveguide.

We now consider a guided-mode propagating in the x -direction in a magnetic material. When a longitudinal magnetization is present (refer to figure 1.7), there is a coupling between the TE-and TM-polarization due to the off-diagonal element, M O . The origin of this coupling is identical to that of the Faraday effect. But as the two modes do not have the same propagation constants (phase-mismatch), the coupling efficiency η, is limited to a maximum value expressed as follows:

η = |κ| 2 |κ| 2 + (∆β/2) 2 (1.30)
where

∆β = β T E -β T M = 2π λ 0 N T E ef f -N T M ef f
Chapter 1. Magneto-optical effects and enhancement processes and, κ is the coupling strength of TE-TM polarization of the medium which is proportional to the off-diagonal tensor elements of the dielectric permittivity tensor and to the "quantity" of field contained in the MO film. In first approximation, one can consider that κ is equal to the specific FR ( • cm -1 ). Equation 1.30 signifies that for η → 1, ∆β must tend to 0. Thus, to obtain an efficient MO conversion, special efforts have to be made to reduce this value as much as possible. In the case of a transverse magnetization (refer to figure 1.7), the TE mode does not interact with the magnetization but only the TM mode. In such a situation, the dielectric permittivity tensor can be expressed as (refer equation 1.3):

=     xx 0 i M O 0 yy 0 -i M O 0 zz     (1.31)
The eigen value equation for the T M 0 polarized mode gets modified to as follows:

d k 2 0 ef f -β = arctan ef f k 2 0 ef f -β 2 ( β 2 -k 2 0 c c - β M O xx ef f ) + arctan ef f k 2 0 ef f -β 2 ( β 2 -k 2 0 s s + β M O xx ef f ) (1.32)
where

ef f = xx - 2 M O xx
It is evident that when M O is zero i.e. when there is no magnetization, equation This property can be used to realize integrated photonic applications such as an integrated optical isolator.

Enhancing the MO properties of a nano-/micro-scale material can permit the realization of miniaturized devices with higher sensibility compared to that of bulk materials. This can be done by altering the mechanism in which light interacts with matter which is the focus of the next section. They are important because they can demonstrate a photonic band gap (PBG), similar to the energy band gap in semiconductors, wherein those wavelengths are prohibited to propagate through the crystal. To calculate the optical modes in a PhC one needs to solve Maxwell's equations in a periodic dielectric medium. For the Chapter 1. Magneto-optical effects and enhancement processes ), it can be seen that for certain angular frequencies ω, there is no corresponding propagation constant β. These regions correspond to the Photonic Band Gap. Light cannot propagate through the crystal when its frequency lies in the PBG. It can also be seen that near the photonic band gap edge, the curve "flattens"representing that the group velocity of the wave (dω/dβ) tends to zero thereby increasing the interaction of light with the PhC.

ε 1 ε 2 (b.) β ω band gap π/a -π/a 0 ω = (c/n 2 )k 0 k ε(z) = ε(z+a) (a.) z y x ε 2 > ε 1 a
Physically, for wavelengths lying in the PBG, the waves that are reflected from each layer of the crystal are in-phase and so, constructively interfere with one another, meanwhile forming a standing wave in the material that does not propagate through the crystal. Photonic crystals provide new ways of controlling light. They have many practical applications such as in lasing [START_REF] Cao | Lasing in a three-dimensional photonic crystal of the liquid crystal blue phase II[END_REF] [52], sensing [START_REF] Rajesh | Photonic crystal sensors: An overview[END_REF] [54], LEDs [START_REF] Noda | Light-emitting diodes: Photonic crystal efficiency boost[END_REF] [START_REF] Wiesmann | Photonic crystal leds-designing light extraction[END_REF], telecommunications, slow light [START_REF] Yurii | Active control of slow light on a chip with photonic crystal waveguides[END_REF] [58] and quantum optics [START_REF] Lin | A three-dimensional photonic crystal operating at infrared wavelengths[END_REF] [60].

Guided-Mode Resonance

Guided-Mode Resonance (GMR) is the phenomenon wherein incident light is resonantly reflected from a system due to excitation of "leaky" optical guided-modes.

For light which is incident at an angle θ inc from free-space onto a planar system, the condition for it to couple with a guided-mode of the system requires the axial 1.2. Resonant structures component of the incident light, i.e. n c k 0 sinθ inc to be equal to the propagation constant β of the excited guided-mode. This constraint is called the phase-matching condition for excitation of an optical guided-mode. Since β > n c k 0 , it is not possible to fulfill the phase-matching condition (see figure 1.12(a.)). However, with the help of a diffraction grating it is possible to modify the wavevector of incident light such that the phase-matching condition is fulfilled. By using a grating with period Λ, the axial component of the incident wavevector is modified by factors q2π/Λ, where q = ±1, ±2, ±3...(see figure 1.12(b.)) In such a case, satisfaction of the phase matching condition can be achieved by a suitable choice of the grating period Λ.

The phase-matching condition for a waveguide-grating structure can be expressed as follows:

n c k 0 sinθ inc + q 2π Λ = β m = N m ef f k 0 Phase-matching condition (1.33)
where n c is the refractive index of the cover medium, k 0 is the incident wavevec- tor and β m is the propagation constant of m th guided-mode excited in the waveguide. These excited modes are termed "leaky" or "quasi-" guided modes as they get attenuated over distance because of the periodicity which also induces an outcoupling. The observed resonance in reflected light intensity can be attributed to a 180 • phase-difference between the transmitted light waves resulting in destructive interference and consequently, a constructive interference in reflection (refer figure Chapter 1. Magneto-optical effects and enhancement processes 1.12(b.)) [START_REF] Sharon | Resonant grating-waveguide structures for visible and near-infrared radiation[END_REF], [START_REF] Rosenblatt | Resonant grating waveguide structures[END_REF]. Thus, one observes a minimum in transmittance and consequently a peak in reflectance, illustrated in figure 1.13. The phenomenon of GMR has found many practical applications such as in narrow-band reflection filters and modulators.

A proper choice of the structural and orientation parameters can aid in modifying the resonance profile of such resonant guided-mode structures. For instance, figure 1.13 shows how the resonance can be varied spectrally upon modification of the grating parameters using rigorous coupled wave analysis [START_REF] Mg Moharam | Rigorous coupled-wave analysis of planargrating diffraction[END_REF]. The height of the guiding medium is fixed at 500 nm with a refractive index of 1.6 (same refractive index for the grating material as well) on a silica substrate of refractive index 1.45 + i0. Figure 1.13(b.) and (d.) are consistent with the phase-matching condition according to which changing the grating period and incident angle will shift the resonance in wavelength. Figure 1.13(c.) shows the dependence on the grating fillfactor f (defined as line-width l, divided by the period). Figure 1.13(e.) shows the spectral reflectance curves for TE and TM polarized incidence.

Resonant structures
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500 nm n = 1.60+i0 n = 1.45+i0 h l s Λ f = l Λ θ inc (a.) (b.) (c.) (d.) (e.)
It is important to note that resonant WGSs are, in general, polarization-dependent i.e. the spectral position of TE polarized resonance, in general does not coincide with that of a TM polarized resonance for a given set of structural parameters. This is due to the fact that for a dielectric waveguide, β T E = β T M and thus, the phase matching condition 1.33 can not be satisfied for the same waveguide. However, illuminating the structure in conical mounting (when the incident plane makes an angle with the grating vector) makes the incident light (let's say TE light) possess a finite TM component as well, resulting in simultaneous TE and TM spectral. Also, by using 2-D perforation on the planar system makes it indifferent to the incident polarization at normal incidence enabling simultaneous phase-matching of TE and TM modes in the guiding medium. Nevertheless, even for a 1-D case, it has been experimentally demonstrated [START_REF] Alasaarela | Single-layer one-dimensional nonpolarizing guided-mode resonance filters under normal incidence[END_REF] that by modifying the fill factor and grating height, Let us focus first on Surface Plasmon Resonance.

Surface Plasmon Resonance

Surface plasmon polaritons (SPPs) are coupled oscillations of the EM field and the electron plasma in a metal propagating at the interface between the metal and a dielectric, evanescently confined in the perpendicular direction [START_REF] Maier | Plasmonics: fundamentals and applications[END_REF]. They exist only for TM polarization. The dispersion relation of SPPs propagating at the interface between two semi-infinite metal/dielectric media can be expressed as follows:

β SP P = k 0 m × d m + d (1.34) 
where m and d are the relative permittivity of metal and dielectric respectively.

If the planar dielectric medium has an internal magnetization in the transverse direction, the dispersion relation gets modified as:

β SP P = k 0 m × d m + d (1 + α M O ) (1.35) 
where

α = 1 ( √ -m d )(1 -( 2 d / 2 m )
) and M O is the MO anisotropy previously defined as the MO constant. As in the case of a dielectric waveguide, a transverse magnetization induces a non-reciprocal modification of the propagation constant of the TM mode. Due to the absorption losses in metals, usage of plasmons in optoelectronic applications is a concern. However, it can be overcome with the phenomenon of Extra-ordinary Optical transmission (EOT) wherein an abnormally large transmission is observed in perforated metal films such that, at the resonant frequency the structure is more transparent than the smooth metal film [START_REF] Thomas W Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF]. Figure 1.15 shows an EOT calculated for a metal grating for different grating heights. For structures with a metal diffraction grating on top Using the basic concepts of magneto-optics detailed in section 1.1, and the main configurations to obtain an optically resonant structure detailed in this section, we will now focus on the gathering of these two ideas by studying the enhancement of magneto optical effects using a periodic arrangement.

Magneto-Optic enhancement 1.3.1 Magneto-Photonic Crystals

When the constitutive materials or even a single defect in a photonic crystal is magnetic, the resultant, known as magneto-photonic crystals can cause resonant magneto-optic behavior. For instance, the presence of a magnetic defect in a PhC has the capability to localize light and thus, enhancing its interaction with the constituents of the PhC. Inoue et al. [START_REF] Inoue | Magnetooptical properties of one-dimensional photonic crystals composed of magnetic and dielectric layers[END_REF] [69] theoretically demonstrated that a large enhancement in FR angle can be obtained in the 1-D magneto-PhCs with microcavity structures with a magnetic defect introduced in the periodicity. The theoretical predictions were experimentally confirmed using a multi-layer micro-cavity structure of (T a 2 O 5 ) 5 /SiO 2 /Bi : Y IG/(SiO 2 /T a 2 O 5 ) 5 [START_REF] Inoue | Magnetophotonic crystals[END_REF]. Figure 1.16 shows the transmittance and FR angle for the structure.

The PBG of the structure is between 650 nm and 800 nm. However, due to the presence of the magnetic defect (Bi:YIG layer), a localized mode appears at 720 nm resulting in an enhanced transmission and FR angle (10 times compared with that Bobin VARGHESE -Laboratoire Hubert Curien of a single Bi:YIG film) due to Fabry-Perot resonance [START_REF] Rosenberg | Resonant optical Faraday rotator[END_REF]. Yoshimoto et al. [START_REF] Yoshimoto | Magnetophotonic crystal with Cerium substituted Yttrium Iron Garnet and enhanced Faraday rotation angle[END_REF] report a 30 times enhancement of FR with an identical configuration but with a MO defect layer of Ce:YIG to work around 1550 nm. The specific FR of such a magneto-photonic crystal is calculated to be -6.9 • µm -1 which is impressive in this wavelength range compared to other works [START_REF] Haga | One-dimensional single-and dual-cavity magnetophotonic crystal fabricated by bonding[END_REF][START_REF] Grishin | All-garnet magneto-optical photonic crystals[END_REF][START_REF] Li | Bragg grating magnetic photonic crystal waveguides[END_REF].

Figure 1.17 shows the experimental optical and magneto-optical (FR) results for a periodic multi-layer structure of (SiO 2 /Bi : Y IG) 5 /Bi : Y IG [76] [77]. In this structure, since there is no magnetic defect in the periodicity, there is no localized state causing a resonance. But enhancements near the PBG edges are present.

Optical transmission of the structure clearly shows a region of low transmission corresponding to the PBG between 850 nm and 1100 nm reaching values as low as 0.12 at 965 nm. The same graph shows the FR angle of the structure. At the two edges of the PBG, there is an enhancement of FR with values as high as 8

times (at the longer wavelength edge) when compared to that of a single Bi:YIG film. The reason for enhancement is the "flattened" dispersion curve (see figure 1.11) at the band edge of a PhC causing the group velocity of the light wave to be zero thus increasing the interaction of light with the magnetic material. Similar MO enhancements from periodic magneto-PhC have been reported in [78] [79]. Kekesi et al. [START_REF] Kekesi | 3D magneto-photonic crystal made with cobalt ferrite nanoparticles silica composite structured as inverse opal[END_REF] experimentally fabricated a 3-D inverse opal magneto-PhC of silica composite Chapter 1. Magneto-optical effects and enhancement processes doped with magnetic cobalt ferrite nanoparticles (volume fraction of 8%) wherein the composite acts as the high-refractive index material and the air voids as the one with low-refractive index. And, its spectral position is reported to vary linearly as a function of the volume fraction of the magnetic nanoparticles and the nanoparticle diameter. It is also clearly evident that a resonant enhancement of FR and ellipticity near the vicinity of 1.3. Magneto-Optic enhancement the PBG edges is present owing to higher concentration of the electric field intensity in the high-refractive index region i.e. doped silica composite [START_REF] John D Joannopoulos | Photonic crystals: molding the flow of light[END_REF]. These results obtained at LabHC prove that an enhancement of Faraday effect can be obtained in a 3-D periodic arrangement of the composite magneto-optical (MO) material.

But the use of such material is limited by the low dimension of the arrangement which does not exceed several hundreds of microns to be well-organized. For higher distances, there are cracks or defects in the arrangement which are mainly due to the fact that the elaboration method is based on self-organization.

Based on their ability to resonantly enhance MO effects, magneto-photonic crystals have already found applications in optical isolator devices [START_REF] Yu | One-way total reflection with one-dimensional magneto-optical photonic crystals[END_REF] [82], spatial light modulators [START_REF] Lam | A spatial light modulator for terahertz beams[END_REF] and sensing systems [START_REF] Skivesen | Photonic-crystal waveguide biosensor[END_REF]. However, PhCs are not the only structures capable of demonstrating a resonance in the MO behavior.

In the next section, resonant enhancement of various MO effects due to planar Chapter 1. Magneto-optical effects and enhancement processes micro-structuration of homogeneous thin-film systems are reported.

Planar micro-structuration

By introducing periodic structuration in a planar system containing a magnetic element, it is also possible to modify the spectral MO behavior of the device thanks to guided modes and/or surface plasmon resonances.

1.3.2.a Faraday effect enhancement

In section 1.2.2 it was explained how incident optical power from free-space can be coupled to a guided-mode of a planar system with the help of a diffraction grating. Compared to a free-space optical ray which travels across a film, a guidedmode traverses an increased optical path when guided in the same film. Thus, by using the non-reciprocal nature of magneto-optical effects, an enhancement of these effects might be possible through a coupling to a guided mode. But in the case Dmitriev et al. [START_REF] Dmitriev | Enhancement of faraday and kerr rotations in three-layer heterostructure with extraordinary optical transmission effect[END_REF] showed that the use of an intermediate low-index dielectric layer between the metallic grating and the Bi:YIG layer is a way to further increase the FR by a proper choice of the thickness of this layer. Khanikaev et al. [START_REF] Alexander B Khanikaev | Anomalous faraday effect of a system Bibliography with extraordinary optical transmittance[END_REF] similarly demonstrated through simulations in a perfect conductor perforated with 2D squareshaped holes filled with MO Bi:YIG, a resonant enhancement of FR as high as 18

times when compared to that of a homogeneous Bi:YIG thin film. ) and (d.) show the dependence of transmittance and FoM on the Co thickness. A Co layer thickness of 30 nm is more suitable for the smaller wavelength, and 150 nm for the longer one. For both thicknesses, it is reported that the FoM of this structure is more than one order of magnitude larger than in the case of a pure Co layer. Furthermore, an appropriate choice of the surrounding refractive index and thickness of the upper metal layers can increase this FoM. But, the obtained value remains low due to the large absorption of Co and Au materials.

Baryshev et al. [START_REF] Av Baryshev | Peculiarities of plasmon-modified magneto-optical response of gold-garnet structures[END_REF] [89] report an experimental FR enhancement for a Au-Bi:YIG sample consisting of 2-D square lattice of Au disks embedded in a Bi:YIG layer. But, in this system, the resonance manifests itself through the presence of transmission dips due to the excitation of Localized Surface Plasmons (plasmons confined in an area of size comparable to or smaller than the exciting wavelength). Owing to the localization of light at the Au/Bi:YIG interface, resonant Faraday effect is reported at the spectral position of these dips which is less interesting than EOT situations. However, the condition of using plasmons is not absolutely necessary. Bai et al. [START_REF] Bai | Polarization conversion in resonant magneto-optic gratings[END_REF] theoretically demonstrate in an all-dielectric structure, that by optimizing the 2-D grating parameters one can effectively excite leaky guided-modes causing localization of the incident field in the system as guided-modes bouncing back-andforth within the MO material resulting in an enhancement of FR. But this enhancement takes place at the spectral position of transmission dips. Another strategy to obtain a phase-matching condition between TE and TM modes is to use 1-D magneto-plasmonic structures which support hybrid dielectric/plasmonic TM-modes. For example, a FR enhancement by 8.9 times compared with that of a continuous MO thin-film along with a transmittance of ∼ 40% is reported by Chin et al. [START_REF] Yao | Nonreciprocal plasmonics enables giant enhancement of thin-film faraday rotation[END_REF] on 1D gold-nanowires on top of a thin MO film (figure 1.24(a)). FoM reaches a value of 0.48 • . Lei et al. [START_REF] Lei | Extraordinary optical transmission and enhanced magneto-optical effects induced by hybrid waveguide-surface plasmon polariton mode in bilayer metallic grating[END_REF] showed that by using a more complex bilayer structure, it is possible to match an enhanced FR with a transmission peak, reaching a FoM of 0.51. 

1.3.2.b Polar and Longitudinal Kerr effect enhancement

The geometry of polar and longitudinal Kerr effects is shown in table 2.1. Their effects (obtained in reflection configuration) involve light polarization rotation and ellipticity as well, and as discussed in the previous section, they require an intersection of the TE-and TM-mode dispersion curves for their optimal enhancement.

All-dielectric 2-D structures modeled by Bai et al. [START_REF] Bai | Polarization conversion in resonant magneto-optic gratings[END_REF] and mentioned in the previous paragraph also demonstrated a theoretical enhancement of PMOKE at the peak of reflectivity of the structure. In a similar sort of structure, Dmitriev et al. [START_REF] Dmitriev | Enhancement of faraday and kerr rotations in three-layer heterostructure with extraordinary optical transmission effect[END_REF],

who used a magneto-optic Bi:YIG substrate with a dielectric thin layer on top of it followed by a 2-D perforated gold thin film at the top, theoretically demonstrated a resonant PMOKE reaching 7.52 • with zero ellipticity at an incident wavelength of 1099.6 nm. However, in this case, the PMOKE resonance coincided with the transmission resonance (46%) which meant a dip in reflectance (reflection mode is in which PMOKE is actually measured). Similar behavior of PMOKE and reflectance were reported by Belotelov et al. The dip in specularly reflected light intensity is attributed to the excitation of surface plasmon polaritons (SPPs). This is also confirmed by the fact that no such dip was reported for s-polarized light. These excited SPPs can be expressed as a superposition of two normal modes with right and left circular polarizations [START_REF] Ag Zhdanov | Wood's anomaly in two-dimensional plasmon-assisted magnetophotonic crystals[END_REF] whose propagations constants are expressed as follows (refer section 1.2.3): Chapter 1. Magneto-optical effects and enhancement processes

β ± SP P = k 0 m × d m + d (1 ± α M O ) (1.

1.3.2.c Transverse Magneto-optic effect (TMOKE) enhancement

The TMOKE is an intensity effect observed in TM reflected light when a transverse magnetic field is applied. It is denoted by a parameter δ, which for smooth ferromagnetic materials such as nickel or cobalt is approximatively 10 -3 and not large enough for device applications [START_REF] Ak Zvezdin | Magnetooptical properties of two dimensional photonic crystals[END_REF]. An enhanced TMOKE with high reflectivity can find itself useful in many applications including MO data storage, 3D imaging, magnonics [START_REF] Vv Kruglyak | Magnonics[END_REF] When there is no spontaneous magnetization, a spectrally resonant behavior can be expected in the reflectance (for instance) upon satisfaction of the phase-matching condition. In the presence of a transverse magnetization, the addition of off-diagonal elements in the material's dielectric permittivity tensor induces a modification of the propagation constant, and thus causes a spectral shift of the reflectance curve.

Since M O is an odd function of the magnetization, a reversal in its direction causes a reversal in the propagation constant, which according to the definition of δ results in a resonant enhancement TMOKE as compared to that of a non-resonant system of the same material. Figure 1.29 graphically explains this idea. Using a 1-D magneto-plasmonic device identical to that given in Figure 1.24, Belotelov et al. [START_REF] Vi Belotelov | Enhanced magneto-optical effects in magnetoplasmonic crystals[END_REF] demonstrated that δ could reach 1.5 × 10 -2 . Since Surface Plasmon Polaritons (SPPs) can propagate along both interfaces of a perforated metal film, two SPPs peaks can be observed. However, it is only the metal/MO-dielectric interface that contributes significantly to the TMOKE. It is also demonstrated that in such structures, there is another type of resonance that comes into play namely, Fabry-Perot cavity resonance occurring within the slits of the grating which may be potentially responsible for further enhancement of TMOKE [START_REF] Halagačka | Coupled mode enhanced giant magnetoplasmonics transverse kerr effect[END_REF]. When the two modes i.e. plasmon modes and Fabry-Perot modes couple together, it is the contribution from the SPP modes that give the MO response, while the cavity modes give the dependence on grating parameters such as thickness and air-slit width. It is predicted that by tuning the geometrical parameters of the system, allows the optimization of the reflectance of the structure to as high as 78% and enables a resonant enhancement of TMOKE around the same wavelength. This was possible due to the excitation of guided-modes through phase-matching by the sub-wavelength grating (coupling of the 1 st diffraction order in the grating region and its subsequent recoupling back to the incident region). Simulations revealed the existence of a surface wave at the resonant wavelength propagating along the structure (see figure 1.31c). The resonance in such a structure was a function of the incident angle and a further enhancement of TMOKE upto 4 × 10 -2 was possible upon decreasing the angle of incidence to 10 • compromising on the Q-factor. This Chapter 1. Magneto-optical effects and enhancement processes TMOKE value is potentially much better than δ = 1.5 × 10 -2 calculated at a transmittance of 3% in [START_REF] Vi Belotelov | Enhanced magneto-optical effects in magnetoplasmonic crystals[END_REF] and at a transmittance of 45% in [START_REF] Kreilkamp | Waveguide-plasmon polaritons enhance transverse magneto-optical kerr effect[END_REF] using plasmons. When a magnetic field is applied to this structure, the guided-modes in the MO layer transform into "quasi-" guided modes due to its MO nature. This means, for instance, a TM-mode besides having TM-field components also acquires TE components and vice-versa. The excited quasi-mode takes a fraction of the incident 1.4. Conclusions and Objectives energy by a factor proportional to 2 M O , consequently modifying the transmittance. For the 0 th diffraction-order, this effect is described by the relative difference between the transmittance coefficients T M and T 0 of the magnetized and the demagnetized structure, respectively, and expressed as γ = (T M -T 0 )/T 0 . Figure 1.32(a.) and (b.) show the LMPIE along with 0 th order transmitted intensity for the structure, respectively. As expected, no intensity modulation occurs for the bare magnetic film (green). LMPIE for the nanostructure with TM polarized incident light showed longitudinally applied magnetic field resonantly increases the transmittance to 24% at 840 nm (red) in good agreement with simulated results (blue).

1.3. Magneto-Optic enhancement R (+Msat) -R (-Msat) R 0 R 0 R (+Msat) R (-Msat) δ =

Conclusions and Objectives

The results of the bibliography study focus particularly on the enhancement of various magneto-optical effects using micro-structuration. It is numerically proven and experimentally verified that for an efficient enhancement of polarization rotation, the system should support localization of incident light of both polarizations namely, TE and TM. This could be done by exciting guided-mode resonances using appropriate parameters of the micro-structuration. For Transverse Magneto-Optic Kerr Effect, it is sufficient to excite only TM resonance which is possible either by exciting surface plasmon modes at a metal-dielectric interface or TM-guided-modes of a dielectric waveguide.

The objective of this thesis work is to enhance the magneto-optic response of a magnetic thin film of silica composite containing cobalt ferrite NPs using 1-D periodic structuration. Previously, a photonic-crystal approach had been used to successfully demonstrate a Faraday effect enhancement near the photonic band-gap edge, but the 3-D magneto-photonic crystal of inverse opals was not homogeneous at a macroscopic scale limiting its potential to be integrated with classical circuitry.

Consequently, a different approach is required that could lead to a homogeneity on a macro-scale and, simultaneously provides a resonant enhancement of the MO effects.

To achieve this objective, several kinds of 1-D periodic structures containing the MO composite are studied through numerical simulations based on RCWA [START_REF] Lyndin | MC grating software[END_REF] method. Different materials (dielectric/metal) are tested as templates to be impregnated. For Faraday effect, the idea is to find the optimal parameters to excite simultaneous TE and TM polarized modes in/near the MO material. We saw that this Chapter 1. Magneto-optical effects and enhancement processes can be done using plasmons and guided-modes. However, to the best of our knowledge, there is no experimental demonstration of an enhanced Faraday effect by an all-dielectric 1-D device. Having determined the optimal conditions, the structures are then realized using lithography techniques, dip-coated with our MO composite of appropriate NP concentration, characterized optically to determine the excitation of TE/TM resonance at the desired wavelength. Finally, they are magneto-optically characterized to see an enhancement of polarization rotation and TMOKE.

In the next chapter, we will first detail the optical and MO properties of the composite material employed in this work. Furthermore, the equipments used to realize the experimental MO studies will be described. 

TOOLS

The preceding chapter had the focus of explaining the physical processes undertaking in different systems that result in an efficient enhancement of various MO phenomena. Numerous experimental and theoretical studies of MO enhancement were presented in which the material was, in most of the cases, an iron garnet or its derivative. However, there are also various other materials (see table 1.2) that can demonstrate MO behavior with potential applications. One such material is a composite of silica containing magnetic nanoparticles (NPs) of cobalt ferrite. This is the material used for this thesis work. Thus, the first section introduces cobalt ferrite magnetic NPs, with details of its crystal structure, magnetic and magneto-optical properties. It is followed by a section dedicated to the MO composite material. It details the sol-gel process and the way to incorporate NPs in it, the technique of 2.1. Magnetic nanoparticles (NPs) of cobalt ferrite dip-coating, the optical properties of our composite in terms of refractive index and its ability to impregnate micro-structured templates. The third section deals with a presentation of the experimental setups used for measuring optical and especially, MO properties of the devices. Some MO measurements performed on thin-films of our composite are presented. The last section concerns a short description of the Rigorous Coupled Wave Analysis (RCWA) simulation method employed to study the optical and MO behavior of 1-D gratings.

Magnetic nanoparticles (NPs) of cobalt ferrite

Nanoparticles (NPs) are materials with at least one dimension typically between 1-100 nm containing from a few hundred to about 10 5 atoms. Magnetic nanoparticles are those materials that respond to a magnetic field. Compared to their bulk counterparts, NPs have an increased surface-to-volume ratio rendering them more complex with unique properties sensitive to their size, shape, and composition of the material. Depending on the intended application, the properties of magnetic NPs can be tuned to suit particular needs. This work being dedicated to cobalt ferrite NPs, we will first focus on the crystal structure of such a material.

Crystal structure

Cobalt ferrite belongs to a class of compounds known as spinel ferrites having the general formula M II Fe III 2 O 4 [START_REF] Bragg | The structure of magnetite and the spinels[END_REF], where M II represents a divalent metal cation and Fe III a trivalent iron cation. The crystal structure of cobalt ferrite is the same as that of the mineral spinel (MgAl 2 O 4 ) [START_REF] Henry | XXX. The structure of the spinel group of crystals[END_REF] [START_REF] Nishikawa | Structure of some crystals of spinel group[END_REF]. The unit cell of the spinel ferrites is formed by 8 M II Fe III 2 O 4 molecules with 56 ions; 32 oxygen anions in a face-centeredcubic (fcc) packing and 24 cations occupying 8 of the 64 available tetrahedral sites (A) and 16 of the 32 available octahedral sites (B). Figure 2.1 represents the primitive unit cell of spinel ferrites consisting of two M II Fe III 2 O 4 units in two octants. However, the ionic positions repeat along the shaded patterns in the other octants.

CoFe 2 O 4 , in particular, has an inverse spinel structure [START_REF] Vaingankar | X-ray spectroscopic study of cobalt ferrite[END_REF] written as:

[Fe] A [CoFe] B O 4
Cobalt ferrite is a promising candidate for high-density recording media [START_REF] Zhang | Spin-spray ferrite-plated co ferrite films with high coercivity for perpendicular magnetic recording media[END_REF] due to large magneto-crystalline anisotropy, good saturation magnetization, chemical stability and hardness. Other uses of cobalt ferrite include catalysis [START_REF] Kooti | Magnetic cobalt ferrite nanoparticles as an efficient catalyst for oxidation of alkenes[END_REF], drug delivery and hyperthermia [START_REF] Kim | Heat generation of aqueously dispersed CoF e 2 O 4 nanoparticles as heating agents for magnetically activated drug delivery and hyperthermia[END_REF].

Magnetic properties

The magnetic properties of cobalt ferrite is due to both Co 2+ and Fe 3+ cations which bear individual magnetic moments. Anti-ferromagnetic super-exchange interaction through 0 2-anions and ferromagnetic double exchange interaction between magnetic cations result in a ferrimagnetic spontaneous magnetization [START_REF] Smit | Ferrites philips technical library[END_REF]. Magnetic behavior in such materials can be understood in terms of special regions inside them where the individual magnetic moments of constituent entities all point in the same direction viz. magnetic domains. But, when the crystal is small enough it is energetically more favorable to exist as a single-domain particle rather than having multiple domains. Thus, cobalt ferrite NPs are mono-domain and possess a magnetic moment µ whose magnitude depends on its volume by the relation:

| µ| = m s V ;
m s being the saturated magnetization of cobalt ferrite (= 4.2 × 10 5 Am -1 ) [START_REF] Smit | Ferrites philips technical library[END_REF].

When a magnetic material shows directional dependence of its magnetic moment vector, it is said to be magnetically anisotropic. It can be of the following types: magneto-crystalline anisotropy, shape anisotropy, surface anisotropy and strain anisotropy. The net magnetic anisotropy is a complex mix of them, but we 2.1. Magnetic nanoparticles (NPs) of cobalt ferrite shall restrict ourselves only with magneto-crystalline anisotropy, as it is the dominant one in case of cobalt ferrite NPs used in this work.

Magneto-crystalline anisotropy is that property of a magnetic material which results in certain directions more favorable than the rest. When an electron's orbital motion interacts with its spin motion, it makes the latter prefer to align along certain well-defined crystallographic axes. Consequently, the magnetic material becomes easier to magnetize parallel to these specific directions than others. These directions which are energetically most favorable are called easy-directions or easyaxis whereas, those least favorable are called hard-directions or hard -axis.

Considering a uniaxially-anisotropic crystal, with its magnetization vector making an angle θ with the easy-axis, its anisotropy energy is expressed as:

E = KV sin 2 θ (2.1)
where K is a temperature-dependent anisotropy constant, V is the volume and θ is the angle between the magnetization and the easy-axis. According to equation Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

For small enough single-domain magnetic NPs, KV can become so small that thermal fluctuations can overcome the energy barrier and spontaneously reverse their magnetization from one easy direction to the other, even in the absence of a magnetic field. This is called isotropic superparamagnetism. When the temperature in lowered, the dynamics of the NP change. For k B T ≈ KV , (k B : Boltzmann constant), we obtain anisotropic superparamagnetism, wherein the particle still has the thermal energy to overcome the energy barrier but undergoes a hindered rotation due to finite size of the barrier. In such a case, the direction of magnetization fluctuates between the two energy minima with a frequency f or a characteristic relaxation time, 2πf -1 . It is expressed as the Néel-Brown expression [START_REF] Fuller | Thermal fluctuations of a single-domain particle[END_REF]:

τ = τ 0 e KV /k B T (2.2)
where τ 0 is the inverse attempt frequency, typically in the range 10 -12 to 10 -9

sec [START_REF] Kläui | Handbook of magnetism and advanced magnetic materials[END_REF]. It is evident from the above equations that as the temperature of the system lowers, magnetization fluctuations slow down. Depending on the time scale of experiment τ m , two following situations are possible:

τ m << τ : The magnetization appears static as the average time between flips is much larger than the measurement time which puts the system in a well-defined state of magnetization, called the blocked state.

τ m >> τ : The second situation implies that the measurement time is so large that one observes a fluctuating state of un-resolved magnetization direction resulting in a time-average net magnetic moment of zero, called the super-paramagnetic state of the system.

For cobalt ferrite at room temperature and assuming a measurement time of 60s, the limit diameter between the two situations is 7.3 nm [119]. The mean diameter of the NP assembly used in this work in 10 nm with a standard deviation of about 0.3. Thus, both behaviors (blocked and super-paramagnetic) exist simultaneously.

Spectral behavior of MO Faraday effect

Energy transitions

Since an electron carries an electrical charge, its motion and rotation results in a net magnetic moment. According to atomic theory, the orbital angular momentum of 

m l = -l, (-l + 1)...(l -1), l (2.3) 
The principal quantum number n determines the atomic orbital size and the energy of an electron level. A level with n = 1 has the lowest energy, and is called the ground state. An electron needs to gain energy for it to reach higher energy levels, called excited states. This energy can be imparted, for instance, by an impinging photon. The principal quantum number directly does not determine any material magnetic properties, but it influences the values of l and m l which can be permitted. The angular momentum quantum number l determines shape of the atomic orbitals and also the magnitude of the orbital angular momentum |L| of an individual electron which is expressed as:

|L| = l(l + 1)h (2.4)
where h is the Planck's constant. Values of l = 0, 1, 2, 3, ... correspond to s, p, d, f atomic orbitals, respectively. It is clear that for s-orbitals (l = 0), |L| = 0 and so, electrons in s-orbitals make no contribution to the atomic magnetic moment from their orbital angular momentum. However, for p-orbital electrons (l = 1) resulting in an orbital angular momentum of magnitude √ 2 ( : reduced Planck's constant)

and m l values of -1, 0 or +1. Since the magnetic quantum number m l determines the orientation of atomic orbitals, quantized values of m l translates to the understanding that p-orbitals can exist with three different orientations relative to an externally applied magnetic field. For an electron revolving around its nucleus in an externally applied magnetic field, it energy can be expressed as:

E = µ 0 .µ b .m l .H (2.5)
where µ b is the elementary unit of magnetic moment of an atom called the Bohr magneton. Hence, due to the magnetic field, the energy of an electron in an atomic orbital with non-zero orbital angular momentum changes by an amount proportional to the orbital angular momentum of the orbital and the applied field. This phenomenon is called the Zeeman effect. However, when the magnetic field in non-zero, the energy level of p-orbital electrons splits into three energy levels corresponding to m l values of -1, 0 and 1. The energy level of s-orbital electrons do not split in this case because, as mentioned above, the s-electrons do not have an orbital angular momentum and therefore no orbital magnetic moment.

In addition to these three quantum numbers, there are two other quantum numbers arising from the spin of an electron about its axis. The first of them is called the spin quantum number, s and has the value 1/2 always. The magnitude of the spin angular momentum of an individual electron is given by:

|S| = s(s + 1) (2.6)
The second quantum number m s is spin analog of the magnetic quantum number, m l .

Its values are quantized to be +1/2 and -1/2 with respect to an external magnetic field. The interaction of the magnetic moments due to electron's orbital motion and its spin motion is called spin orbit coupling and is behind the polarization rotation observed in Faraday and Kerr effects. When a linearly polarized light is incident on a magnetic material subject to an external magnetic field, first, the light is decomposed into its two proper modes: RCP and LCP light. Each circular polarization has Second, when an energy level Zeeman-splits in the presence of an external magnetic field, conservation of energy and angular momentum demands that for a photon to excite an electron from a ground state to an excited states, the following selection rule for orbital angular momentum term L and spin angular momentum S be applicable:

∆S = 0 ∆L = ± 1 (2.7)
Equation 2.7 signifies that first, intrastate transitions are not allowed but only interstate transitions. Second, ∆L = ±1 mandates oppositely polarized photons to correspond to different electronic transitions in the atom (see figure 2.7). Consequently, the electron system becomes able to distinguish between the two circular modes now. Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

Electric dipole transitions

This lifting of degeneracy of energy states gives rise to the optical circular anisotropy in the form of non-zero off-diagonal elements in the dielectric permittivity tensor which is expressed as: The transition is described by the following equation:

MO = 2πN e 2 m × e,u f -e(u) -f +e(u) ω 2 -ω 2 e(u) -Γ 2 e(u) -2iωΓ e(u) × ω -iΓ e(u) ω e(u) (2 
MO = -Γ 2 0 Re( MO ) max × (ω -ω 0 ) 2 -Γ 2 0 + 2iΓ 0 (ω -ω 0 ) (ω -ω 0 ) 2 + Γ 2 0 2 (2.9)
where ω 0 and Γ 0 denote the resonance frequency and half-width-at-half-maximum for the particular transition. Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

The transition is described as follows:

MO = -2Γ 2 0 Im( MO ) max × ω(ω 2 -ω 2 0 + Γ 2 0 ) 2 -iΓ 0 (ω 2 + ω 2 0 + Γ 2 0 ) (ω 2 -ω 2 0 + Γ 2 0 ) 2 + 4Γ 2 0 ω 2 2
(2.10) Fontijn et al. [START_REF] Wfj Fontijn | A consistent interpretation of the magneto-optical spectra of spinel type ferrites[END_REF] have listed the main MO-active electric-dipole transitions in cobalt ferrite between 0.5 and 5eV. the polarization rotation is expected to have two local maxima of opposite signs in the visible region and a local maxima in the NIR region (around 1550 nm). This is in full accordance with the Faraday rotation spectrum presented previously in figure 1.4. Such spectral behavior is to be modified through the existence of a resonant effect. For analysis of the enhanced effect in the following chapter, this spectrum Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools will always be used as reference.

Magnetic field dependence of Faraday effect

In the previous section, it has been shown that the lifting of the degeneracy of RCP and LCP electronic transitions, which gives rise to the polarization rotation, is due to the magnetic state of the ions. More precisely, it is the longitudinal magnetization which induces such a circular birefringence between RCP and LCP. It means that the off-diagonal element M O is proportional to the magnetization of the material.

In the previous chapter (refer equation 1.11 and equation 1.12), the Faraday effect has been expressed as:

θ F = π.l. MO λ.n (2.11)
n being the refractive-index, l and λ representing the length of the material and incident wavelength of light, respectively. Thus, the dependence of Faraday effect is expected directly proportional to the magnetization i.e.

θ F ∝ MO ∝ M int (2.12) 
Cobalt ferrite NPs being ferrimagnetic and single-domained, their MO activity depends on the orientation of their magnetic moments. This orientation is achieved through the application of an external magnetic field and results as the magnetization. Two cases have to be considered:

Case 1: NPs in a liquid medium: When magnetic NPs are colloidally suspended in a suitable carrying liquid medium, the system is called a ferrofluid. Ferrofluids typically contain particles quasi-spheric in shape with a diameter typically in the range of 5-20 nm [START_REF] Torres-Díaz | Recent progress in ferrofluids research: novel applications of magnetically controllable and tunable fluids[END_REF].

H ext 0 H ext 0 0 Σµ 0 Σµ H ext 0 0 Σµ (a.) (b.) (c.)
Figure 2.9: Orientation of magnetic moments in single-domain NPs suspended in a liquid with (b.) and without (a. and c.) an external magnetic field.

Magnetic nanoparticles (NPs) of cobalt ferrite

In the absence of an external magnetic field and at room temperature, the magnetic moments µ i of the NPs, being randomly oriented, cancel out each other resulting in "zero" net magnetization (Σ µ) of the ferrofluid ( figure 2.9 (a.) and (c.)).

However, when it is subjected to an external magnetic field, for instance in the zdirection, each individual moment tends to align, through the rotation of the whole particle, along this field causing a magnetization of the ferrofluid ( figure 2.9 (b.)).

For magnetic moments making an angle θ with the external field along z-direction, the magnetization is expressed as:

M z = µ • ẑ V = n V π 0 µ cos(θ) exp -µ cos(θ)H k B T sin(θ)dθ π 0 exp -µ cos(θ)H k B T sin(θ)dθ = m s .φ.L(x) (2.13)
where, L(x) is the first Langevin's function and expressed as: -For large values of H: L(x) → 1 and,

L(x) = coth(x) - 1 x with x = µH k B T = m s V H k B T = πD 3 6 m s H k B T Magnetic field ( 
M z = m s φ
Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

i.e the magnetization due to the external field asymptotically tends to a saturation (see figure 2.10).

-For small values of H:

L(x) ∝ H, M z ∝ H
i.e. the magnetization is linear in nature to the external field. -the thermal energy which tends to produce a random orientation, -the Zeeman energy ( µ. H) which tends to align the moment in the applied field direction and, -the anisotropy energy(KV ) which retains the moment in the direction of the easy-axis.

Thus, there still remains a small net magnetization in the system when the external magnetic field is removed (see figure 2.13(c.)), called remanent magnetization which, in accordance with relation 2.12, leads to a remanent rotation or remanence. To make the magnetization zero an external field in the opposite direction is required, termed as coercive field or coercivity. This phenomenon is known as hysteresis. ) and without (a. and c.) an external magnetic field.

Magnetic nanoparticles (NPs) of cobalt ferrite

Effect of NP concentration: When the concentration of magnetic NPs increases, the resulting MO effect also increase accordingly. Figure 2 The process of incorporation of the CoFe 2 O 4 NPs from ferrofluid form into the Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools silica host matrix and its subsequent fabrication in thin-film form is the focus of the next section. The following sub-sections explain these steps one-by-one:

Thin-films of MO composite

Sol-gel technique

A sol is a suspension of dispersed particles in a liquid and when these particles aggregate together to form a highly cross-linked, rigid and stable network that spans the entire volume of the liquid, the result is called a gel structure (see figure 2 The synthesis of a sol-gel starts with a metal-organic precursor usually a metal alkoxide of the form M (OC 2 H 2x-1 ) n . The host matrix of the MO composite is a silica sol-gel and so the precursor used is TetraEthylOrthoSilicate (TEOS), Si(OC 2 H 5 ) 4 [START_REF] Brinker | Sol-gel science: the physics and chemistry of sol-gel processing[END_REF] (see figure 2.17). The interest in using TEOS is the siloxane bonds Si-O-Si that form the backbone of the resultant gel structure (breaking temperature of this bond is 1200 • C). The next step is hydrolysis which involves the replacement of the ethoxy group with a hydroxyl group and release of corresponding alcohol.

H 5 C 2 O Si O C 2 H 5 O C 2 H 5 O C 2 H 5

Si(OC

2 H 5 ) 4 + x H 2 O HO -Si(OC 2 H 5 ) 3 + ROH
Complete hydrolysis occurs when the stoichiometric molar ratio of water:TEOS is 4, otherwise partial hydrolysis occurs [START_REF] Brinker | Sol-gel science: the physics and chemistry of sol-gel processing[END_REF]. The sol-gel chemistry of silica is typically Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools driven by either acid or base catalysts as the neutral reaction is very slow. The structure of the resulting gel is significantly different depending on the catalyst and this is due to the relative rates of the hydrolysis and condensation reactions.

Condensation involves the removal of H 2 O from the silane groups (Si-OH) to get siloxane (Si-O-Si) bonds. Gelation of sol-gel: Gelation is the phenomenon where cross-linking polymers undergo a phase-transition from a liquid-state to a solid-state after reaching a certain time period [START_REF] Henning | Analysis of linear viscoelasticity of a crosslinking polymer at the gel point[END_REF]. This transition from "sol" phase to "gel" phase occurs when one of the molecules of the cross-linking polymer grows so large that its size reaches the dimensions of the macroscopic sample. To follow this evolution, the sol is subjected to a shear flow and its viscosity is measured with respect to reaction time. Once it transforms into gel, the material is subjected to strain and its elastic constant is measured with respect to reaction time ( [START_REF] Henning | Analysis of linear viscoelasticity of a crosslinking polymer at the gel point[END_REF] and references therein). Figure 2.19 illustrates the results; in sol-phase the viscosity diverges, and in gel-phase the elastic constant saturates with extent of reaction. The experimental procedure is as follows:

Si(C 2 H 5 O) 3 OH + Si(C 2 H 5 O) 3 OH (C 2 H 5 O) 3 Si -O -Si(C 2 H 5 O) 3 + H 2 O (a.) Hydrolysis (b.) Condensation S i O H H O O H O H S i O H H O O H O H S i O H H O O H O H S i O C2 H5 O C2 H5 C2 H5 C 2H 5 O O H -O H Si O C 2 H 5 O C 2 H 5 C 2 H 5 C2H 5 O O H-O H Si O C 2 H 5 O C 2 H 5

Thin-films of MO composite

(a.) Hydrolysis: 2.7g of absolute ethanol (99% purity) is added drop-by-drop to 5.8g of TEOS and allowed to stir. 

Dip-coating

Dip-coating is a simple procedure employed in this work to produce uniform thinfilms. Its consists of immersing a substrate in a liquid and withdrawing it gently with a constant velocity. The result is a thin-film of the liquid deposited on both sides of the substrate. Figure 2.20 schematically illustrates these steps. Thin-film formation occurs during the withdrawal of the substrate. The retracting substrate causes the liquid to move with it with some part sticking to the surface and some part falling back to the liquid bath. At this stage, there is evaporation of the liquid solvent that takes place simultaneously and activates the condensation reaction. A parabolic thickness profile is seen during retraction (see figure 2.21). The final thickness, h of the film depends on the viscous drag ηU 0 h and gravitational pull ρgh. Scriven et al. [START_REF] Le Scriven | Physics and applications of dip coating and spin coating[END_REF] state that for high-values of liquid viscosity and substrate withdrawal speed, the resulting thickness is expressed as follows:

Thin-films of MO composite

h = C ηU 0 ρg (2.15)
where C is a constant, equal to 0.8 for a newtonian liquid, η is the viscosity, U 0 is the withdrawal velocity, ρ is the density of the solution, g is the gravitational constant.

However, when the substrate withdrawal velocity and liquid viscosity are low, which is usually the case with sol-gel film deposition, the above relation is modified to as expressed below taking into account the liquid-vapor surface tension γ:

h = C ηU 0 2/3 γ 1/6 ρg 1/2
(2.16)

The above relations show that the withdrawal velocity plays an important role in the final thickness of the thin film. Experimentally, the dip coating procedure was done with a glass/pyrex substrate which was firmly fixed to a holder and the sol was poured into a teflon beaker kept on a stand connected to an electric motor.

Instead of moving the substrate, the beaker was allowed to move vertically with a fixed velocity thanks to a potentiometer connected to the motor that controlled its velocity (see figure 2.22). Variation of potentiometer position and resulting thin-film thickness for doped (b.) and non-doped (c.) silica precursor.

Thin-films of MO composite

The potentiometer used allowed speeds from 1 cm/min to 8.2 cm/min for different positions of the potiometer (see figure 2.23). Different velocities were used to deposit thin films of varying thicknesses. Once a thin film of the MO composite was successfully produced, it was thermally annealed at 90 

Refractive index

Once the cobalt ferrite NPs are incorporated in the silica host, the relation between dielectric permittivity of the resulting MO composite and that of the constituent materials can be obtained through effective medium theory [START_REF] Maxwell | Colours in metal glasses, in metallic films, and in metallic solutions[END_REF]. In first approximation, and for small values of volume fraction φ, it is expressed as: 

c = φ NPs + 1 -φ h (2.

Thin-films of MO composite

Calculation of volume fraction of NPs: The volume fraction φ of NPs embedded in the silica matrix is determined by comparing its specific Faraday rotation to that of a liquid sample containing 1% volume fraction at 820nm (wavelength at which the detection system is most sensible) which is measured to be 166 • cm -1 .

Upon such a comparison with 0.9% sample and 22% sample, h is calculated to be 2.04 and N P = 5.45 using equation 2.17. The values of c for the 0.9% concentration and 22% concentration were taken from ellipsometry measurements to be 1.44 and 1.68, respectively. The next section introduces the experimental setups used in this work to measure the optical and MO characteristics of samples followed by a short description on their numerical simulations.

Compatibility of MO composite with other dielectrics

As explained in chapter 1, compared to a homogeneous MO thin-film, a MO system with 1-D periodic variation of refractive-index may produce an enhancement of resulting magneto-optic effects. Achieving this requires selecting a dielectric material that offers a high refractive-index contrast and good compatibility with the MO composite, chemical stability and low absorption in the wavelength range of interest. This bench serves no interesting purpose in the optical characterization of plain MO thin-films. However, its usefulness will be evident in the next chapter as we try to excite guided modes in those films. As evident, increasing the slit thickness increases the amount of light exiting the lamp but decreases its Q-factor i.e. λ 0 ∆λ . The light exiting the optical fiber being divergent and non-polarized is made to pass through a system of spherical mirrors which focuses the light beam to a tiny point with a diameter of about 1 mm and a polarizer P1 to polarize it linearly. The latter is oriented with a sensitivity of 0.001 • using an in-house software-controlled motor. The light beam passes then through an electromagnet capable of generating a dynamic magnetic magnetic field of upto 800 mT along the direction of the propagating light beam thereby facilitating the measurement of Faraday effect. The sample to be measured is 2.3. Optical and Magneto-Optical characterization placed vertically between the two poles of the electromagnet where spherical mirrors focus the beam. A hall probe is also inserted between the two poles so as to measure the magnetic field in real-time. It is here where the light, initially linearly polarized with no ellipticity experiences Faraday effect i.e. Faraday rotation θ F and Faraday ellipticity F . Once the light leaves the electromagnet, it passes through a photoelastic modulator (Hinds Instrument PEM-90 ). A PEM is an isotropic material subject to a mechanical stress due to which it becomes optically anisotropic and exhibits birefringence, this is called the photoelastic effect. The PEM used at the bench consists of a silica bar connected to a piezoelectric transducer oscillating at frequency of 50kHz driven by an electronic circuit which periodically modulates the state of polarization of the light beam. The phase-retardation produced is expressed as follows:

Magneto-Optical characterization setup

∆ = ∆ m cos(2πf t) (2.18)
where, ∆ m =modulation amplitude, f is the operating frequency = 50 kHz, t=time.

After passing through the PEM, the light passes through an analyzer oriented at 45 • so that the two decomposed components of the light can interfere together before being sent to the detection system.

The detection system consists of a photo-detector which converts the incoming light signal to a voltage signal. It is connected to a signal conditioning unit (Hinds Instruments-SCU 100 ) which splits this signal into its AC and DC components, amplifies them with a certain adjustable gain and sends these amplified AC and DC parts to the AC and DC outputs. These outputs are connected to a lock-in amplifier (Ametek Signal Recovery Model 7270 DSP ) wherein the AC and DC components are precisely measured. The working of a lock-in amplifier is explained in the next subsection.

The light intensity reaching the photodetector can be mathematically expressed using Jones matrix formalism in which polarized light after passing through a series of optical elements is determined as a product of individual Jones matrices for the elements times the Jones vector for the initially linearly polarized light. First, linearly polarized light passing through the MO system undergoes Faraday rotation and Faraday ellipticity. Its Jones matrix can be expressed as follows:

cos(θ F ) -sin(θ F ) sin(θ F ) cos(θ F ) cos( F ) sin( F )
This light then passes through the PEM. Jones matrix for a PEM is expressed as: The resultant light beam possesses an electric field expressed by the multiplication of matrices in reverse-chronological order as follows:

J out = 1/2 1/2 1/2 1/2 exp{i∆ m cos(2πf t)} 0 0 1 cos(θ F ) -sin(θ F ) sin(θ F ) cos(θ F ) cos( F ) sin( F )
Solving the above relation, we obtain the intensity of light as:

I = 1 2 1 -sin(2θ F ) cos(2 F )J 0 ∆ m + 2 sin(2 F )J 1 ∆ m sin(2πf t)+ 2 sin(2θ F ) cos(2 F )J 2 ∆ m sin(2 * 2πf t) + ...] (2.19) 
where the first term, independent of frequency f , is the DC term I DC . The second and third terms, being dependent on the f and 2f , respectively, are the first and second harmonics I f and I 2F , J i is the Bessel's function and ∆ m is the amplitude of modulation by the PEM. In our case, the J 0 term is made to be zero so that the first term becomes independent of the rotation and ellipticity introduced by the system with the second and third terms being expressed as:

I f ∝ sin(2 F ) ∝ 2 F I 2f ∝ cos(2 F ) sin(2θ F ) ∝ 2θ F (2.

20)

I f and I 2f are measured in volts and so, a calibration is done to obtain values of Faraday ellipticity and FR in degrees.

Case1: By using the lock-in amplifier at the PEM modulation frequency f, it detects the I F signal corresponding to Faraday ellipticity.

Case2: By using the lock-in amplifier at twice the PEM modulating frequency i.e.

2f, it detects the I 2F signal corresponding to FR.

Such a detection mechanism allows the setup to measure polarization rotations of upto 0.001 • easily.

Optical and Magneto-Optical characterization

Working of a Lock-in Amplifier

The output signal of a system-under-study consists of a signal which contains information about the response of the system buried in unwanted noise. A lock in amplifier serves to extract this response signal from the unwanted noise efficiently.

To be efficient, the output signal before entering the lock in amplifier is modulated, for instance with a PEM, at a high frequency f (f=50kHz in this case) so that the 1/f noise becomes almost negligible and the lock in amplifier is then just referenced to this frequency f. Due to the fact the noise is usually spread over a wider range of frequencies than the signal, the LIA uses Fourier transformation to convert the output signal from time domain (where the signal and noise are indistinguishable)

to the frequency domain. Consider V r as the reference signal of the lock-in amplifier

V r (t) = A r * cos(2πf r t) (2.21)
and, V s as the signal containing noise

V s (t) = A s * cos(2πf s t + θ s ) (2.22)
First step in a lock-in amplifier is to pass these two signals through a frequency multiplier. Mathematically, this is equivalent to a multiplication of the two signals

V mix = V r (t)V s (t) = A r A s sin(2πf r t) sin(2πf s t + φ s ) = A r A s 2 cos {2π(f r -f s )t -φ} -cos {2π(f r + f s )t}
This operation simply results in a signal with two components, one at the sum and the other at the difference of the two constituent frequencies. Adjusting the reference signal frequency to be the same as the signal frequency (i.e. f r = f s ), one gets a DC component with zero frequency and an AC component at twice the frequency 2f.

V mix = A r A s 2 cos {2π(0)t -φ} -cos {2π(2f r )t} (2.23)
The lock-in amplifier uses a narrow pass filter to remove the 2f AC part and then it measures the signal as a DC measurement. At high magnetic fields, the hysteresis behavior does not attain saturation but shows a linear variation with respect to the applied field. This is due to diamagnetic contribution of the BK-7 substrate. Measuring the polarization plane rotation of just the substrate in the same magnetic field range gives its Verdet constant at that wavelength, which when subtracted from the above curve results in the FR of just the MO thin film composite. Figure 2.31 shows the determination of Verdet constant of silica substrate using equation 1.5 as slope of the curve between polarization plane rotation and applied longitudinal magnetic field. Upon subtracting the Verdet constant of the substrate from figure 2.30, one gets the FR of just a thin-film of MO composite as shown in figure 2.32 at that particular wavelength. Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

In a similar manner, Faraday ellipticity can be plotted for a particular wavelength. Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

Kerr effect

The PMOKE is measured using the same apparatus as described in figure 2 Using these values of the MO constant, Polar MOKE for the thin film was simulated using the matrix method developed by Zak et al. [START_REF] Zak | Magneto-optics of multilayers with arbitrary magnetization directions[END_REF], the results of which are coherent with the experimentally observed values for two angles of incidence: 55 • and 72 • (figure 2.36). The behavior of PMOKE resembles that of Faraday effect with two spectral regions of maxima. However, unlike Faraday effect, the magnitude of the effect is not the same in both the regions. -Rigorous Coupled Wave Analysis (RCWA), also called Fourier Modal Method for the study of rectangular profile. The method is based on the representation of electric and magnetic fields in the layers of the structure in the form of coupled waves propagating towards the Z -axis (see figure 2.38(a.)). The fields are expressed under the form of Fourier series according to Bloch theorem, and the continuity conditions of the tangential components of the fields are applied at the boundaries between the layers. Finally, the diffraction efficiencies are calculated using Poynting vector flux ratios.

-Chandezon method, (C-method) for the study of smooth profiles gratings [START_REF] Chandezon | A new theoretical method for diffraction gratings and its numerical application[END_REF][START_REF] Chandezon | Multicoated gratings: a differential formalism applicable in the entire optical region[END_REF][START_REF] Li | Multilayer-coated diffraction gratings: differential method of Chandezon et al. revisited[END_REF][START_REF] Li | Some topics in extending the C-method to multilayer gratings of different profiles[END_REF].
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) This software is equipped with several features that permit, for instance, to perform Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools optimizations, two-parameter scans and to obtain field maps. Nevertheless, it is not adapted to the simulation of diffraction gratings presenting anisotropic materials.

h 1 h 2 h 3
Thus, in order to have a whole design capacity and calculate the MO response of our structures, an RCWA code has been developed within the team. Its features are reduced but, it permits to take in account the whole complex permittivity tensor for rectangular 1-D gratings. The RCWA applied to anisotropic materials is a welldocumented method and is detailed in [START_REF] Li | Reformulation of the fourier modal method for surface-relief gratings made with anisotropic materials[END_REF][START_REF] Popov | Grating theory: new equations in fourier space leading to fast converging results for tm polarization[END_REF][START_REF] Li | Fourier modal method for crossed anisotropic gratings with arbitrary permittivity and permeability tensors[END_REF][START_REF] Popov | Maxwell equations in fourier space: fast-converging formulation for diffraction by arbitrary shaped, periodic, anisotropic media[END_REF]. respectively, which upon comparison with the corresponding simulations (figure 2.39(b.1), (b.2) and (b.3), respectively) using our RCWA code validates its efficiency.

Conclusion

The focus of this chapter was to detail the magnetic and MO properties of our composite in thin-film form. Crystal structure of cobalt ferrite was seen to be of inverse spinel structure in which Co and Fe cations occupy different tetrahedral and octahedral sites. With respect to magnetic properties, CoFe 2 O 4 NPs are ferrimagnetic, mono-domained and possess a large magnetic anisotropy. Electronic transitions in either the tetrahedrally coordinated or octahedrally coordinated cations were responsible for the MO behavior of cobalt ferrite which in itself was due to spin-orbit interaction. Magnetization of NPs in ferrofluid form could be modeled by Langevin's theory of paramagnetism whereas that of NPs trapped in a host matrix display hysteresis behavior with a magnitude proportional to the volume fraction of NPs. A linear relationship between the magnetization and FR enables the behavior of the latter to be of hysteresis nature. A spectral variation of the FR displayed local maximum at around 750 nm and 1550 nm.

Thin film preparation of our MO composite was described starting from sol-gel method to impregnate cobalt ferrite NPs in a silica matrix followed by the details of dip-coating technique. Varying the dip-coating speed varied the thickness of the resulting film. Ellipsometry showed that by increasing the volume fraction of NPs in the composite, we can increase its refractive-index and coefficient of extinction.

Conclusion

SEM images of our MO composite with titanium dioxide (TiO 2 ) and silicon nitride (Si 3 N 4 ) templates demonstrated good compatibility of our composite with the two materials for potential MO grating structures.

Following section focused on the experimental setups to characterize optical and MO behavior. A short description of the optical bench setup was followed by a detailed description of the magneto-optic bench along with some measurements of MO Faraday and polar Kerr effects. Measuring the polarization rotation for a sample of MO thin film composite on silica substrate showed the influence of the diamagnetic substrate at high magnetic fields. Removing its effect requires subtracting the Verdet constant of the substrate at the particular wavelength. On the other hand, since silica does not affect the ellipticity of light, no such diamagnetic influence is seen in the graphs of Faraday ellipticity. Using the experimental data for specific FR of a MO thin-film doped 22%, off-diagonal elements of the permittivity tensor were deduced. They were used to calculate polar Kerr effect at incident angles of 52 • and 72

• and showed coherence with experimentally measured ones. As expected, just like the Faraday effect, Polar Kerr effect also demonstrated the same regions of MO interest.

The aim of this thesis was established at this point which is to resonantly enhance the Faraday/MO effects of a homogeneous thin film by planar 1-D microstructuration. The final section of this chapter was a short description on the numerical simulation of optical and MO behavior of samples using Rigorous Coupled Wave Analysis (RCWA). A commercial software called MC grating allowed an intensive study of the optical response of samples. However, due to its inability to simulate structures presenting anisotropic materials, a homemade RCWA code was developed by the team which proved to be highly efficient in simulating the MO as well as optical results of structures reported in literature.

The next chapter is dedicated to the design, realization and characterizations of Optical resonances for the designed structures are simulated using a commercial software based on RCWA [START_REF] Lyndin | MC grating software[END_REF] to study their transmittance and reflectance, while their MO response is simulated using the homemade RCWA code presented in the previous chapter. Structures are then experimentally realized and compared with 3.1. Magneto-plasmonic gratings their simulated performance. The chapter starts with magneto-plasmonic gratings, its design and composition followed by the different modes supported by the structure and terminating with its measured Faraday effect performance. Next is the section on all-dielectric structures. It starts with a introduction to two proposed designs and the measured performance of each structure based on that design. Finally, the chapter ends with the experimental MO study of the best grating structure.

Magneto-plasmonic gratings

Magneto-plasmonic gratings are those periodic structures containing a metal interfacing with a MO dielectric material. The motivation to use periodically perforated metals is to excite TM plasmon-modes and simultaneously invoke Extra-Ordinary Transmittance (EOT) [START_REF] Thomas W Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF], as illustrated in chapter-1. A majority of the work carried out in literature is led using a garnet magnetic film with a gold grating on top of it. More complex structures [START_REF] Lei | Extraordinary optical transmission and enhanced magneto-optical effects induced by hybrid waveguide-surface plasmon polariton mode in bilayer metallic grating[END_REF], [START_REF] Caballero | Faraday effect in hybrid magneto-plasmonic photonic crystals[END_REF] were only studied through simulations due to difficulties in the processing of garnets. Another kind of design has been chosen in this work. For sufficiently small thickness of the Au layer, it is possible that the plasmons created at the upper interface (viz. Au/MO) couple to the ones created at the bottom interface (viz. Au/photoresist). This coupling would result in the creation of two optical modes: an asymmetric mode with a high propagation loss called short-range plasmons, and a symmetric mode with a low propagation loss called long-range plasmons [START_REF] Jourlin | Spatially and polarization resolved plasmon mediated transmission through continuous metal films[END_REF]. For a symmetric structure, its dispersion equations are expressed as follows:

Proposed design

tanh k m w 2 + k c m k m n 2 c = 0 Long-range plasmons tanh k m w 2 + k m n 2 c k c m = 0 Short-range plasmons (3.1)
where m is the permittivity of the metal medium, w is the metal layer thickness,

k m = k 0 n 2 e -m , k c = k 0 n 2 e -n 2 c
and n e is the modal effective index. Our structure is neither symmetrical nor posses a uniform metal layer. Nevertheless, approximating the asymmetry and the undulations to be small perturbations, the above equations still prove to be sufficient for our case. Now, let us look at some optical and MO features of such a magneto-plasmonic structure starting with TMOKE.

Magneto-plasmonic gratings

TMOKE features

As a reminder, TMOKE enhancement occurs only in the presence of a TM resonance. Chapter 3. Magneto-optical enhancement: design and realization Fabrication of the structure involves the first step of depositing a 500 nm photoresist (Shipley SPR220 ) layer on a BK-7 substrate followed by photolithographic exposure and etching. Figure 3.3 (a.) shows an Atomic Force Microscope (AFM) image of the etched photoresist with a period of 600 nm and height 136 nm. To this template 20 nm Au is thermally evaporated followed by a 525 nm thin layer of our MO composite with concentration φ=14.8%. At the moment, it is not possible to measure TMOKE at an angle of 80 • with the MO setup. Thus, experimental TMOKE enhancement of this structure remains to be validated. The issue will be resolved in the future. As shown in figure 3.3(b.) no TE resonance occurs at 1550 nm. To obtain a Faraday effect enhancement, another configuration has to be chosen with this device.

Magneto-plasmonic gratings

Faraday effect modification

As explained previously, to obtain an optimal enhancement of FR, the proposed structure needs to simultaneously excite TE and TM modes. 

Λ = λ i × m n i ± sin(θ i ) i = substrate, cover (3.2) 
Chapter 3. Magneto-optical enhancement: design and realization where Λ is the grating period, λ i is the incident wavelength, m is the diffraction order, n is the refractive index, θ inc is the incidence angle and ± sign represent the grating periods and increased wavelengths). Recalling that 750 nm of wavelength is also a MO area of interest (refer figure 1.4), this means the magneto-plasmonic grating fabricated for TMOKE measurements (with a grating period of 600 nm for an incidence angle of 80 • ), at the same time, lies close to fulfilling the phasematch condition for Faraday effect enhancement as well, for an incidence angle of 0 • . In this spectral area, FR should be negative, as measured on the homogeneous film. For the magneto-plasmonic device, the sign of FR passes from the negative to positive at 920 nm and 950 nm showing the impact of resonance on the MO spectrum. Such a behavior is not a huge enhancement, but it shows the ability of the device to modify the MO spectrum. To improve this behavior, the device parameters should be closer to that obtained from design: height of the grating, thickness of the MO layer. The latter is different on glass substrates than on metallic substrates, as the average MO effect is weaker from the device compared to the homogeneous film.

To adapt such a thickness, the dip-coating speed has to be modified accordingly. This spectral modification of FR is a first demonstration that should be improved in the future. To reach such an improvement, the design has to be reviewed with the other targeted configurations. In fact, Floess et al. [START_REF] Floess | Plasmonic analog of electromagnetically induced absorption leads to giant thin film faraday rotation of 14[END_REF] have shown that the metal Chapter 3. Magneto-optical enhancement: design and realization position in the device has to be carefully chosen in order to obtain an adequate hybridization of TM mode between plasmons and guided-mode.

As exposed in chapter-1, the use of metals in photonic systems can be a bit challenging considering their high absorption. The following section presents the optical and MO behavior of 1-D all-dielectric MO gratings. 3.2. All-dielectric gratings

All-dielectric gratings

Design-A: grating on a MO layer

Of the two designs, gratings of design-A are relatively easy and inexpensive to fabricate. They involve first, depositing a thin-film of our MO composite onto a substrate such as BK-7 or pyrex followed by the deposition of a photoresist or a photopolymerizable sol-gel with subsequent photolithographic etching. However, fabrication of design-A structures do not offer flexibility in terms of the grating fill-factor. It is limited to 45%-50%. Because of its ease of fabrication and low cost, gratings of type design-A are more suited for practical applications such as non-destructive testing, for instance. Two structures are proposed with this design for target wavelengths of 750 nm and 1550 nm (refer figure 1.4) in transmission configuration for Faraday effect.

For 750 nm, figure 3.8(a.) shows a color map of transmittance as a function of grating height and incident wavelength for 0 • incidence. The structure consists of a 500 nm periodic grating made with TiO 2 -based photopolymerizable sol-gel. Table 3.1 presents rest of the parameters used in the simulations. As evident from the figure, the structure is capable of exciting both TE and TM guided-modes very close to one another with better results towards higher grating Here also, the structure shows closely spaced TE and TM resonances with efficiencies that increase with the grating height. These above presented structures show good potential to enhance MO effects for an all-dielectric structure with TE/TM resonances reaching 70% efficiencies at 3.2. All-dielectric gratings grating heights close to 250 nm. Practically, this was a little difficult to realize thus, limiting the efficiency of the fabricated structure. Nevertheless, even a slight modification of the spectra represents the capability of the structure to perform better. In addition to remarking a grating height influence on the transmitted efficiency, it was observed that samples of type design-A fabricated on pyrex substrates performed a little better than the ones prepared on BK-7 substrates.

Continuing with the analysis of all-dielectric MO gratings, let us focus on the performance of MO structures of type design-B.

Design B: impregnation of templates

The objective to realize such MO structures is to start with a template structure of high quality so that the region under illumination, unlike in the above case, is well homogeneous. Two different materials were used to realize such a design, titanium dioxide and silicon nitride. They were decided based on their refractive index contrast with our MO composite.

MO gratings with TiO 2 : TiO 2 templates were fabricated using sol-gel technique and photolithography on BK-7 substrates (refer [START_REF] Varghese | Nano-composite magnetic material embedded on tio 2 pillars to realize magneto-optical resonant guided mode gratings[END_REF] for details). They were the first structures to be analyzed in this work. These templates were impregnated with our MO composite having a NP concentration of 1% which provided a refractive index contrast of 0.26 at 1550 nm and 0.29 at 750 nm (see table 3.3). The period of the structure was 970 nm with a grating height of 315 nm and a fill-factor close to 50%. Figure 3.11 shows its transmittance simulated and experimentally measured in the infrared region for 0 • incidence. A TE resonance with 50% transmission efficiency at 1500 nm can be evidenced. However, the structure was incapable of exciting TM resonance at 0 These resonant dips/peaks are well coherent with the grating equation 1.33 confirmed by the simulations. Using the measured data for TE transmittance (figure 3.12(a.)), the effective-index of the guided-mode is calculated to be 1.68, which is coherent with the effective index values of the materials employed.

However, due to the lack of simultaneous TE/TM resonance at 0 • and limitations of the MO setup to measure Faraday effect at high oblique incidence (where TE and TM resonances both exist), no Faraday enhancement was observed. Also, the refractive index contrast in grating region was low to achieve notable efficiencies. This could be varied by changing the concentration of NPs in the MO composite.

Furthermore, simulations showed that increasing the grating height from 315 nm to 600 nm can lead a much higher transmission efficiencies. The results of TiO of 0.325 at 1550 nm (see figure 3.13(a.)). The substrate considered was BK-7. To obtain a resonance at 1550 nm with the given refractive indices and an incidence angle of 0 • , the grating period Λ was fixed at 950 nm. Such a grating period is attainable by fabrication and results in a sub-wavelength grating: only the zerothdiffraction order would exist in the substrate and the upper cover of air. Other physical parameters of the grating structure were determined based on their ability to simultaneously excite guided-modes for TE and TM polarizations. These adjustable parameters were the height h of the grating and the line-space ratio (l/s), line l being the width of Si 3 N 4 and, space s being the width of the MO material.

Alasaarela et al. [START_REF] Alasaarela | Single-layer one-dimensional nonpolarizing guided-mode resonance filters under normal incidence[END_REF] showed that a proper choice of these two parameters can lead to a polarization-independent resonance situation. These parameters were h = 560 nm, l = 719 nm and s = 231 nm. Simulated transmittances for the structure based on these parameters are reported for both Chapter 3. Magneto-optical enhancement: design and realization polarizations in figure 3.13(c.). For both the polarizations, the resonance manifests itself by a dip in transmittance, going down from 80% (outside resonance) to 10% (at resonance) around 1550 nm. Table 3.4 lists the optical features of both the resonances.

But, the shape of these transmittance curves around the dip show a different behavior for TE and TM polarizations, with a narrower resonance for TM. This dip in transmittance was associated with a corresponding peak in the reflection spectrum which reaches 80% at resonance (not shown here). 

All-dielectric gratings

Analyzing figure 3.14, the spectral behavior of FR evidences a large enhancement through the presence of large opposite peaks on both sides of the resonance for both polarizations. For TE polarized light, Faraday effect reaches -2 • of rotation on the long-wavelength side. One can see that the enhancement of FR is better for TE than TM polarization, even if the resonance is less sharp. On one hand, comparing this value of 2 • to the "off-resonance" value of 0.027 • , a gain as large as 100 is evident. So, a MO sensor, for instance, based on this kind of structure would take a large advantage of such an enhancement in terms of its sensitivity.

It is worth noting that the off-resonance value is weaker than that of the reference layer because it contains rather less MO material, which is present only inside the slits of the Si 3 N 4 grating. On the other hand, the drawback is that the spectral position of this maximum coincides with the minimum of transmittance which is close to 7%. Regardless, in the case of a sensor, it is not always required to have a high optical intensity, but it may be the case for other applications. al. [START_REF] Caballero | Faraday effect in hybrid magneto-plasmonic photonic crystals[END_REF] numerically obtained values less than 0.01 • with 2-D metallic/ferromagnetic perforated membranes. Finally, the 0.7 • of FoM demonstrated here is, to the best of our knowledge, one of the highest reported and obtained on a 1-D grating which can be easily fabricated. Furthermore, compared to the other works cited [START_REF] Lei | Extraordinary optical transmission and enhanced magneto-optical effects induced by hybrid waveguide-surface plasmon polariton mode in bilayer metallic grating[END_REF][START_REF] Caballero | Faraday effect in hybrid magneto-plasmonic photonic crystals[END_REF][START_REF] Vi Belotelov | Extraordinary magnetooptical effects and transmission through metal-dielectric plasmonic systems[END_REF][START_REF] Yao | Nonreciprocal plasmonics enables giant enhancement of thin-film faraday rotation[END_REF] which employ a metallic material, this result is obtained with an all-dielectric 1-D grating. Besides Faraday effect, other magneto-optical effects such as Kerr effects have also been studied on this structure around the resonance area.

The PMOKE and LMOKE are both calculated for a 1 • incidence, LMOKE being null at normal incidence. Recalling that for PMOKE, the magnetic field direction is identical to that in Faraday configuration (along Z -axis), whereas for LMOKE its In the case of TMOKE, the magnetic field is oriented along Y -axis and involves no coupling between the TE and TM polarization and thus, no magnetically-3.2. All-dielectric gratings induced polarization rotation. Figures 3.15 (d.), (e.) and (f.) demonstrate simulated TMOKE for the structure as a difference between the reflectance spectra obtained for opposite directions of the induced magnetization: R (+M sat) -R (-M sat) . As it is null at zero incidence, it is calculated for 1 • , 5 • and 10 • incidence. Such low values of incidence angle guarantee good reflectivity. One can notice, for each angle, the presence of two opposite peaks in the TMOKE spectra with a maximum value of 1.2 × 10 -2 at 5 • of incidence. Contrary to Faraday effect and LMOKE/PMOKE, the enhanced value is obtained for one peak with an intensity of signal which is high (58% at 1 • and 40% at 5 • ). As a comparison and using the previous definition of TMOKE (R (+M sat) -R (-M sat) ), the enhanced value reported here is of the same order as that measured by Pohl et al. with a 1-D gold grating on top of a BIG layer (7.8 × 10 -3 ) [START_REF] Pohl | Tuning of the transverse magneto-optical kerr effect in magneto-plasmonic crystals[END_REF]. This layer possesses a magneto-optical activity given by a permittivity with an off-diagonal element of 0.0085. On the same kind of structure, Halagačka et al. numerically obtained a giant effect as large as 0.5 with an off-diagonal element of 0.1 [START_REF] Halagačka | Coupled mode enhanced giant magnetoplasmonics transverse kerr effect[END_REF]. For all-dielectric structures, Maksymov et al. evidenced through numerical simulations, a TMOKE of 4 × 10 -2 with an off-diagonal element of 0.005 [START_REF] Ivan S Maksymov | Transverse magneto-optical kerr effect in subwavelength dielectric gratings[END_REF]. And, Caballerro et al. numerically demonstrated a TMOKE value of 4 × 10 -3 , using 2D magneto-plasmonic membranes with a high sensitivity of this TMOKE effect to the surrounding medium [START_REF] Caballero | Faraday effect in hybrid magneto-plasmonic photonic crystals[END_REF]. Our results show that even if we are using an off-diagonal element with a weak value (0.0037), and even if the structure has not been optimized for TMOKE but for Faraday effect, the enhanced TMOKE value is of the same order as that reported in literature.

The obtained results show that it is possible to obtain an enhancement of four MO effects with the same structure. In the context of magnetic sensors, such a structure gives the possibility to access, at least, two different components of the magnetic field: one component from the modification of the reflectivity (TMOKE), and the other one from polarization rotation (Faraday, P/LMOKE). Nevertheless, if we consider only the three effects leading to a polarization rotation, it is evident that the maximum of rotation is obtained for small values of the corresponding diffraction efficiency. Now, we will focus only on Faraday effect. By changing the incidence angle, it is possible to shift the spectral position of both TE and TM resonances separately. The computed TM FRs for 1 • , 5 • and 10 • are plotted in figures 3.16(a.), (b.) and (c.), respectively. In the case corresponding to a 5 • incidence for TM polarization (figure 3.16(b.)), a FR of 0.15 • is obtained for a value of transmittance as high as 82%. This gives a possibility of the structure Chapter 3. Magneto-optical enhancement: design and realization to present a good transmittance as well as an enhanced MO effect. At 1 • and 10 • incidence (figure 3.16(a.) and 3.16(c.), respectively), the same kind of behavior can be also remarked but, with smaller FRs. The spectral modification of the rotation is thus preserved for all the resonances, the native polarization (here TM) but also the opposite one (i.e. TE). Nevertheless, despite a FoM (see figure 3.16(d)) that is lower than that at normal incidence, i.e. at the phase-matching condition in our case, one can see that it is possible to obtain an enhancement of the rotation at a wavelength where the transmittance is close to 80%. Working at this level of transmittance can be really interesting for the development of sensors, for instance.

The Faraday effect in this kind of structure could be enhanced by using a material with a larger off-diagonal term which is possible with our MO composite by using a larger amount of NPs in the sol-gel. The narrowness of the resonances gives rise to spectral modifications with a FWHM of a few nanometers. This is less than what could be obtained using magneto-plasmonic structures [START_REF] Lei | Extraordinary optical transmission and enhanced magneto-optical effects induced by hybrid waveguide-surface plasmon polariton mode in bilayer metallic grating[END_REF], but it is larger than what is expected for a 2D all-dielectric grating as demonstrated by Bai et al. [START_REF] Bai | Polarization conversion in resonant magneto-optic gratings[END_REF]. Figure 3.17 shows a color map of reflectance at 1550 nm as a function of grating period (Λ) and height (h) for an angle of incidence of 55 • . The structure is the same as before with silicon nitride and MO composite, but the fill factor is fixed at 50% and the concentration is a bit higher (22%). This color map evidences that a large TM resonance takes place. As illustrated in figure 3.18, when the period and height are respectively, fixed at 2190 nm and 400 nm, the reflectance varies from 0 to 40%, whereas the transmittance varies from 90% to 15% at the resonance position.

Such TM resonance gives rise to an enhancement of TMOKE which reaches 0.014 in reflectance (figure 3.18(a.)). This is higher than that obtained at 5 • on the previous device designed for Faraday enhancement. And, in transmission mode, the TMOKE is even higher with a maximum value of 0.018 (figure 3.18(b.)). This last value is of the order demonstrated by Maksymov et al. [START_REF] Ivan S Maksymov | Transverse magneto-optical kerr effect in subwavelength dielectric gratings[END_REF], but in our case, the off-diagonal element is weaker, and the resonance is not as narrow as they demonstrated. This numerical study on design-B structures with silicon nitride has shown a great potential of such devices to enhance every MO effect. The next section is thus dedicated to the experimental analysis of this kind of devices.

Experimental evidence of MO enhancement

In order to experimentally demonstrate a MO enhancement in an all-dielectric 1-D structure, the structure simulated and detailed in the previous section had been fabricated. This targeted structure was a 1-D periodic grating constituting alternatively of silicon nitride (n = 1.93 + i0) and MO composite (n = 1.606 + i0.005) with a period of 950 nm on a BK-7 substrate. The elaboration strategy was to start from a Si 3 N 4 grating template which would be then dip-coated in a NP doped sol-gel solution in order to fill the grating slits with the MO composite. In order to fulfill the requirements of simultaneous TE and TM resonances, thickness of the template would have to be adjusted at 560 nm with a Si 3 N 4 line width of 719 nm.

Experimental evidence of MO enhancement

Description of samples

Fabrication of the Si 3 N 4 grating template was subcontracted to the University of Joensuu (Finland). The first step was the deposit of silicon nitride on BK-7 substrates. Then, electron beam lithography and reactive ion etching were performed to obtain the template. Compared to the fabrication of previous gratings based on classical coating and photolithography, this elaboration method was more complex and expensive. It can not so easily be applied to an industrial process, but it ensures a very good homogeneity of the pattern over the 5 × 5 mm surface of the device. Each sample was characterized for its grating period using the Littrow configuration setup. Even if the parameters did not match with the targeted ones, different samples were selected to be impregnated by the magnetic material. This selection was based on simulations of the different gratings with our MO material filled in the slits and variation of the refractive index of our MO composite. In fact, as detailed in the previous chapter, the refractive index of our composite depends on the concentration of CoFe 2 O 4 NPs, which can be tuned at the sol doping stage. The aim was to identify those structures which when filled with our MO material allows a coincidence of TE and TM resonances. This was done for samples S0, S3 and S6, which were then dip-coated with the appropriate sol-gel solution.

In the following paragraphs, the results related to sample S3 will be mainly detailed. For this sample, the best choice was a refractive index of 1. Finally, the obtained all-dielectric MO grating described in figure 3.19 was carefully characterized and its optical and MO properties are detailed in the following sections. 

Faraday effect

Kerr effect

Longitudinal Kerr effect had been measured and simulated in transmission, as the angle used is close to zero. Indeed, the parameters of the grating have been optimized

to enhance the Faraday effect at 0 • incidence. Due to geometry of the electromagnet, the magneto-optical bench described in the previous chapter and dedicated to Kerr effects ( § 2.4.2) permits to perform the L/PMOKE measurements in reflection only for large angles of incidence (higher than 25 • for LMOKE). This is not suitable here as the resonance takes place around 0 • . Nevertheless, it has been possible to perform LMOKE measurements in transmission for angles close to 0 • , using the same bench. The PMOKE in transmission is equivalent to the Faraday effect. The A TMOKE measurement had been carried out in reflection and transmission with an experimental electromagnet configuration which does not allow magnetic saturation of the MO composite. In fact, the applied magnetic field was limited to just 200 mT, as opposed to 800 mT for Faraday effect measurements. The principle of measurements did not allow an exact transmittance measurement of the sample with and without magnetic field, but only the intensity of output signal. Thus, the measurements reported in figure 3.24(a.) is not an absolute value of TMOKE.

Nevertheless, an enhancement of the effect is demonstrated whether in transmission or in reflection, with a mutual coherence of the corresponding experimental and simulated curves. These shapes are directly linked to the shape of the optical res- To conclude this experimental study of sample S3, enhancements of Faraday effect, LMOKE and TMOKE have been experimentally demonstrated. To the best of our knowledge, this is the first time that three different magneto-optical effects are shown to be enhanced using a single device. In addition, these results are obtained on a single all-dielectric grating, whereas works dedicated to such enhancement in the literature employ magneto-plasmonic devices. The results obtained in this work are based on the simultaneous excitation of TE and TM resonances through a proper choice of geometrical parameters of the dielectric grating. As a complement, the next section will illustrate that the MO enhancement is weaker when the TE/TM matching is worse.

Experimental evidence of MO enhancement

Additional experiments

Samples S0 and S6, presented in table 3.5, had also been impregnated with the MO composite. In their cases, the volume fraction of NPs was fixed at 10% (n = 1.547 + i0.005). In figure 3 These experimental results confirm our design strategy which consists of maximizing the overlap between the TE and TM resonance to obtain an optimal FR enhancement.

Ellipsometry analysis of samples

In order to complete the analysis of the samples, supplementary measurements had been done by ellipsometry in transmission configuration at 0 • incidence. Previous ellipsometry measurements presented in this manuscript were done classically in reflection mode on thin-films in order to determine their complex refractive index.

Ellipsometry spectra obtained in transmission configuration are reported in figure 3.26 for samples S3 and S0, in terms of ellipsometric parameters, Ψ and ∆. Ψ is related to the dichroism and, ∆ to the phase-shift between both eigenstates (TE and TM). For both samples, the guided-mode resonant behavior manifests itself around 1500 nm as variations in Ψ and ∆. This modification in dichroism can be attributed to the difference in transmittance behavior of TE and TM light (see figure 3.22 or 3.25). Concerning the phase-shift parameter ∆, the physical origin of its behavior has not been attributed yet.

Another important feature can be pointed out in the ellipsometric spectra of S0 around 500 nm: a large variation of the ellipsometric parameters takes place. At the time, we do not have any clear explanation of this behavior which does not exist for S3. The only element is that a fine analysis of the TE and TM transmittance curves in this area shows that they go down to zero at 550 and 500 nm, respectively. Such annulations may explain the large dichroic variation. The magneto-optical spectrum had also been studied in this wavelength area. It is reported in figure 3.27 which evidences a large enhancement of the Faraday effect around 500 nm. But even if the rotation reaches 0.4 • , one should be reminded that the transmittance is very low due to a large absorption produced by the NPs in this area (see figure 2.25). Thus, the Figure Of Merit is very low, whatever be the polarization.

Experimental evidence of MO enhancement
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Conclusion

Using the methods described in chapter-2 and the design strategies resulting from the bibliographic analysis of the first chapter, the objectives of this chapter were to design, realize and analyze 1-D resonant gratings able to produce MO enhancement.

Different routes had been followed in terms of materials and templates. Several results can be highlighted:

-The realization of 1-D magneto-plasmonic gratings with sinusoidal undulation of the metal is promising because such a device is easy to realize even on a large scale. Furthermore, it allows to work in transmittance through EOT, and a preliminary modification of the MO spectra has been evidenced. However, for improving this modification to an actual enhancement, the design has to be more precisely analyzed to take more benefits from the different dispersion behavior of plasmonic and dielectric modes, and even their hybridization.

-Resonant gratings made of a plain MO film with a dielectric grating on top of it are also very easy to realize. They produce TE and TM resonances with good efficiency, but these resonances cannot be matched. Despite this drawback, MO simulations have evidenced the possibility to enhance Faraday effect, but experimental demonstrations were limited by the low magnitude of these modifications. To improve them, among others, the thickness of the grating has to be increased to improve the resonant efficiencies.

-The use of 1-D silicon nitride gratings as a template to be impregnated by the composite produce an enhancement of several magneto-optical effects: Faraday, LMOKE and TMOKE. This enhancement, first demonstrated using numerical simulations, has been experimentally confirmed. Such a demonstration is, to the best of our knowledge, the first obtained with an all-dielectric device.

In all cases, studies of TMOKE enhancement were limited by the setup characteristics, which have to be improved in the future in order to allow such studies.

CONCLUSION AND FUTURE WORK

The aim of this thesis work was to design and realize resonant magneto-optical structures that can be made from a sol-gel material doped with magnetic nanoparticles.

The advantages of the considered material are that it can be easily deposited on a wide range of substrates and can also impregnate pre-micro-structured gratings.

The bibliographic work, presented in chapter 1, permitted to identify the differ- To achieve our objectives, it had been decided to work on the design and on the realization of 1-D, all-dielectric and magneto-plasmonic resonant gratings. Fabrication of some structures, sol-gel synthesis, deposition as well as the spectral optical and magneto-optical characterizations were performed in our lab. The grating designs were performed using a commercial simulation software (MC Gratings) and the associated MO effects were computed using a homemade RCWA based code.

Conclusion

The main results concern a theoretical demonstration of an enhancement of the four first-order MO effects with a single 1-D resonant grating. This simulation study has been confirmed experimentally on a Si 3 N 4 based MO composite material grating. Magneto-optical characterizations confirmed an enhancement of three MO effects: Faraday effect, LMOKE and TMOKE. This is, to the best of our knowledge, the first experimental demonstration of an enhancement of several MO effects with an all-dielectric structure. The magneto-plasmonic approach gave less obvious FR enhancement but presents the advantages of EOT. Moreover, the manufacturing steps of the different presented structures are relatively simple compared to those involved in the production of structures based on standard magnetic materials. This point makes possible to envisage a realization at reasonable cost, which would be compatible with sensor applications.

The demonstrated results of this thesis have highlighted the potential of our composite material for the realization of devices allowing the exaltation of different MO effects. Furthermore, the possibility of obtaining a simultaneous enhancement of different effects allows considering the realization of magnetic-field sensors able to detect at least two components of the field. The work done throughout this thesis enables us to discuss different perspectives:

-The design and fabrication steps of the magneto-plasmonic structure have to be optimized to improve the association of large transmittance and FR enhancement.

-To further simplify the fabrication of structures, a study on the possibility to employ a photopolymerizable sol-gel material doped with magnetic NP is a track that is already being explored as part of a joint thesis with Institut de Sciences des Matériaux de Mulhouse. The aim is to avoid the need of a grating template, which is essential today.

-The MO characterization setups have to be improved to measure the four firstorder effects in transmission and reflection, and for a large range of incidence.

The realization of a suitable electromagnet is in progress.

-Once such a setup is available, the realization of a TMOKE dedicated structure, i.e. optimized for this effect should be led. Such structure would allow larger TMOKE values than that obtained in this work. TMOKE being an List of Figures 3.9 
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 211 Figure 1.1: Schematic depiction of the magneto-optical (MO) Faraday effect.
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 1 Figure 1.1 schematically depicts the MO effect of polarization rotation and polarization ellipticity when a linearly polarized light wave propagates through a medium
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 412 Figure 1.2: Experimentally measured Verdet constant of glass at 300K as a function of incident wavelength.
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 13 Figure 1.3: Schematic diagram of a MO medium exhibiting non-reciprocal behavior of FR.
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 14 Figure 1.4: Experimentally measured values of specific FR, θ spF as a function of the incident wavelength (600-1700 nm) at a saturation external magnetic field of 800 mT at 300 K.
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 15 Figure 1.5: PMOKE (a.) and LMOKE (b.) rotations as a function of incident angle for a bulk material of Bi:YIG with TE-polarized incidence at 1550 nm.
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 16 Figure 1.6: Experimental specific FR of silica/zirconia matrix doped with cobalt ferrite nanoparticles at 820 nm for two different volume fraction of the nano-particles, 0.65% and 1.5%. The figure is adapted from [45].
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 17 Figure 1.7: Schematic of an asymmetric planar dielectric waveguide showing the propagation of guided-modes as total-internal-reflection of light rays.
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 118 Figure 1.8 graphically shows the TE-mode dispersion characteristics of a dielectric waveguide for different values of guided-mode number m. Guided-modes exist only in the region bounded by the lower bound (c/n f )k 0 and upper bound (c/n s )k 0 in discrete values. As ω increases, more and more guided-modes can exist. The first three guided modes (m = 0, 1, 2) are shown.
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 19 Figure 1.9: Graphical representation of the TE 1.27 and TM 1.28 eigen-value equations for λ inc = 633nm as a function of the waveguide height d. The indices of refraction for the cover, film, and substrate as 1, 1.55, and 1.47 respectively. The figure is adapted from [48].
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 2 Photonic crystals (PhCs) are materials with a periodic spatial variation in their dielectric constant which can resonantly interact with incoming radiation having a wavelength comparable to the characteristic period of the material[START_REF] John | Strong localization of photons in certain disordered dielectric superlattices[END_REF] [START_REF] Yablonovitch | Inhibited spontaneous emission in solid-state physics and electronics[END_REF]. Depending on the dimensionality of periodicity, they can be classified as 1-D, 2-D and 3-D PhCs.

Figure 1 . 10 :

 110 Figure 1.10: Schematic illustration of the types of photonic crystals (PhCs): 1-D, 2-D and 3-D. 'a' is the periodicity.

Figure 1 .

 1 Figure 1.11: (a.) Schematic illustration of a 1-D PhC periodic in the z-direction with periodicity 'a' (b.) Corresponding dispersion relation in the first Brillouin zone (unit cell in the reciprocal lattice space) (marked by two vertical solid lines). Dashed lines represent the light line.

Figure 1 . 12 :

 112 Figure 1.12: Schematic illustration showing an incident light not being able to fulfill the phase-matching condition to excite optical guided-modes in the underlying planar system (a.) and, a waveguide-grating structure able to satisfy the phase-matching condition (b.).

Figure 1 . 13 :

 113 Figure 1.13: Effect of variation of physical and orientation parameters on the reflectance of a waveguide grating structure. (a.) Schematic diagram of simulated waveguide grating. (b.) Variation of grating period, Λ. (c.) Variation of fill-factor, f . (d.) Variation of incident angle, θ inc . (e.) Variation of incident polarization.

Figure 1 .

 1 Figure 1.14: (a.) Schematic of a thin-film waveguide periodically perforated in 1-D (b.) Numerical simulation of the relation between its line width, w and grating height, h. The point of intersection represents the parametric position at which the TE and TM modes have the same propagation constant, β. (c.) Numerical simulation of the TE and TM reflectance using the intersection parameters. The figure is adapted from [64].

1. 2 .

 2 Resonant structuresEqual values of propagation constant for the two modes are important in the context of TE-TM polarization conversion efficiency. Referring to equation 1.30 when ∆β → 0, the efficiency of polarization conversion from one mode to another tends to 100%. It will be seen in the next section how such a situation can aid in unique MO effects. Another way of achieving TE-TM polarization independent resonance is by fabricating a diffraction grating with a metal and consequently, exciting simultaneously TM surface plasmons polaritons and TE dielectric modes.

Figure 1 .

 1 Figure 1.15: 1-D metal grating demonstrating enhanced optical transmission (EOT) for TM polarized light for different grating heights. The figure is adapted from [67].

1. 3 .

 3 Magneto-Optic enhancement

Figure 1 .

 1 Figure 1.16: (a.) Cross-sectional SEM image of 1-D microcavity structure of (T a 2 O 5 ) 5 /SiO 2 /Bi : Y IG/(SiO 2 /T a 2 O 5 ) 5 . (b.) Spectral dependence of the optical transmittance and FR of the structure. The figure is adapted from [70].

Figure 1 .

 1 Figure 1.17: (a.) Cross-sectional SEM image of 1-D periodic structure of (SiO 2 /Bi : Y IG) 5 /Bi : Y IG. (b.) Spectral dependence of the optical transmittance (filled dots) and FR (open dots) of the structure. The figure is adapted from [76].

Figure 1 .

 1 [START_REF] Spaldin | Magnetic materials: fundamentals and applications[END_REF] shows a Scanning Electron Microscope (SEM) image of the fabricated inverse opal magneto-PhC.

Figure 1 .

 1 Figure 1.18: (a.) SEM image of a 3D magneto-PhC of inverse opals with silica composite doped with magnetic cobalt ferrite nanoparticles. The figure is adapted from [46].

Figure 1 .

 1 Figure 1.19 demonstrates the optical and magneto-optical results of the inverse opal. It shows the existence of a PBG of the inverse opal centered around 720 nm.

Figure 1 .

 1 Figure 1.19: (a.) Experimental curves of transmittance (dotted line) and FR (solid line) of the 3-D inverse opal with the FR of a single MO thin film (dashed line). (b.) The same for Faraday ellipticity. The figure is adapted from [47].

  of polarization conversion like the Faraday effect, the guided configuration requires close values of TE and TM propagation constants; it means ∆β ≈ 0 (see equation1.30). Finally, the design of structures dedicated to Faraday effect requires the following conditions:-A set of physical parameters of the guide and a period of the grating which ensure a resonance effect at the desired wavelength, -A configuration which allows to simultaneously obtain TE and TM resonance.Ideally, such resonance should be combined with a transmitted light intensity as large as possible in order to maximize the figure of merit.Several strategies have been led by researchers to fulfill such requirements. The first is to employ a 2-D periodic arrangement which, at normal incidence, gives a full degeneracy of TE-and TM-polarization configuration. Following this concept, Belotelov et al.[START_REF] Vi Belotelov | Extraordinary magnetooptical effects and transmission through metal-dielectric plasmonic systems[END_REF] numerically demonstrated a resonant enhancement of FR by a factor of 9 along with a transmission resonance as high as 35% for a 2-D magnetoplasmonic structure containing a perforated metal film on a MO substrate (see figure1.20). The reference structure was a plain MO material without any structuration.For a dedicated wavelength, the grating diffracts the incident light on metallic SPPs which give rise to the phenomenon of EOT and ensures a resonant peak in the transmitted light intensity. Due to SPPs, the output light has an increased optical Bobin VARGHESE -Laboratoire Hubert Curien 1.3. Magneto-Optic enhancement path length as compared to that of a plain MO thin film of the same material and polarization modes being phase-matched, the Faraday effect is enhanced.

Figure 1 .

 1 Figure 1.20: (inset) 2-D magneto-plasmonic bilayer system of perforated Au-film of thickness 68 nm and uniform Bi:YIG film of thickness 118 nm with a period of 750 nm and a hole size of 395 nm. Transmittance (left) and FR (right) spectra. The figure is adapted from [85].

Figure 1 .Figure 1 . 21 :

 1121 Figure of Merit

Figure 1 .

 1 Figure 1.22: (a.) Schematic structure of a Au-Co-Au layer system with 2-D periodicity of holes. Spectral dependence of transmittance (b.), FR (c.) and FoM (d.) on the Co layer thickness. The figure is adapted from [11].

1. 3 .

 3 Figure 1.22(b.) and (d.) show the dependence of transmittance and FoM on

Figure 1 .

 1 23(a.) illustrates the physical parameters of the 2-D structure utilized with corresponding transmittance, FR and Faraday ellipticity (figure 1.23(b.)). For the parameters mentioned, two extremely narrowly spaced, ultra-thin transmission dips are present attributed to the excitation of leaky guided modes in the structure. At each position of these two transmission resonances, asymmetric resonant enhancement of Faraday effect is reported. Chapter 1. Magneto-optical effects and enhancement processes

Figure 1 .

 1 Figure 1.23: (top): Schematic of the cross-section of a 2D magneto-plasmonic structure along with the structural parameters used in [90]. (Bottom): Transmittance (right), FR and Faraday ellipticity (left) calculated by numerical analysis. The figure is adapted from [90].

Figure 1 .

 1 24(b) demonstrates the condition for maximal light polarization rotation which is the point where the dispersion curves for the two fundamental modes, namely TE and TM cross one another. This point of intersection corresponds to the condition ∆β = 0 in equation 1.30. The lines in the diagram trace the resonance frequencies of the dielectric TE-and TM-modes in the MO layer for varying grating periods. The two curves remain parallel without any point of intersection. However, because of the metallic grating and owing to the formation of 1.3. Magneto-Optic enhancement Waveguide-Plasmon-Polaritons [92], the TM mode is modified to bend over the TE waveguide-mode dispersion curve and an intersection is created.

Figure 1 .

 1 Figure 1.24: (a.) Schematic of a 1-D magneto-plasmonic structure. (b.) Schematic of the dispersion graph of such a magneto-plasmonic structure. The figure is adapted from [93].

Figure 1 .

 1 Figure 1.25(a.), (b.) and (c.) demonstrate respectively, experimentally measured values of transmittance through a 1-D magneto-plasmonic structure for TE and TM polarized incident radiation and an enhancement in the FR for a range of grating periods near to the intersection of the two dispersion curves for TE and TM modes.

Figure 1 .

 1 Figure 1.25(a.) demonstrates the excitation of a TE-guided-mode in the MO thin film leading to a dip in the transmission spectra which red-shifts as the grating period increases (consistent with the phase-matching equation, 1.33). In figure 1.25(b.) the TM-polarized incident light excites a hybrid mode containing characteristics of aguided-mode and a localized plasmon mode. This excitation manifests itself in two resonances: at the transmission resonance dip at shorter wavelength, the guidedmode resonance is dominant whereas, at the longer wavelength resonance, it is the localized plasmon resonance that dominates. So, as the grating period increases, the plasmon resonance stays put, whereas it is only the guided-mode resonance that shifts. Consequently, the period corresponding to the situation when the two modes are spectrally closest yields the maximum FR enhancement (see figure1.25(c.)). The

Chapter 1 .Figure 1 .

 11 Figure 1.25: (a.)(b.) Experimental transmittance for TE-, TM-polarized incident light, respectively. (c.) Measured values of FR enhancement for different grating periods. The spectra is vertically shifted for clarity. The figure is adapted from [91].

[ 85 ]Figure 1 . 26 :

 85126 Figure 1.26: (a. and b.) PMOKE and LMOKE configuration: (a.1 and b.1) show the orientation of the isotropic dipole moment (blue) and the MO dipole moment (red) and their scattered-radiation pattern. The figure is adapted from [94].

Figure 1 .

 1 27(a.) shows a Scanning Electron Microscope (SEM) image of the 2-D nano-structured Nickel film along with its specular reflectance and longitudinal Kerr rotation (figure 1.27(b.)).

Figure 1 .

 1 Figure 1.27: (a.) Scanning electron microscope image of a 2-D nanostructured nickel film. (b.) Spectral variation of its reflectance (right) and longitudinal Kerr rotation (left) for p-polarized incident radiation. The figure is adapted from [95].

36 ) with α defined as in equation 1 . 35 .Figure 1 .

 361351 Figure 1.28: (a.) Schematic of 1D magneto-plasmonic structure with longitudinal magnetization. (b.) Corresponding spectra of LMOKE and transmittance (c.). The figure is adapted from [97].

  [START_REF] Aa Serga | YIG magnonics[END_REF]. Its enhancement is usually focused in the light reflected[START_REF] Ivan S Maksymov | Transverse magneto-optical kerr effect in subwavelength dielectric gratings[END_REF] [95][START_REF] Kostylev | Plasmon-assisted high reflectivity and strong magneto-optical kerr effect in permalloy gratings[END_REF] [101] from a magnetized surface but, due to the phenomenon of EOT it can also be enhanced in the light transmitted[START_REF] Vi Belotelov | Enhanced magneto-optical effects in magnetoplasmonic crystals[END_REF] [102] [92] [23] by a system. Such enhancement is uniquely based on the presence of a TM-spectral resonance. There is no need of phase-matching between TE-and TM-modes. The values of δ close to the TMOKE resonances are proportional to the TM-transmission/reflection derivatives dT dλ ; T = transmission [12] [102] [103]. Indeed, the mechanism can be understood by recalling equation 1.35 or 1.32, expressing the propagation constant of a TM-mode in dielectric or plasmonic system.

Figure 1 .

 1 Figure 1.29: (a.) Reflectivity of a resonant system as a function of incident wavelength demonstrating the odd -behavior of TMOKE effect. (b.) Spectral dependence of the TMOKE resulting from the reflectivity curves.

Chapter 1 .Figure 1 .

 11 Figure 1.30: TMOKE (top) and reflectivity (bottom) spectrum for a sample consisting of a metal grating on top of a MO substrate illuminated at angle of 10 • . The grating parameters are Λ=500 nm, thickness of the grating=150 nm, air-slit width=20 nm. Dips A and B correspond to the excitation of SPPs whereas, C,D,E correspond to that of Fabry Perot (FP) modes. The figure is adapted from [101].

1. 3 Figure 1 .

 31 Figure 1.32: (inset) Schematic of the nanostructure consisting a 1.27 µm magnetic layer with a 1-D Au grating of height 67 nm, period 661 nm and space-width of 145 nm. (a.) Measured (red curve) and simulated (blue curve) LMPIE on TM transmittance. The figure is adapted from [107].
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 21 Figure 2.1: Ionic distribution for the primitive unit cell of spinel ferrites.

2. 1 , 2 Figure 2 . 2 :

 1222 Figure 2.2: Energy of a single-domain NP as a function of the angle θ between its magnetization vector and easy-axis.

2. 1 .

 1 Magnetic nanoparticles (NPs) of cobalt ferrite electrons is quantized which means that the atomic dipole moments are restricted to certain particular values and orientations with respect to an external field. This has important effects on the magnetic properties of materials. The dynamics of electrons require three quantum numbers n, l, m l labeled as the principal quantum number, angular momentum quantum number, and magnetic quantum number respectively, to describe the orbitals in which electrons exist. Their values are restricted to: n = 1, 2, 3... l = 0, 1, 2, 3.....(n -1)

Chapter 2 .Figure 2 . 3 :

 223 Figure 2.3: Zeeman effect.

Figure 2 .

 2 3 shows an example of a Zeeman splitting of a transition between an s-orbital and a p-orbital of an atom. In the absence of an external magnetic field, both the orbitals have one energy level each.

2. 1 .Figure 2 . 4 :

 124 Figure 2.4: Decomposition of a linearly polarized light ray into its circularly polarized components with corresponding values of angular momentum.

Figure 2 . 5 :

 25 Figure 2.5: Electronic transitions due to incident photons discriminating the two circular modes.

. 8 )Case 1 :

 81 where f ±e(u) are the oscillator strengths for transitions caused by the LCP and RCP light, respectively, ω e(u) is the resonance frequency, and Γ e(u) is the half-width at half-maximum of the optical transitions between the ground state |g and excited state |e(u) where u indexes the orbital degeneracy.In the absence of an external field, ω e(u) and Γ e(u) are independent of u, and since the sum over the oscillator strengths, v f ±e(u) are identical, we get MO = 0 from equation 2.8. Two cases are presented below where it is shown how spin-orbit interaction can result in linear MO effects (non-zero values of MO ). Dominance of excited state splitting: In this case, contribution to the off-diagonal terms is dominated by the energy gap between the excited states. As a result, an energy splitting between the transition energies of RCP and LCP arises, while the oscillator strengths for them becomes equal. An extremum in Re{ M O } and an oscillation in Im{ M O }, corresponding to respectively, dissipative and dispersive behavior is observed. This is called the diamagnetic line shape.

Figure 2 .Figure 2 . 6 :

 226 Figure 2.6: Diamagnetic transition.

Case 2 :Figure 2 . 7 :

 227 Figure 2.7: Paramagnetic transition.

2. 1 .Figure 2 . 8 :

 128 Figure 2.8: Different electronic transitions in cobalt ferrite and its impact on the real (a.) and imaginary (b.) parts of the permittivity tensor.

Figure 2 . 10 :

 210 Figure 2.10: Langevin's function.

Figure 2 .Figure 2 . 11 :

 2211 Figure 2.10 show this dependence for NP diameter D=10 nm, saturation magnetization m s =422 kAm -1 .

Figure 2 .Case 2 :

 22 Figure 2.11 experimentally shows this behavior for a ferrofluid. Recalling equation 1.11, the Faraday rotation for a linearly polarized light traveling through an optically anisotropic material is expressed as:

Figure 2 .FaradayFigure 2 . 12 :

 2212 Figure 2.12 demonstrates this behavior for the system used throughout this thesis viz. CoFe 2 O 4 NPs trapped embedded in a silica matrix.

Figure 2 . 13 :

 213 Figure 2.13: Orientation of magnetic moments in single-domain NPs trapped in matrix with (b.) and without (a. and c.) an external magnetic field.

Figure 2 .Figure 2 . 15 :

 2215 Figure 2.15 shows the major steps required for the fabrication of thin-films of MO composite:

Figure 2 . 16 :

 216 Figure 2.16: Sol to gel transition.

Figure 2 . 17 :

 217 Figure 2.17: Chemical structure of TetraEthylOrthoSilicate (TEOS)

Figure 2 . 18 :

 218 Figure 2.18: Mechanism of silane-bond formation during sol-gel process.

Figure 2 . 19 :

 219 Figure 2.19: Time-evolution of viscosity in sol-phase and elastic constant in gel-phase.

(

  b.) Acid Catalysis: 1g of 0.1M HCl is added to this solution. This makes the rate of hydrolysis faster than the condensation step, favoring the formation of linear polymers over branched ones. This also tends to the formation of smaller particles of the resulting gel. (c.) Magnetic stirring: This final solution is allowed to agitate on a magnetic stirrer for about 24 hours to ensure homogeneity of the sol. (d.) Filtering: Filtering of the solution with a 0.2 µm filter is an important step as it aides in the removal to unwanted dust particles. (e.) Addition of CoFe 2 O 4 ferrofluid: To this filtered mixture, different quantities of cobalt ferrite NPs are added keeping in mind the different volume fraction φ of NPs required. Varying the volume fraction of NPs in the composite varied the refractive-index of the resulting composite. (f.) Filtering: This MO composite solution is again filtered through a 0.2 µm filter to ensure NP aggregates do not pass through. A well-prepared MO solution seems uniform in color and consistency. Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools Having successfully doped the TEOS sol with the CoFe 2 O 4 ferrofluid, the next step is to dip-coat the solution on a substrate. The technique of dip-coating is the focus of the next section.

Figure 2 . 20 :

 220 Figure 2.20: Various steps in dip-coating method.

Figure 2 . 21 :

 221 Figure 2.21: Thin film formation during dip-coating.

Chapter 2 .Figure 2 .Figure 2 .

 222 Figure 2.22: (a.) Snapshot of the dip-coating apparatus used to produce homogeneous thin-films of MO composite. (b.) (inset) MO thin film prepared by dip-coat method.
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  )where c and h are the dielectric permittivities of the composite and host, respectively and, φ is the volume fraction of CoFe 2 O 4 NPs. c is determined by ellipsometry measurements. Figure2.24 shows the refractive-index n and coefficient of extinction k as a function of incident wavelength (600 nm-1700 nm) for the case of a MO composite doped with a volume fraction of cobalt ferrite NPs, φ = 22%. Considering the fact that the MO behavior of cobalt ferrite reaches a maximum at around 750 nm and 1550 nm (see figure1.4(b.)), it is important to know its characteristics at these wavelengths.

Figure 2 .Figure 2 . 24 :

 2224 Figure 2.24: Experimentally measured values of refractive-index (a.) and coefficient of extinction (b.) for a MO composite doped with 22% volume fraction of cobalt ferrite NPs.

Figure 2 . 25 :

 225 Figure 2.25: Measured refractive index n (a.), and extinction coefficient k (b.) for different concentrations of cobalt ferrite (CoFe 2 O 4 ) NPs at incident wavelengths of 750 nm and 1550 nm.

Figure 2 .

 2 Figure 2.26 shows SEM images of our MO composite incorporated in a 2-D template of TiO 2 and a 1-D template of Si 3 N 4 . Seeing that the MO composite can completely occupy the empty space between the grating pillars/ridges is a proof of feasibility of the final MO grating structure.

Figure 2 . 26 :

 226 Figure 2.26: Compatibility of cobalt ferrite MO composite (doped 1%) with titanium dioxide TiO 2 (left) and silicon nitride Si 3 N 4 (right).
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 223 Methods: Magneto-Optical composite material, characterization and design tools Optical and Magneto-Optical characterization 2.3.1 Optical characterization setup

Figure 2 .Figure 2 . 27 :

 2227 Figure 2.27 shows the optical setup used in this thesis work to characterize the reflectance and transmission of samples. It consists of a super-continuum source (Leukos-SM-OEM ) with an output range of 200 nm-2000 nm complemented by a visible-infrared detector. Light from the source passes through a polarizer to make it either TE-or TM polarized which then hits the sample. For transmittance measurements, the incident angle can be varied from 0 • to 80 • while for reflectance, the incident angle can be varied from 5 • to 80 • .

  MO thin films were characterized for their polarization rotation and ellipticity by a highly sensitive (0.001 • ) magneto-optical bench developed in-house and explained below. The bench could study the output light emitted by the thin-film in transmission configuration (Faraday effect) and in reflection configuration (PMOKE and LMOKE).

Figure 2 .

 2 [START_REF] Mehmet | Integration of bulk-quality thin film magneto-optical cerium-doped yttrium iron garnet on silicon nitride photonic substrates[END_REF] schematically describes this set-up. Due to the geometry of the electromagnet polar pieces and the size of the injection and collection systems,

  photoelastic modulator

Figure 2 . 28 :Figure 2 . 29 :

 228229 Figure 2.28: Schematic depiction of the MO bench to study polarization properties of light in transmission (a. Faraday) and in reflection (b. Kerr) configuration.

Chapter 2 . 1

 21 Methods: Magneto-Optical composite material, characterization and design tools exp{i∆ m cos(2πf t)} 0 0 It then passes through an analyzer with a 45 • axis whose corresponding Jones matrix is

Chapter 2 .Figure 2 .Figure 2 . 30 :

 22230 Figure 2.30 shows the FR hysteresis for a MO composite containing 22% volume fraction of cobalt ferrite NPs in a silica matrix deposited on a plain BK-7 substrate as a thin-film at an incident wavelength of 760nm.

2. 4 . 4 Figure 2 . 31 :Figure 2 . 32 :

 44231232 Figure 2.31: Experimental demonstration of Verdet constant of 1 mm BK-7 substrate for an incident wavelength of 760nm.

Figure 2 .Figure 2 . 33 :

 2233 Figure 2.33: Experimental Faraday ellipticity of a MO thin-film composite containing CoFe 2 O 4 NPs deposited on a glass substrate for an incident wavelength of 760nm.

Figure 2 . 34 :

 234 Figure 2.34: Specific FR (a.) and specific Faraday ellipticity (b.) as a function of incident wavelength for a MO thin-film doped with 22% volume fraction of CoFe 2 O 4 NPs.

Figure 2 . 35 :

 235 Figure 2.35: Real (a.) and imaginary (b.) parts of the off-diagonal MO term calculated for a MO composite film doped 22%.
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 223623725 Figure 2.37: Simulations demonstrating the effect of thin film thickness on Polar Kerr rotation (a.) and ellipticity (b.) for an incident angle of 55 • .

Figure 2 .

 2 Figure 2.38: (a.) Opto-geometric parameters of 1-D lamellar diffraction gratings. (b.)Permittivity tensors associated with each MO effect for the chosen coordinate system.

Figure 2 . 39 :

 239 Figure 2.39: Comparison of simulations reported in literature (a.1, a.2 and a.3) with the ones performed using our homemade RCWA simulations (b.1, b.2, b.3).

  this chapter is to materialize the main idea put forward in chapter-1 which is to enhance/modify the spectral MO effects of our composite material by 1-D planar structuration. The work presented in this chapter is, thus, a continuation of the efforts led by the group to enhance the MO properties with a system having good homogeneity at a large scale. Several MO structures with different designs and different compositions are studied for this purpose and the promising ones are presented. For the enhancement of MO effects involving polarization rotation, structures are designed with those parameters that target a simultaneous excitation of TE and TM resonances, while for TMOKE, a single TM resonance is sufficient.

Figure 3 .

 3 Figure 3.1 (a.) shows the schematic of a relatively easy-to-fabricate magnetoplasmonic structure to use in transmission configuration. Our aim is to enhance Faraday effect and TMOKE at the excitation wavelength of EOT. The magnetoplasmonic grating consists of a suitable photoresist, that is sinusoidally etched to provide undulations in the thin Au layer that is deposited over it. This periodically undulated Au layer in contact with our dielectric MO composite layer above it can excite TE-/TM-guided modes in the MO layer and TM-polarized propagating surface plasmons along the Au/MO interface. The MO layer of the structure needs to be doped with enough CoFe 2 O 4 NPs so as to ensure a high enough MO effect.

Figure 3 .

 3 Figure 3.1 (b.) shows the measured refractive index variation of our MO composite with a CoFe 2 O 4 NP concentration of 14.8%.

Figure 3 . 1 :

 31 Figure 3.1: (a.) Schematic of a 1-D magneto-plasmonic grating along with refractive indices for the different layers at 1550 nm. (b.) Measured refractive index variation (n) of our MO composite containing 14.8% of CoFe 2 O 4 NPs.

Figure 3 .

 3 Figure 3.2(a.) shows the TM transmittance simulated at 1550 nm for the above presented structure as a function of the grating period and incidence angle for a set of parameters (inset). For a grazing incidence (≈ 80 • ) and a period of 600 nm, an indication of extra-ordinary transmittance reaching 73% with a Full-Width Half Maximum (FWHM) of 81 nm manifested by the excitation of long-range and shortrange plasmons can be evidenced (figure 3.2(b.)). Such a TM resonance should result in a TMOKE enhancement since the MO composite has quite a large effect around 1550 nm.Figure 3.2(c.) shows an influence of grating period and incidence

  Figure 3.2(c.) shows an influence of grating period and incidence angle variation on the spectral transmittance from which the chosen parameters of θ inc = 80 • and Λ = 600 nm seems to be the best.

  )

Figure 3 . 2 :

 32 Figure 3.2: (a.) Color map of transmittance as function of grating period and incident angle for an λ i = 1550 nm. (b.) TM transmittance at 80 • incidence for Λ = 600 nm. (c.) Tolerance of incident angle, θ i (left) and grating period, Λ (right).

Figure 3 .

 3 3 (b.) demonstrates the TE and TM transmittances for the resulting magneto-plasmonic structure at 80 • incidence. As expected, a resonant feature takes place around 1550 nm for TM transmittance, while TE transmittance remains close to zero. Comparing the measured TM resonance with the simulated one, there is a noticeable difference in its spectral behavior and efficiency, which could be explained by deviations in the grating profile shape and height from what was expected. Nevertheless, the spectra shows a peak in TM transmittance at 1474 nm signaling the definite presence of EOT.

Figure 3 . 3 :

 33 Figure 3.3: (a.) AFM image of the etched photoresist. (b.) Transmittance (TE, TM) measured for the magneto-plasmonic structure at 80 • incidence.

Figure 3 .Figure 3 . 4 :

 334 Figure 3.4: Color map of light intensity as a function of incident wavelength and grating period for the proposed magneto-plasmonic structure at 0 • incidence.

Figure 3 . 5 :

 35 Figure 3.5: Simulation of various features of figure 3.4 for an equivalent magneto-plasmonic system (inset).

Figure 3 .

 3 Figure 3.6 shows the measured TE and TM transmittances of the prepared magnetoplasmonic structure. As the simulations predicted, the TE and TM resonances lie spectrally close to one another thereby lying close to the phase-match condition

Figure 3 . 6 :

 36 Figure 3.6: Measured transmittance (TE and TM) along with FR (TM) for the realized magneto-plasmonic grating and a reference MO thin-film.

Figure 3 . 7 :

 37 Figure 3.7: Proposed schematic of all-dielectric MO structures.

Figure 3 . 8 :

 38 Figure 3.8: (a.) Simulated color map of transmittance (TE, TM) as a function of incident wavelength and grating height. (b.) Simulated transmittance (TE, TM) and FR (TE; right) for a structure with period of 500 nm and grating height of 100 nm. The rest of the parameters are listed in table 3.1

  heights. Keeping realization in mind, figure3.8 (b.) shows the spectral transmittance (left) for 100 nm grating height. The TM and TE optical resonances present efficiencies of 20% and 30%, respectively with a mutual separation of 5 nm. FR, simulated on the same structure, also demonstrates a resonant modification at these wavelengths (figure3.8(b.)) as a result of this narrow separation. The rotation reaches -0.09 • at 740 nm and -0.05 • at 742 nm whereas, the off-resonance value is about -0.07 • . The modification is seen for both TE and TM polarizations and even for Faraday ellipticity (not shown here for clarity).

3. 2 .Figure 3 . 9 : 70 +

 23970 Figure 3.9: (a.) Simulated color map of transmittance (TE, TM) as a function of incident wavelength and grating height. (b.) Simulated transmittance (TE, TM; left) and FR (TE; right) for a structure with a period of 1000 nm and grating height of 100 nm. The rest of the parameters are listed in table 3.2
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 3310 Figure 3.10: Measured transmittance (a.) and FR (b.) for MO structure of design-A.

Figure 3 . 11 :Figure 3 . 12 :

 311312 Figure 3.11: Transmittance measured (a.) and simulated (b.) of TiO 2 -based MO structure (inset) at normal incidence.

Chapter 3 .Figure 3 .

 33 Figure 3.12 confirms the excitation of TE and TM guided modes in the waveguidegrating layer with an angle variation of TE transmittance and TM reflectance. Each curve in the figure is normalized from 0 to 1 and vertically stacked with an offset.

  2 -based MO structures concludes two points: first, both TE and TM resonances should be efficiently excited by the structure and second, the structures need to be impregnated with high enough concentration of CoFe 2 O 4 NPs. All of the above mentioned factors were taken into account to make a MO structure with silicon nitride. MO gratings with Silicon nitride (Si 3 N 4 ): Structures of type design-B with silicon nitride (n Si 3 N 4 = 1.931 + i0) presented a refractive index contrast with 15% doped MO composite (n M O = 1.606 + i0.005)

Figure 3 .Figure 3 .

 33 Figure 3.13: (a.) Color map of transmittance as a function of Si 3 N 4 linewidth and grating height. (b.) Transmittance for a Si 3 N 4 based MO structure using the intersection parameters.

Figure 3 .Figure 3 .

 33 Figure 3.14 shows a simulation of transmittance (T), FR (θ F ) and Figure of Merit (FoM: √ T × θ F ) for this structure. In figure 3.14(b.) is also reported the FR calculated on a reference MO thin film with an identical thickness to that of the grating (h= 560 nm) on a BK-7 substrate. The obtained value is 0.15 • at a wavelength of 1550 nm according to equation 1.11 for such a layer.

  Thus, it is relevant to analyze the trade-off between the signal intensity and the FR through its FoM. Its off-resonance values are respectively, 0.02 • and 0.016 • for TE and TM polarization. It is obvious that the FoM is really enhanced at the two edges of the resonances reaching 0.7 • for TE polarization and 0.4 • for TM polarization. The FoM is multiplied by a factor of about 30 compared to the off-resonant values. The maximum value obtained here can be compared to that of Lei et al. [9] who numerically demonstrated a FoM of 0.75 • with a more complex structure made of 2-D dielectric/metallic nano-antennas on a BIG film, which employs an extraordinary optical resonance. Belotelov et al. [85], numerically demonstrated a 0.48 • FoM with a 2-D metallic grating on a BIG substrate, and Chin et al. [91] experimentally evidenced a FoM of 0.48 • with a 1-D sub-wavelength metallic grating on a BIG film. Caballero et

Chapter 3 .

 3 Magneto-optical enhancement: design and realization direction is along X -axis. For both effects, the analysis of the polarization modification is led in reflection configuration, for TM polarization. As illustrated in figure3.15(a), the optical resonance manifests itself through the presence of an asymmetric Fano-type reflectance (R) peak. One can see that the presence of the resonance drastically modifies the spectral MO response for both effects, which are widely enhanced on both sides of the resonance. The polar and longitudinal Kerr rotation peaks reach respectively 14 • and -12 • which compared to "off-resonance" values leads to an enhancement of 700 and 105, respectively (figure 3.15(b)). Here also, the drawback is that the position of the maximum of Kerr rotation (θ K ) coincides with the weakest value of reflectivity. But, in terms of Figure of Merit ( √ R × θ K ), the enhancement is huge: from 10 -4• (0.007 • ) outside the resonance to 0.5 • (0.4 • ) at the resonance for longitudinal (polar) effect (figure 3.15(c)).

Figure 3 .

 3 Figure 3.15: (a.) TM spectral reflectance for 1 • incidence. (b.) Corresponding polar and longitudinal Kerr rotations and, (c.) Figure of Merit. (d, e, f) Spectral TMOKE and corresponding reflectance for 1 • , 5 • and 10 • incidence, respectively.
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 317 Figure 3.17: Color map of reflectance for Si 3 N 4 structure at 55 • incidence for TM-polarized light.
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 3318 Figure 3.18: Reflectance (a.) and transmittance (b.) with corresponding TMOKE for θ inc =55 • for a structure having a period of 2190 nm with a grating height of 400 nm.

Figure 3 .

 3 Figure 3.19: (a.) Schematic of sample S3. (b.) Measured spectral refractive index for Si 3 N 4 and MO composite (14.8%).
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 3320 Figure 3.20: Simulated (a.) and measured (b.) TE and TM transmittances for sample S3 at 0 • (left) and 2 • (right) incidence.

Figure 3 .

 3 Figure 3.20 compares the experimental TE and TM optical transmittances with the theoretical ones for normal and 2 • incidence. One can see a good agreement between theory and measurements. The TE and TM resonances are very close to each other: 1572 nm (TM), and 1583 (TE), i.e. a mutual separation of 11 nm. Such a low separation should ensure the enhancement of MO effects. It can nevertheless be noticed that the narrowness of the theoretical dips (in TM, particularly) leads shallower and wider dips in practice. This can be explained by the imperfections of the MO gratings (surface condition, irregularities in the impregnation and in the geometrical characteristics). The resolution of the measurement (performed with a Carry5000 spectrometer-Agilent Technologies) close to 2 nm can also explain the measured depth of the dips.
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 333321 Figure 3.21 compares the experimental and simulated Faraday effects for TE and TM polarizations as well as the corresponding Figures of Merit for a normal incidence.A good agreement can be also noticed between experimental and simulated MO results, even if the spectral resolution of the MO setup is of about 10 nm ( § 2.3.2).Consistent with our hypothesis, simultaneous excitation of TE and TM resonances aides in the enhancement of Faraday effect. For TE polarization, the FR reaches 0.49 • at 1579 nm, whereas it is -0.13 • for the reference thin-film. In absolute terms, this rotation is multiplied by 3.5. As for the TM polarization, the resonance produces a sign inversion of FR as well as the ellipticity (figure3.22), which is more specifically illustrated in figure 3.22(c.), through a plot of the magnetic behavior of the effect at two specific wavelengths. Concerning the TE Figure Of Merit, its maximum value is 0.31 • on both sides of the resonance. This value has to be compared with 0.7 • obtained on the simulated targeted device presented in the previous section. As the TE and TM optical resonances do not exactly match, the MO enhancement is not maximum. Comparing experiments with simulations in figures 3.21 and 3.22,one can notice that the shape of the curves as well as the amplitudes of the effects are respected. For FR, it can also be noticed that the measured effects are quite higher in TM and shifted slightly in wavelength. These remarks can of course, be transposed to the Figure of Merit's curves. The fact that the effects are more marked in simulation for TM can be explained by the width of the corresponding experimental transmittance dip in TM which is wider than in theory. Thus, the overlap of the 2 curves is therefore better, which could explain a greater enhancement of the rotation. This should be true also for the TE FR, but the narrowness of the dip can explain that the measured FR is close to the simulated one.

Figure 3 . 22 :

 322 Figure 3.22: Sample S3 at 0 • incidence. Measured (a.) and simulated (b.) transmittance and Faraday ellipticity for TE and TM polarizations with a reference thin-film (h = 593 nm). (c.) Sign inversion of FR hysteresis at 1560 nm and 1578 nm for TM polarization.

3 . 3 .

 33 experimental and simulated LMOKE data are reported in figure3.23 for different incident angles. In this configuration also, an optical resonance produces a large enhancement of the MO effect with a peak whose magnitude and position depend on the angle of incidence. The maximum is 0.37 • at 1565 nm for an incidence angle of 1.2 • . Furthermore, the measurement of this effect had been carried out for different slit-widths of the monochromator. As presented in the previous chapter, a decrease of this width produces an increase of spectral resolution of the measurement. On one hand, thinner the slit, better is the spectral resolution and closer is the measured FR to what is expected from simulations. While on the other hand, the corresponding curves are much more noisy than the other two. Thus, a choice of slit-width of 3.45 mm is the best trade-off to perform the measurements. Comparing experimental and simulated curves, one can see that the shapes are well respected, despite a spectral shift towards low wavelengths. Furthermore, the LMOKE resonances are wider for experimental curves and do not possess the same of kind of shoulders than what is expected from simulations. Experimental evidence of MO enhancement

Figure 3 . 23 :

 323 Figure 3.23: Longitudinal Kerr rotation in TM transmission. Measured (a.) and simulated (b.) Kerr rotation with variation of incidence angle for a monochromator slit-width of 3.45 mm. (c.) Measured Kerr rotation with variation of monochromator slit-width for θ inc = 1.6 • .

Chapter 3 .Figure 3 . 24 :

 3324 Figure 3.24: Experimental (a.) and simulated (b.) TMOKE for θ inc = 2.6 • .

Figure 3 . 25 :

 325 Figure 3.25: Transmittance (TE, TM) and FR (TE, reference) for samples S0 (a.) and S6 (b.).

Figure 3 . 26 :Figure 3 . 27 :

 326327 Figure 3.26: Measured values of ellipsometric parameters, Psi (Ψ) and Delta (∆) for samples S3 (a.) and S0 (b.).

  ent type of structures leading to a MO effect enhancement and to understand the related underlying mechanisms. It showed that 1-D and 2-D magneto-plasmonic as well as 2-D and 3-D all-dielectric structures can lead to an enhancement of MO effects. It appeared that the condition to improve the rotation of polarization involved in Faraday effect, PMOKE and LMOKE is the coincidence of TE-and TM-optical resonances. This phase-matching condition has been theoretically demonstrated using plasmonic resonances in magneto-plasmonic structures or in 2-D crossed dielectric MO gratings. The TMOKE effect requires only a TM-resonance and has been demonstrated in magneto-plasmonic as well as all-dielectric structures.
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Table 1 .

 1 

1: Table summarizing the different configurations of MO Kerr effect.

Table 1 .

 1 

2 shows the specific FR and FoM with corresponding wavelengths for different kinds of materials at room temperature reported in literature. Iron garnets such as Yttrium Iron Garnet (YIG) or Cerium-substituted Yttrium Iron Garnet (Ce-YIG) are currently the most preferred MO materials since they are transparent in the near IR region and possess high values of specific FR. For instance, Onbasli et al.

[START_REF] Mehmet | Optical and magneto-optical behavior of Cerium Yttrium iron garnet thin films at wavelengths of 200-1770 nm[END_REF] 

demonstrated specific FR as high as 5800 • cm -1 at 1500 nm for epitaxial films of Ce:YIG 80 nm thick grown on Gadolinium Gallium Garnet (GGG) substrates.

The FoM reaches 943 • dB -1 . Mino et al. [27] demonstrated a specific FR value for a Bismuth Iron garnet (BIG) film equal to 3440

Table 1 .

 1 2: Comparison of MO specific FR, figure of merit for different wavelengths for some MO materials at 1550 nm at room temperature. Chapter 1. Magneto-optical effects and enhancement processes Another approach developed by Laboratoire Hubert Curien (LabHC) employs a composite material made of metallic oxide (SiO 2 /ZrO 2 ) matrix doped with fully crystallized magnetic nano-particles of cobalt ferrite, CoFe 2 O 4

	MO material

• C). To circumvent this problem, progress is being made on the hybrid integration of iron garnet films on glass or semiconductor substrates by direct bonding

[34] [35]

. Alternatively, the search and development of other MO materials compatible with classical technologies also constitutes an active area of research today. Zayets et al.

[START_REF] Zayets | Optical isolation in Cd 1-x M n x T e magneto-optical waveguide grown on GaAs substrate[END_REF] 

[START_REF]Magneto-optical mode conversion in Cd 1-x M n x T e waveguide on GaAs substrate[END_REF] 

reported a MO semiconductor material of CdMnTe on GaAs substrate capable of demonstrating a very high value of FoM

[START_REF] Zayets | Complete magneto-optical waveguide mode conversion in Cd 1-x M n x T e waveguide on GaAs substrate[END_REF] 

at optical frequency. Y 2.82 Ce 0.18 F e 5 O 12 (no substrate, bulk

  in which 8 Co 2+ cations predominantly occupy 8 octahedral sites and the 16 F e 3+ cations are distributed between 8 tetrahedral and 8 octahedral sites. Its structural formula can be Chapter 2. Methods: Magneto-Optical composite material, characterization and design tools

	Co 2+ cation
	Fe 3+ cation
	0 2-anion

Table 2 .

 2 1 gather the ones useful for our wavelength range of study.

	Transition	energy	0.83	1.82	2.21
	(eV)				
	Corresponding wave-	1494	681	561
	length (nm)				
	Im( MO ) max		-0.056	-0.076	-0.054
	Assignment		electron transition	electron	electron
			in tetrahedrally co-	transition in	transition be-
			ordinated Co 2+	tetrahedrally	tween [Co 2+ ]
				coordinated	and	[F e 3+ ]
				Co 2+	at octahedral
					sites
	Line shape		diamag	para	para

Table 2 .

 2 

1: Table listing the main MO-active energy transitions in CoFe 2 O 4 the wavelength range used in this study. The list is derived from [120].

Table 2 .

 2 2 extracts the values from figure 2.14 and demonstrates how increased concentration of NPs in the system results in an increased MO effect.

	Concentration Faraday rotation Faraday ellipticity
	(%)	( • )	( • )
	2.85	0.03	0.008
	5.6	0.06	0.02
	10.6	0.12	0.04
	14.8	0.2	0.07
	22	0.27	0.09

Table 2 .

 2 

2: Effect of increased concentration of CoFe 2 O 4 NPs on Faraday rotation and Faraday ellipticity.

  Validation of our anisotropic code was performed by comparing its results with published works concerning Faraday or Kerr effects. Some examples are presented in figure 2.39.

Figure 2.39(a.1), (a.2) and (a.3) represent the optical and MO behavior of the samples studied by Maksymov et al. [8], Belotelov et al. [10] and Xu et al. [136]

table 3 . 1

 31 

	.

Table 3 .

 3 1: Parameters used in the simulation of figure 3.8(a.).

Table 3 .

 3 2: Parameters used in the simulation of figure 3.9.

Table 3 .

 3 3: Refractive indices for MO composite (1%) and TiO 2 at 750 nm and 1550 nm.

	•

Table 3 .

 3 4: Characteristics of TE and TM resonances presented in figure 3.13(c.)

Table 3 .

 3 However, manufacturing tolerances did not yield the targeted geometric characteristics given above. But different templates had been realized whose geometrical characteristics are summarized in the following table:Sample Grating period Si 3 N 4 thickness Grating depth Line width 5: Structural characteristics of Si 3 N 4 -based MO gratings realized for this work.

		(nm)	(nm)	(nm)	(nm)
	S0	951	593	576	320
	S3	966	593	623	608
	S5	966	593	612	531
	S6	966	593	617	502
	S7	966	593	583	580
	S8	966	593	611	521

  61, i.e. a NP Chapter 3. Magneto-optical enhancement: design and realization volume fraction of 15% in the silica host matrix. The schematic of the final sample is given in figure 3.19(a.) along with the refractive indices of the Si 3 N 4 and our MO composite (figure 3.19(b.). Theses indices had been measured by ellipsometry on reference films. These curves indicate that the refractive index of the MO composite (1.69 at 1550 nm) is higher than expected. Such difference can be explained by the method employed to calibrate the NP volume which is based on FR measurements led on films during the doping. Evidently, even if the FR value indicates a volume fraction of 15%, the final refractive index obtained corresponds much more to 22%.This shows that the doping process is not so repeatable.
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		5 mm		
	593 nm		5 mm		MO (14.8%) Si 3 N 4
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Summary

Magneto-optical (MO) devices are the basic elements of optical isolators essential for lasers and LIDAR, and are also employed for aircraft imaging, data storage or sensing. A periodic structuration of the core magnetic material is a way to enhance its MO behavior, and is thus useful to reduce the footprint of integrated devices or to improve the sensitivity of related sensors. However, the processing of efficient magnetic materials on photonic platforms is still challenging, because classical MO materials require an annealing temperature as high as 700 • C.

Using a sol-gel process, a silica matrix can be doped by magnetic nanoparticles (CoFe 2 O 4 ) to produce a MO material which possesses a full compatibility with photonic substrates. In this work, this composite material was incorporated into an already structured template through a single step deposition at low temperature.

The template was a 1-D Si 3 N 4 grating on glass. Numerical simulations, based on RCWA methods, have been carried out to identify the suitable values of the grating period and the line-space ratio which produce a guided-mode resonance at 1.55 µm simultaneously for TE and TM polarizations, at normal incidence. MO simulations demonstrated that an enhancement of magneto-optical effects is obtained in transmission or reflection for every orientation of the applied magnetic field (Kerr or Faraday effects). The theoretical figures of merit for these structures were comparable or higher than those, reported in literature, which use classical MO materials. These enhancements were confirmed by experimental realizations and measurements. For instance, a Faraday rotation enhancement of 3.5 times was demonstrated compared to the reference thin-film. The corresponding figure of merit was comparable or higher than those reported in literature proving the high efficiency of our structure.

The results of this work are the 1st demonstration of an enhancement of every MO effect with a single device. 

Résumé