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Part of the work performed at WUT, focused on the Z-scan technique, was supervised by Prof. Marek Samoć. The samples used in the Z-scan measurements were prepared and characterized by

ii Dedicated to my wife Paulina Kołkowska iii Titre : Etude des propriétés optiques non linéaires de nanostructures plasmoniques Mots clés : nanostructures, plasmons de surface, optique non-linéaire Résumé : Le but de cette thèse et de la recherche associée est une démonstration des avantages d'une combinaison de propriétés inhabituelles de nanostructures plasmoniques avec des aspects parmi les plus intéressants de l'optique non-linéaire. Pour cet effet, la modélisation analytique et numérique a été combiné avec le travail expérimental, qui comprenait la production de nanostructures et les mesures effectuées au moyen de la microscopie confocale nonlinéaire résolue en polarisations et de la technique Z-scan modifiée (nommée "fscan"). Il a été montré que l'anisotropie efficace de génération de seconde-harmonique dans les cristaux plasmoniques (formés par des réseaux rectangulaires de cavités tétraédriques sur une surface d'argent) peut être contrôlée par un choix approprié des paramètres de maille. Il a aussi été montré que cette anisotropie provient principalement d'une structure de bande photonique elle-même anisotrope, présentant une bande interdite plasmonique avec des états plasmoniques en bord de bande, permettant de renforcer le champ électrique local. Les arrangements chiraux bidimensionnels de nanoparticules triangulaires d'or, forment des "meta-molécules" plasmoniques énantiomériques, ont été analysés par microscopie non-linéaire à la lumière polarisée circulairement et par modélisation numérique, révélant un fort effet chiroptique par génération de seconde harmonique en rétroréflexion. La petite taille des énantiomères uniques permet de créer "des filigranes" ("watermarks") codés par la chiralité des meta-molécules, qui peuvent être lu par imagerie de la génération de seconde harmonique excitée par un rayon polarisé circulairement. Les caractéristiques quantitatives de la nonlinéarité optique du troisième ordre et de l'efficacité d'absorption saturable des solutions aqueuses de fragments de graphène et de graphène dopé par des nanoparticules d'or a été effectuée par une nouvelle technique "f-scan", qui a été créée et développée par incorporation d'une lentille à distance focale accordable dans une technique de Z-scan traditionnelle. Ces études ont montrées que le graphène présente une absorption saturable ultra-rapide très efficace, qui est parfois convertie en absorption saturable inverse. Il apparaît alors qu'une décoration du graphène par des nanoparticules d'or peut causer une légère amélioration du paramètre d'efficacité d'absorption saturable dans la plage spectrale de leurs résonances plasmoniques. En résumé, cette thèse présente une variété de propriétés optiques non-linéaires apparaissant dans les nanostructures plasmoniques. Différentes possibilités de contrôle de ces propriétés au moyen d'une démarche de nano-ingénierie, soutenue par des modélisations à la fois analytique et numérique ont été démontrées et analysées. Ces travaux ouvrent la voie à la fabrication et à l'optimisation sur mesure de nouveaux nanomatériaux et nano-dispositifs photoniques reposant sur des effets de nano-plasmonique non-linéaire. iv Title : Studies of nonlinear optical properties of plasmonic nanostructures Keywords : nanostructures, surface plasmons, nonlinear optics Abstract : The aim of this thesis and the underlying research work is to demonstrate the benefits emerging from combination of the peculiar properties of plasmonic nanostructures with the most interesting aspects of nonlinear optics. For this purpose, analytical and numerical modeling was combined with experimental work, which included nanofabrication and measurements performed by means of polarization-resolved nonlinear confocal microscopy and by modified Z-scan technique (called "f-scan"). It has been shown that the effective anisotropy of the second-harmonic generation in plasmonic crystals (formed by rectangular arrays of tetrahedral recesses in silver surface) can be controlled by proper choice of lattice constants. It also has been shown that this anisotropy arises mainly from the anisotropic photonic band structure, exhibiting plasmonic band gap with plasmonic band edge states, enabling enhancement of the local electric field. Two-dimensional chiral arrangements of triangular gold nanoparticles, forming plasmonic enantiomeric "meta-molecules", have been studied by nonlinear microscopy operating with circularly polarized light and by numerical modeling, revealing strong chiroptical effect in backscattered second-harmonic radiation. Small size of individual enantiomers allows to create "watermarks", encoded by the chirality of meta-molecules, which can be readout by imaging of second-harmonic generation excited by circularly polarized laser beam. Quantitative characterization of the thirdorder optical nonlinearity and saturable absorption efficiency of aqueous solutions of graphene and gold-nanoparticle decorated graphene has been performed by novel "f-scan" technique, which has been created and developed by incorporation of a focus-tunable lens into traditional Z-scan. These studies have shown that the graphene exhibits very efficient ultrafast saturable absorption, which is occasionally suppressed by reverse saturable absorption. Moreover, it turns out that decoration of graphene by gold nanoparticles may cause a slight improvement of the saturable absorption efficiency parameter within spectral range of their plasmon resonances. In summary, the following thesis presents various nonlinear optical properties of plasmonic nanostructures. Different possibilities of controlling these properties by means of nano-engineering, supported by analytical and numerical modeling, is also analyzed and demonstrated. This work opens up new perspectives for fabrication and rational design of novel photonic nanomaterials and nano-devices based on nonlinear nanoplasmonic phenomena. v Tytuł : Badanie nieliniowych właściwości optycznych nanostruktur plazmonicznych Słowa kluczowe : nanostruktury, plazmony powierzchniowe, optyka nieliniowa Streszczenie : Celem niniejszej pracy doktorskiej i związanych z nią badań jest zademonstrowanie korzyści wynikających z połączenia niezwykłych właściwości nanostruktur plazmonicznych z jednymi z najciekawszych aspektów optyki nieliniowej. W tym celu powiązano modelowanie analityczne i numeryczne z pracą eksperymentalną, obejmującą wytwarzanie nanostruktur oraz pomiary z użyciem konfokalnej mikroskopii nieliniowej o rozdzielczości polaryzacyjnej i zmodyfikowanej techniki Z-scan (tzw. "f-scan"). Udało się wykazać, że efektywna anizotropia generacji drugiej harmonicznej w kryształach plazmonicznych (utworzonych przez prostokątne sieci czworościennych wnęk na powierzchni srebra) może być kontrolowana przez odpowiedni dobór stałych sieciowych. Zostało również pokazane, że powyższa anizotropia jest pochodną anizotropowej fotonicznej struktury pasmowej, wykazującej plazmoniczną przerwę wzbronioną ze stanami plazmonowymi na krawędzi pasma, umożliwiającymi wzmocnienie lokalnego pola elektrycznego. Dwuwymiarowe chiralne ułożenia trójkątnych nanocząstek złota, tworzące plazmoniczne enancjomeryczne "meta-molekuły", zostały zbadane przy pomocy mikroskopii nieliniowej operującej na świetle kołowo spolaryzowanym oraz przy pomocy modelowania numerycznego, co ujawniło silny efekt chirooptyczny we wstecznie rozproszonej generacji drugiej harmonicznej. Mały rozmiar pojedynczych enancjomerów pozwala na tworzenie "znaków wodnych", zakodowanych poprzez chiralność metamolekuł, które można "odczytywać" poprzez obrazowanie generacji drugiej harmonicznej wzbudzonej przez kołowo spolaryzowaną wiązkę lasera. Ilościowa charakterystyka trzeciorzędowej nieliniowości optycznej i efektywności nasycalnej absorpcji roztworów wodnych grafenu i grafenu domieszkowanego nanocząskami złota została przeprowadzona przy użyciu nowej techniki "f-scan", powstałej przez umieszczenie soczewki o przestrajalnej ogniskowej w tradycyjnym układzie do Z-scanu. Powyższe badania przeprowadzone na grafenie wykazały bardzo efektywną ultra-szybką nasycalną absorpcję, która w pewnych przypadkach przechodzi w odwróconą nasycalną absorpcję. Okazało się również, że udekorowanie grafenu przez nanocząstki złota może spowodować nieznaczną poprawę parametru efektywności nasycalnej absorpcji w zakresie widmowym ich rezonansów plazmonowych. Podsumowując, niniejsza praca doktorska prezentuje rozmaite nieliniowe właściwości optyczne nanostruktur plazmonicznych, prezentując i analizując możliwości kontroli tych właściwości za pomocą nanoinżynierii wspieranej przez modelowanie analityczne i numeryczne. To otwiera perspektywy wytwarzania i racjonalnego projektowania nowych nano-materiałów i nanourządzeń fotonicznych wykorzystujących nieliniowe efekty nano-plazmoniczne. vi Olesiak-Bańska, Dr. Janusz Szeremeta, Dr. Dominika Wawrzyńczyk, Dr. Magdalena Wielgus and Dr. Marcin Nyk from Advanced Materials Enginnering and Modelling Group, WUT, for their friendly atmosphere at the workplace. One of the best way to learn something is to explain it to someone -for this reason, I would like to thank "my" students: Mr. Radosław Deska and Mr. Ilya Yagupov, who motivated me to better understand my research field by accurate questions and discussions. Moreover, I am obliged to thank all the people, who helped me in the most difficult aspect of my PhD, that isin overcoming the formal barriers and administrative procedures, especially: Ms. Marianna Chmiel (M.Sc.), Prof. Isabelle Ledoux, Ms. Aleksandra Delplanque (Bednarska) (M.Sc.) and Prof. François Hache.
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x xi Bien que les travaux scientifiques menés dans les deux institutions n'ait pas pour le moment donné lieu à un élargissement formel sous forme d'une coopération scientifique au-delà de cet accord de thèse en co-tuelle, ils sont sous-tendus en amont par la même quête sousjacente d'une meilleure compréhension des effets optiques non-linéaires renforcés par les résonances des plasmons de surface dans les nanostructures métalliques.

Résumé en français

II Objectifs de recherche

Le but de cette thèse et de la recherche associée est une démonstration des avantages d'une combinaison de propriétés inhabituelles de nanostructures plasmoniques avec des aspects parmi les plus intéressants de l'optique non-linéaires, qui se fonde sur deux approches concomitantes:

(1) utilisation des facteurs de champ local, associés à un résonance de plasmon, afin d'exalter fortement l'efficacité des effets optiques non-linéaires, (2) commander le susceptibilité électrique non-linéaire effective des nanostructures plasmoniques par l'utilisation des propriétés associés à certains phénomènes nonlinéaires, comme la génération de seconde harmonique, qui sont fortement dépendantes de la symétrie locale d'une structure de matière et de la symétrie des fonctions d'onde des modes plasmoniques qui en résulte.

Une partie du travail de recherche dédié à l'étude de la génération de seconde harmonique est ainsi axée sur deux objectifs principaux:

(1) commander l'anisotropie effective et l'amplification de génération de seconde harmonique dans les cristaux plasmoniques avec une bande interdite plasmonique et avec des états plasmoniques en bord de bande, En ce qui concerne la partie des recherches dédiée à la technique Z-scan, une première tâche a été la vérification de la valeur de la non-linéarité optique du troisième ordre du graphène, qui a donnée lieu à des publications scientifiques récentes. Une deuxième tâche a été dédiée aux caractéristiques quantitatives de l'efficacité d'absorption saturable par détermination de l'intensité de saturation. Les solutions aqueuses de graphène mono-couche, qui ont été préparées pour ces mesures, ont tendance à l'agrégation et à une sédimentation rapide. Une xiii technique de Z-scan traditionnelle ne convient donc pas pour ce type de mesures, en raison de la durée des mesures au regard de la stabilité des solutions. C'est pourquoi une modification de cette technique était nécessaire, ce qui a été accompli par incorporation d'une lentille à distance focale accordable. En conséquence, une nouvelle technique nommée "f-scan", présentée sur la Figure II, a ainsi été créée et développée.

A la suite de la caractérisation des propriétés optiques non-linéaires du graphène, l'étape suivante a été l'étude d'effet de la décoration de couches de graphène par des nanoparticules d'or. Cette opération est destinée à l'amplification plasmonique de non-linéarité optique du graphène, qui pourrait être utilisée dans une nouvelle configuration de lasers impulsionnels. est autorisée par la symétrie du tenseur de la susceptibilité électrique du deuxième ordre à l'origine du dipôle électrique non-linéaire induit. Le troisième diagramme est un exemple d'émission quasi-isotrope du cristal où l'impact des modes le long des axes x et y est équilibré, et où les propriétés de la génération de seconde harmonique sont dominées par l'effet de la symétrie trigonale locale des sites nano-pyramidaux.

III Résumé des résultats

III.1 Cristaux plasmoniques

La Figure V présente des exemples de résultats de mesure des propriétés de polarisation de la génération de seconde harmonique. Ces mesures nous permettent de conclure que l'anisotropie effective de la susceptibilité électrique du deuxième ordre et sa forte sensibilité aux variations des paramètres de maille peuvent être attribuées à la susceptibilité associée au dipôle électrique induit, de façon relativement intuitive et prédictible. Ce constat permet la conception rationnelle de nanostructures aux propriétés optiques non-linéaires sur mesure, telles que des caractéristiques spécifiques en polarisation de génération de seconde harmonique avec renforcement de son intensité maximale. Ce contrôle peut être extrêmement utile dans les applications basées sur les propriétés de symétrie du tenseur de susceptibilité électrique du deuxième ordre. Des exemples d'applications possibles de ce type sont les xvi suivants: des biosenseurs, une technologie de la génération d'ondes Térahertz basée sur le phénomène de rectification optique, ou la création de paires de photons (ou de plasmons) intriqués à l'échelle nanométrique. À plus court terme, les nanostructures étudiées peuvent être utilisées comme sources nanométriques de plasmons à la fréquence harmonique pour une recherche fondamentale sur les interactions lumière-matière originales, à base de nanostructures plasmoniques. La petite taille des énantiomères uniques permet de créer "des filigranes" ("watermarks") codés par la chiralité des molécules et applicables, entre autres, à un procédé original de "watermarking". Le codage d'information peut être effectué à une échelle inférieure à la résolution de la microscopie non-linéaire pour la configuration utilisée. Ainsi "un filigrane" peut être lu par imagerie de la génération de seconde harmonique excitée par un rayon Pomimo iż prace naukowe prowadzone na obydwu uczelniach nie były wzajemnie powiązane oficjalną współpracą naukową, to połączyła je wspólna idea bazująca na dążeniu do zbadania i lepszego zrozumienia optycznych efektów nieliniowych wzmocnionych przez rezonanse plazmonowe w nanostrukturach metalicznych.

II Cele pracy

Celem niniejszej pracy doktorskiej i związanych z nią badań jest zademonstrowanie korzyści wynikających z racjonalnego połączenia niezwykłych właściwości nanostruktur plazmonicznych z najbardziej interesującymi aspektami optyki nieliniowej. Powyższa idea opiera się na dwóch podejściach:

(1) wykorzystaniu współczynników wzmocnienia lokalnego pola elektrycznego związanych z rezonansami plazmonowymi w celu zwiększenia efektywności nieliniowych zjawisk optycznych, 

IV Wnioski końcowe

Podsumowując, niniejsza praca demonstruje rozmaite nieliniowe właściwości optyczne występujące w nanostrukturach plazmonicznych oraz możliwości ich kontrolowania poprzez racjonalną nanoinżynierię wspomaganą przez modelowanie analityczne i numeryczne, otwierając drogę do wytwarzania i racjonalnej optymalizacji nowych nano-materiałów i nanourządzeń fotonicznych bazujących na nano-plazmonicznych efektach nieliniowych.

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 1 1 Introduction

Plasmonics

The interest in plasmonics has been exponentially growing during the past two decades.

Concerning the number of scientific publications, the number of research groups working on surface plasmons worldwide, as well as the diversity of proposed and implemented applications, one may claim without hesitation that a plasmonic revolution has recently occurred. Surface plasmons are among the most collective phenomena in the physical worldthese quasiparticles are "made of" hundreds of thousands free electrons that oscillate in rhythm to the given mode of the electromagnetic field excitation at the interface between two media, typically a noble metal (gold or silver) and a dielectric [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]. What makes surface plasmons so special is that they provide the possibility to confine the energy of light down to nanoscale, resulting in extreme augmentation of the local electromagnetic field amplitude [START_REF] Schuller | Plasmonics for extreme light concentration and manipulation[END_REF].

This in turn leads to enhancement of various kinds of light-matter interactions, offering a huge potential in applications such as sensing [START_REF] Stockman | Nanoplasmonics: The physics behind the applications[END_REF][START_REF] Homola | Surface plasmon resonance sensors: review[END_REF][START_REF] Nie | Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman Scattering[END_REF][START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF][START_REF] Shankaran | Surface plasmon resonance immunosensor for highly sensitive detection of 2, 4, 6-trinitrotoluene[END_REF], catalysis [START_REF] Adleman | Heterogenous catalysis mediated by plasmon heating[END_REF], bioimaging [START_REF] Durr | Two-photon luminescence imaging of cancer cells using molecularly targeted gold nanorods[END_REF][START_REF] Wang | In vitro and in vivo two-photon luminescence imaging of single gold nanorods[END_REF][START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF][START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF], photo-thermal cancer treatment [START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF], photovoltaics [START_REF] Catchpole | Surface plasmons for enhanced silicon light-emitting diodes and solar cells[END_REF][START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF], plasmonic nanolasers (SPASERs) [START_REF] Bergman | Surface plasmon amplification by stimulated emission of radiation: quantum generation of coherent surface plasmons in nanosystems[END_REF][START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF][START_REF] Stockman | The spaser as a nanoscale quantum generator and ultrafast amplifier[END_REF], plasmonic logic circuitry [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF][START_REF] Ozbay | Plasmonics: merging photonics and electronics at nanoscale dimensions[END_REF] and optical data storage [START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF], ending up with plasmonic metamaterials exhibiting negative index of refraction [START_REF] Shalaev | Optical negative-index metamaterials[END_REF], which can be used for optical cloaking [START_REF] Cai | Optical cloaking with metamaterials[END_REF] or perfect imaging [START_REF] Jacob | Optical hyperlens: far-field imaging beyond the diffraction limit[END_REF].

Although many plasmonic applications proposed in scientific papers usually either remain just speculations or do not go beyond laboratory prototypes, plasmonic sensing is a notable exception. It would be enough to mention that the commonly used pregnancy test, one of the most popular optical biosensors, is based on the spectral shift of plasmon resonance of colloidal metallic nanoparticles upon their aggregation induced by specific biomolecules [START_REF] Stockman | Nanoplasmonics: The physics behind the applications[END_REF].

Another example is the SPR (Surface Plasmon Resonance) sensing equipment being commercially available and widely used in the biological labs for investigation of interprotein binding kinetics [START_REF] Homola | Surface plasmon resonance sensors: review[END_REF]. Finally, one should mention SERS (Surface Enhanced Raman Scattering), probably the most spectacular optical sensing technique which, due to its ability to detect and recognize single molecules [START_REF] Nie | Probing Single Molecules and Single Nanoparticles by Surface-Enhanced Raman Scattering[END_REF], is sometimes called "the optical nose". From

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 2 early cancer diagnostics [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF] to explosives detection at the airports [START_REF] Shankaran | Surface plasmon resonance immunosensor for highly sensitive detection of 2, 4, 6-trinitrotoluene[END_REF], plasmonic sensors are truly a real life application, which may not only change our lives, but also save them.

The successful route of plasmonic sensors allows to look ahead with a great hope in other ideas involving plasmonic nanostructures which may significantly outperform traditional solutions. Hybrid systems that combine the effect of plasmons with other phenomena are considered as having particularly large potential. For example, silicon solar cells and light emitting diodes, when doped with silver nanoparticles, have shown nearly an order of magnitude increase of light absorption and emission, respectively [START_REF] Catchpole | Surface plasmons for enhanced silicon light-emitting diodes and solar cells[END_REF]. Very large potential is seen also in recently demonstrated SPASERsdeeply subwavelength lasers composed of a gain medium combined with a plasmon-sustaining nanostructure, which plays the role of an optical resonator [START_REF] Bergman | Surface plasmon amplification by stimulated emission of radiation: quantum generation of coherent surface plasmons in nanosystems[END_REF]. These nanodevices are foreseen as possible candidates for "all-optical switches"the basic building blocks for future plasmonic circuits, providing the same functionality as MOSFETs (Metal-Oxide Semiconductor Field-Effect Transistors), while, due to ultrafast plasmon dynamics, offering potentially three orders of magnitude faster operation [START_REF] Stockman | The spaser as a nanoscale quantum generator and ultrafast amplifier[END_REF]. Being able to guiding signals in parallel, just like in optical fibers, plasmonic circuits may outperform their electronic counterparts also in the capacity of data transmission, retaining the nanoscale miniaturization capability which is far beyond that of the diffractionlimited photonic devices [START_REF] Ozbay | Plasmonics: merging photonics and electronics at nanoscale dimensions[END_REF]. Moreover, surface plasmons are known to preserve the quantum states of light [START_REF] Altewischer | Plasmon-assisted transmission of entangled photons[END_REF][START_REF] Fakonas | Two-plasmon quantum interference[END_REF], making the plasmonic circuits possible candidates for components of future optical quantum computers. However, before plasmonic quantum nanoprocessors will revolutionize our world, one needs to solve the problem of plasmonic losses and heat generation [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF], which is the main obstacle preventing most of the potential plasmonic applications from being realized.

Due to special conditions required for their excitation (matching with the incident photon momentum), surface plasmons do not occur naturally, which is why, in spite of the evidences of using plasmonic nanoparticles since the ancient times [START_REF] Gartia | Colorimetric Plasmon Resonance Imaging Using Nano Lycurgus Cup Arrays[END_REF], their thorough exploration was possible only recently. Another important factor was the development of highly precise nanofabrication and nanocharacterization tools, allowing to create well defined nanostructures, where plasmonic excitations can be precisely controlled by the geometry [START_REF] Rycenga | Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications[END_REF][START_REF] Henzie | Nanofabrication of Plasmonic Structures[END_REF]. Nanofabrication techniques include both the bottom-up and the top-down approaches, the first one associated mainly to the chemical synthesis of metallic nanoparticles of desired sizes and shapes [START_REF] Rycenga | Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications[END_REF], whereas the second one involving various lithographic methods [START_REF] Henzie | Nanofabrication of Plasmonic Structures[END_REF] such as

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 3 electron beam or focused ion beam lithography (EBL, FIB). In the same time, scanning (SEM) and transmission electron microscopy (TEM) techniques are crucial for verification of the created nanostructures geometry. Development of spectroscopic methods and laser technologies, as well as optical near-field, cathodoluminescence and electron energy-loss spectroscopy techniques [START_REF] Myroshnychenko | Plasmon Spectroscopy and Imaging of Individual Gold Nanodecahedra: A Combined Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 135 Optical Microscopy, Cathodoluminescence, and Electron Energy-Loss Spectroscopy Study[END_REF][START_REF] Honda | High-Q band edge mode of plasmonic crystals studied by cathodoluminescence[END_REF][START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF] was also very important for the progress in studies of plasmonic phenomena.

Finally, the development of modern theoretical methods was of great importance for better understanding of plasmon resonances and rational design of plasmonic nanostructures [START_REF] Knight | Nanoshells to nanoeggs to nanocups: optical properties of reduced symmetry core-shell nanoparticles beyond the quasistatic limit[END_REF][START_REF] Zhang | Substrate-Induced Fano Resonances of a Plasmonic Nanocube: A Route to Increased-Sensitivity Localized Surface Plasmon Resonance Sensors Revealed[END_REF]. Since the analytical description of light-matter interactions is limited to only several simple geometries, gradual increase of the available computing power had a decisive impact on the possibility of numerical modeling of plasmonic phenomena in complex systems.

Currently, plasmonic nanostructures can be optimized toward achieving desired properties simply by running numerical simulations. Such computations can be employed toward designing better computing systems, which in the long term leads to faster and stronger computers, allowing to run even more advanced computations, and so on. If plasmonic nanostructures will be eventually used to create plasmonic nanoprocessors, this selfpropelling mechanism may become the main driving force for the technological progress, preventing from the collapse of the Moore's law. wavesthese oscillations become too fast for the electrons to follow. Since the visible light cannot transfer the energy to the electrons in metal, it is reflected from the metal surface.

However, negative electron plasma and positive cores form a pendulum-like system, with

Coulomb force playing the role of a restoring force. Each system of this kind has a resonant frequency, at which the energy of the external driving force is absorbed and stored in the oscillations of the system. In case of metals it is called plasma frequency, and the plasma oscillation itself is known as the bulk plasmon. The frequency of this resonance can be derived directly from the free electron gas model (the original Drude model): where ne is the electron density, eelectron charge, ε0vacuum permittivity and meelectron mass. Typically, ωp is in the ultraviolet spectral range, and therefore most metals strongly absorb this kind of radiation. Some metals, such as silver, obey the following Drude dispersion relation:

    i p r    2 2 1 (2) 
(where γ is the damping parameter) over quite significant spectral range, and very often this relation is used in modeling of electrodynamic properties of metallic structures.

Surface plasmon polaritons (SPPs)

Contrary to bulk plasmons, which are associated with the motion of electrons in the metal volume, surface plasmons are oscillations of the electric charge density at the metal surface.

They were first recognized by Rufus Ritchie in 1957 [START_REF] Ritchie | Plasma losses by fast electrons in thin films[END_REF] as one of the possible solutions to Maxwell equations at metal-dielectric interface. One can distinguish two basic types of surface plasmons: propagating plasmons, called surface plasmon polaritons (SPP), and localized surface plasmons (LSP). SPPs can be described as longitudinal TM (transverse-

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 5 magnetic) surface charge density waves that propagate across the metal surface (TE waves of such kind do not exist). If the metal-dielectric interface is flatwithout any significant corrugationsthe electromagnetic field of a SPP wave propagating in the positive x direction can be expressed by [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]:

) exp( ) , ( , t i z x ik A z x H i z x y       ( 3a 
) ) exp( ) , ( , 0 t i z x ik A i z x E i z x i z x          ( 3b 
) ) exp( ) , ( , 0 t i z x ik A k z x E i z x i x z          (3c)
with dielectric medium (i = m) in the z > 0 half-space (

d i    , 0 , ,   d z i z  
) and with metal

(i = m) elsewhere ( m i    , 0 , ,   m z i z  
). Due to straightforward relation between the surface charge density σ and surface normal electric field

z E : z E 0    (4) 
SPP can be simply described as a surface charge density wave:

) exp( ) ( 0 t i x ik x x       (5) 
SPP is characterized by a complex-valued propagation constant

x k -the surface tangential wavenumberwhich can be calculated from the surface plasmon dispersion relation:

d m d m x c k        (6) 
where m  is the complex-valued relative permittivity of metal and 

while the imaginary part of x k is responsible for plasmonic losses during propagation, causing a decrease of the SPP amplitude at increasing distance from the origin. The distance at which the SPP intensity drops down by a factor of 1/e is called the propagation length x L , and is related to x k by: Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis

6 x x L k 2 1 ) Im(  (8) 
Due to strong confinement at the boundary between the two media, SPPs are called evanescent waves, which means that the amplitude of their electric and magnetic field decays exponentially along the surface normal direction both in metal and in dielectric. It is described by the decay constant  , where i = m or d:

d m i i z c        2 , Im (9) 
The penetration depth in both metal and dielectric, L , can be obtained from experimentally measured values of m  [35]. They are plotted versus free space wavelength  in Figure 2 for gold and silver (red and blue curves, respectively), assuming that the dielectric is either vacuum (solid lines) or a hypothetical non-dispersive material of constant refractive index d n = 1.5 (dashed lines), which can be an approximation of glass or PMMA. In the visible spectral range, SPP  is typically shorter than the wavelength of light in a dielectric medium

d d n /    , however the d SPP 
 / ratio approaches 1 in the infrared region (Figure 2a). The propagation length x L changes dramatically over the optical spectrum, taking values in the range from several to several hundred µm (Figure 2b). ,usually referred to as the metal skin depth (Figure 2c) falls in between 20 and 40 nm and is nearly constant in the infrared region (~24 nm in gold and ~22 nm in silver). In contrast, the evanescent field penetrates the dielectric much deeper:

d z L
, takes values in the order of the light wavelength, from several hundred nanometers in the visible up to several µm in the infrared (Figure 2d).

Methods of SPP excitation

Interaction of light with SPP modes at a metal-dielectric interface requires both energy and momentum matching, which cannot be fulfilled since the SPP dispersion curve does not intersect the light line. For this reason, SPPs cannot be excited by photons arriving at the metal surface from the dielectric side [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]. This limitation is circumvented in Kretschmann configuration, where a thin metallic film is deposited on a prism made of transparent high refractive index material. A dielectric medium on the other side of metallic film has lower refractive index, and therefore the evanescent field, created by reflection of light from the metal surface on the prism side, can excite SPPs after tunneling through the thin layer of metal. The resonance occurs only within a very narrow range of incidence angles, and the value of resonant angle depends on the refractive index on the side where SPPs are excited.

For this reason the above configuration is widely used in SPR sensing. Other mechanism of SPP excitation is realized in so called Otto configuration, where the evanescent field reaches the metal surface by tunneling through the lower-index medium. SPPs can also be generated by a focused electron beam or by an optical near-field probe, which can be used for highresolution mapping of density of plasmonic states.
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In addition, there is a number of methods that involve nanostructured metal surfaces. One of the most efficient is coupling through periodic corrugations, where the momentum mismatch between photons and plasmons is compensated by grating momentum [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF][START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF]: [START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF] where θ is the angle of incidence, δp = 1 for p-polarized wave and δp = 0 for s-polarized wave, m is the grating order and Λ is the grating period. Periodic nanostructures can also be used in a reverse process: scattering of SPPs into radiation, allowing to detect SPPs using far-field optical microscope. Relation [START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF], which can be generalized to a 2D case, leads to very peculiar optical properties of periodic nanostructures, which may form so called plasmonic crystals, to be discussed in one of the next sections. In fact, any surface defects can serve as scattering centers which may locally enable interactions of SPP modes with radiation. For instance, a single circular nanohole drilled in a metallic film can become a source of SPP waves upon irradiation by normally incident plane wave. If the incident light is linearly polarized, the nanohole emits SPP waves that can be described by simple analytical formula:

       2 ) sin( m c n k p d x
) exp( ) cos( ) ( ) , ( ) 2 , 1 ( 1 0 t i r k H r r       ( 12 
)
where  , r are polar coordinates, Y are Bessel functions of first and second kind, respectively). The above formula is

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 9 equivalent to the one that has been proposed by Nerkararyan et al. [START_REF] Nerkararyan | Generation of Hankel-type surface plasmon polaritons in the vicinity of a metallic nanohole[END_REF] as a solution to the cylindrical wave equation. Figure 3 shows instantaneous surface charge density calculated analytically using the equation [START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF].

Localized surface plasmons (LSPs)

When the metal surface forms a nanosized object, SPPs cannot freely propagate any more.

Electromagnetic field is confined within the geometrical boundaries, which cause appearance of new oscillation modes, called localized surface plasmon resonances (LSP). They are analogous to discrete energy levels created in quantum wells due to confinement of the electron wave function. LSP modes are very often described by the same quantum-mechanical formalism [START_REF] Myroshnychenko | Plasmon Spectroscopy and Imaging of Individual Gold Nanodecahedra: A Combined Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 135 Optical Microscopy, Cathodoluminescence, and Electron Energy-Loss Spectroscopy Study[END_REF]. Due to extreme concentration and enhancement of the optical field, potentially much stronger than in case of SPPs, these modes are associated with intense interaction of metallic nanoparticles with light. Particularly, they exhibit strong absorption and scattering, both of which are augmented at the resonant frequencies of LSPs [START_REF] Narimanov | Optical black hole: Broadband omnidirectional light absorber[END_REF].

Because the same nanoparticles can strongly absorb and scatter light of a given wavelength, they can produce so called dichroic effect, for instance appearing red in transmission, while showing a green color in scattering [START_REF] Gartia | Colorimetric Plasmon Resonance Imaging Using Nano Lycurgus Cup Arrays[END_REF]. Owing to these plasmon-enhanced light-matter interactions, which are similar in mechanism to the antenna effect, a small metal nanoparticle may have enormous absorption cross section, acting like an "optical black hole" that causes a complete collapse of large wave function of a photon.

The first theoretical description of light scattering on spherical particles was elaborated by Gustav Mie in 1908, as an extension of Rayleigh scattering theory which is limited to particles of size much smaller than the light wavelength. Mie theory expands the scattered electric field into an infinite series of spherical vector wave functions, each associated with the local multipolar mode induced by the incident plane wave. Although the approach of Mie is very general, it describes relatively well the scattering of light due to multipolar surface plasmon modes in metallic nanoparticles, the size of which being non-negligible compared to the wavelength. These modes can be considered as different harmonics of the surface charge density oscillations: dipoles, quadrupoles, octupoles, etc., each having their own resonance at a different frequency. They generate radiation patterns of the same symmetry as the corresponding spherical harmonics [START_REF] Vanderlinde | Classical electromagnetic theory[END_REF].

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 10 Optical properties of metallic nanoparticles, especially the frequencies of localized plasmon resonances, are strongly dependent on their size and shape [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF]. Increasing the size usually causes red-shift of all resonances, changing the color of colloidal nanoparticle suspensions.

For instance, spherical gold nanoparticles of size 10-20 nm appear red due to plasmon band in the blue spectral region, however if their size is increased up to 100 nm, the color evolves through violet and purple to bluish. Controlling the nanoparticle geometry, which is recently possible by a variety of well-established chemical methods [START_REF] Rycenga | Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic Applications[END_REF], provides an even wider tunability of their spectral properties. Elongated nanoparticles -metallic nanorods -may exhibit two plasmon modes: longitudinal mode and transverse mode, which resonance frequencies are dependent of the nanoparticle aspect ratio [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF]. Excitation of these modes is strongly dependent on the relative orientation of nanorod axis with respect to the incident polarization of light [START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF][START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF]. Hybrid nanoparticles, such as those of a core-shell geometry enable probably the widest tunability of LSP resonances [START_REF] Huang | Gold nanoparticles: Optical properties and implementations in cancer diagnosis and photothermal therapy[END_REF][START_REF] Knight | Nanoshells to nanoeggs to nanocups: optical properties of reduced symmetry core-shell nanoparticles beyond the quasistatic limit[END_REF], which in case of silica cores coated by gold shells can be shifted over the entire visible and near-infrared region.

Interacting plasmon modes

Due to their atomic-like wave function, localized plasmon modes may undergo hybridization analogous to formation of molecular orbitals [START_REF] Halas | Plasmons in strongly coupled metallic nanostructures[END_REF][START_REF] Butet | Surface second-harmonic generation from coupled spherical plasmonic nanoparticles: Eigenmode analysis and symmetry properties[END_REF]. For this reason, ensembles of interacting plasmonic nanostructures are often called "meta-molecules" (which can be considered as building blocks of "meta-materials"). This is clearly observed in the case of nanoparticle dimers, where the distance between the nanoparticles is small enough (from several to several tens of nanometers), so that the two identical dipolar plasmon modes of the two nanoparticles may couple via the near-field interactions. As a result, a single dipolar band splits into two plasmon modes: bonding mode of lower energy, where the surface charges of the two nanoparticles attract each other, and anti-bonding mode at higher energy, where the Coulomb forces between these charges act repulsively. The energy splitting depends on the polarization of the driving external electric field, which determines the orientation of the dipoles and the symmetry of the system. Aligning the incident polarization orthogonally with respect to the dimer axis results in splitting that is weaker and opposite in energy, which is an effect of anti-symmetric character of the bonding mode and, respectively, a symmetric character of the anti-bonding mode which facilitates coupling of the latter one with the incident radiation. The above mechanisms are schematically presented in Figure 4. Hybridization of plasmon modes can significantly affect the optical response of the nanostructures, enabling direct observation of the plasmon bands splitting in absorption and scattering spectra. Moreover, the red-shifted bonding mode excited by external field polarized along the dimer axis may be associated with very large field enhancement in the nanogap region [START_REF] Hao | Electromagnetic fields around silver nanoparticles and dimers[END_REF], which has attracted considerable interest due to potential application in single molecule spectroscopy [START_REF] Talley | Surface-Enhanced Raman Scattering from Individual Au Nanoparticles and Nanoparticle Dimer Substrates[END_REF].

Studies of nonlinear optical properties of plasmonic nanostructures

Another very interesting phenomenon associated with interactions of localized plasmon modes is the Fano resonance [START_REF] Luk'yanchuk | The Fano resonance in plasmonic nanostructures and metamaterials[END_REF]. This kind of resonance has first been observed in the inelastic electron scattering spectra of helium atoms and described by Ugo Fano in 1961 [START_REF] Fano | Effects of configuration interaction on intensities and phase shifts[END_REF].

In general, it results from an interference between a discrete (spectrally narrow) resonance and a broadband continuum of states. Contrary to a typical line shape of a resonance, which can be fitted by a Lorentzian curve:

  2 0 2 2 x x A     (13)
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    2 0 2 2 0 x x x x F       (14)
where γ and x0 are the parameters of a discrete resonance, whereas F is called Fano factor and denotes the ratio between the amplitude of a discrete resonance and the amplitude of transitions to the states of a continuum. The asymmetric spectral shape is an effect of stepwise π-phase shift of a discrete resonance on the background of relatively constant phase of a continuum. Fano resonance can be observed in large variety of electromagnetic systems, just to mention simple Mie scattering in spherical metallic nanoparticles, where this kind of resonance results from spectral overlap of broadband dipolar and sharp quadrupolar mode. Such overlap can be further optimized in plasmonic nanostructures of precisely designed geometry, such as dolmen structures, nanoshells and heptamers [START_REF] Luk'yanchuk | The Fano resonance in plasmonic nanostructures and metamaterials[END_REF]. Due to its sharp spectral profile and high local field factors, Fano resonance has recently become a hot topic in plasmonics, as it may be useful in applications such as sensing and realization of active photonic devices.

Plasmonic crystals

The analogy between electromagnetic field oscillation modes and quantum-mechanical wave functions allows to predict that SPPs in metallic structures with periodic surface corrugations may behave like electrons in semiconducting crystals, forming a plasmonic band structure with eigenstates which can be described as Bloch waves. Equation [START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF] states that the periodicity adds additional momentum, which shifts the SPP dispersion curve by an integer multiple of the grating wavenumber. The resultant dispersion curves of plasmonic Bloch modes may mutually intersect at high-symmetry points of the Brillouin zone, opening plasmonic band gaps, which is presented in Figure 5.

SPPs of energies falling within the gap cannot propagate inside the lattice, which in such situation acts like a mirror for SPP waves. Each forbidden gap is accompanied by a lower and an upper band edge, where SPPs form standing waves of vanishing group velocity (∂ω/∂kx).

At these particular points, the density of states is augmented due to a van Hove singularity [START_REF] Honda | High-Q band edge mode of plasmonic crystals studied by cathodoluminescence[END_REF], which may be associated with very large electric field enhancement and strongly resonant light-matter interactions. However, incident radiation can directly excite only those Radosław Kołkowski
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PhD thesis 13 states which are located at the lower edge of each even-numbered band gap that is formed within the light cone, around the Γ point where kx = 0 [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF]. Particularly interesting is the lower band edge of the second plasmonic gap, which opens around frequency:

d m d m c          Re 2 (15) 
when the period Λ matches the wavelength of SPP propagating on a smooth interface (λSPP).

Plasmonic modes of this kind are most likely responsible for extraordinary optical transmission (EOT) through nanohole arrays in optically thick metallic films [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF]. This astonishing phenomenon has first been described by Thomas Ebbesen in 1998 [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF], showing counterintuitively that a thin layer of metal, perforated in a regular fashion with subwavelength apertures, can be more transparent to the normally incident light than similar metallic sheet with macroscopic openings of the same filling factor. Recently, this behavior is attributed to coupling between the aforementioned plasmonic Bloch states existing on both sides of the perforated metallic film, mediated by localized plasmon modes inside the nanoholes [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF]. 
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PhD thesis 14 Interestingly, this phenomenon has been successfully used to demonstrate that surface plasmons may preserve the quantum states of light. Experiments with entangled photon pairs have shown that the entanglement is retained after extraordinary transmission through nanohole arrays [START_REF] Altewischer | Plasmon-assisted transmission of entangled photons[END_REF], in spite of the fact that plasmon modes participating in this process involve oscillations of thousands of electrons, which is typically more than enough to cause a complete quantum decoherence. Very recently, the quantum nature of SPPs has been further confirmed by quantum interference experiments using plasmonic waveguides pumped with single-photon sources [START_REF] Fakonas | Two-plasmon quantum interference[END_REF].

Nonlinear optics

Each introduction to nonlinear optics starts from the Taylor expansion of the electric polarization density P as a function of the local electric field E in the time domain:

...] ) ( ) ( ) ( [ ) ( 3 ) 3 ( 2 ) 2 ( ) 1 ( 0     t t t t E E E P     (16) where ) 1 ( 
 is the linear susceptibility associated with the relative electric permittivity of the material:

1 ) 1 (   r   (17) while ) 2 (  , ) 3 (
 , etc., are higher order susceptibility terms responsible for the various nonlinear optical (NLO) phenomena. Subsequent

) (n  have units of (m/V) n-1 .
Due to the power dependence on E, shown in equation ( 16), the NLO effects are becoming more apparent at higher E magnitudes. Second harmonic generation (SHG), the simplest nonlinear optical (NLO) phenomenon associated with second order susceptibility ) 2 (  , has first been observed in 1961 [START_REF] Franken | Generation of Optical Harmonics[END_REF], which was possible thanks to the preceeding discovery of laser providing enough intense coherent light source. Since that time, a huge variety of NLO effects has been demonstrated and applied both in research and in daily use. To some extent, nonlinear optics can be considered as a photonic counterpart of nuclear physics, as it enables both fusion and fission of photons in so called frequency mixing processes, including the aforementioned SHG, as well as higher order phenomena like third harmonic generation THG, giving rise to coherent light sources at frequencies that were not available previously.
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PhD thesis 15 Some processes of this kind, such as spontaneous parametric down-conversion (SPDC), a phenomenon reverse to SHG, results in generation of entangled photon pairs. Demonstration of this effect in 1970 [START_REF] Burnham | Observation of simultaneity in parametric production of optical photon pairs[END_REF] has been a milestone in the field of quantum optics, becoming the predominant method for generation of single photons for quantum information experiments.

Other NLO effects, especially those of third order ( ) 3 (  ), such as nonlinear refraction and two-photon absorption, provide the possibility of controlling light with light, which has found very important applications in laser technology, enabling generation of extremely short laser pulses. For this purpose, a phenomenon called saturable absorption is also often used. It is a NLO effect of different character, originating not from instantaneous response of the material to the external field, as governed by equation ( 16), but from dynamics of the electronic energy states population. The above effects are foreseen as possible fundamental mechanisms for alloptical switching [START_REF] Friberg | Ultrafast all-optical switching in a dual-core fiber nonlinear coupler[END_REF][START_REF] Mizrahi | Two-photon absorption as a limitation to all-optical switching[END_REF], the "holy Grail" of photonics that may give birth to optical logic gates for future photonic computers, where photons would replace electrons in data processing.

NLO materials are the most crucial element of nonlinear optics, since the efficiency of NLO phenomena is determined by the effective magnitude of nonlinear materials are transparent inorganic dielectrics or semiconductors (potassium titanyl phosphate (KTP), β-barium borate (BBO), etc.) [START_REF] Sutherland | Handbook of Nonlinear Optics[END_REF], which can be very efficient in frequency mixing, especially when pumped with short laser pulses, and remain stable even at very high laser power. However, other applications such as bioimaging [START_REF] Durr | Two-photon luminescence imaging of cancer cells using molecularly targeted gold nanorods[END_REF][START_REF] Wang | In vitro and in vivo two-photon luminescence imaging of single gold nanorods[END_REF][START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF][START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF] require nonlinear materials which are efficient also at lower light intensities. Searching for such materials has led to development of molecular NLO engineering [START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF][START_REF] Brasselet | Multipolar molecules and multipolar fields: probing and controlling the tensorial nature of nonlinear molecular media[END_REF][START_REF] Piron | Matching molecular and optical multipoles in photoisomerizable nonlinear systems[END_REF][START_REF] Ayhan | ABAB homoleptic bis (phthalocyaninato) lutetium (III) complex: toward the real octupolar cube and giant quadratic hyperpolarizability[END_REF][START_REF] Samoc | Nonlinear absorption and nonlinear refraction: maximizing the merit factors[END_REF], in frame of which a large variety of organic and organometallic compounds has been synthesized, based on rational design of their molecular structure and chemical composition toward maximizing the NLO merit factors. Recently, such molecular engineering is being replaced by nanoengineering [START_REF] Soljačić | Enhancement of nonlinear effects using photonic crystals[END_REF][START_REF] Zielinski | Nanoengineering the second order susceptibility in semiconductor quantum dot heterostructures[END_REF][START_REF] Wurtz | Nonlinear surface plasmon polaritonic crystals[END_REF][START_REF] Kauranen | Nonlinear plasmonics[END_REF][START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF],

where the NLO properties are achieved by means of nanostructuring the materials, creating so called meta-materials, sometimes possessing additional highly exotic optical functionalities.

Demonstration of NLO effects in such materials involving surface plasmon modes is the main subject of this work.
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Second harmonic generation

Generation of radiation at doubled (second harmonic) frequency results from polarization density P (2ω) oscillating at that frequency, induced by a fundamental electric field E (ω) through second order susceptibility tensor of rank 3, being a 3-dimensional matrix of coefficients ) 2 ( ijk  .

The general frequency-domain expression for Cartesian components of the P (2ω) vector is:

  k j k j ijk i E E P , ) ( ) ( ) 2 ( 0 ) 2 (      (18)
Due to invariance with respect to the permutation of each last two indices (

) 2 ( ) 2 ( ikj ijk    ), the number of independent elements of ) 2 (
 can be reduced from 27 down to 18, and the P (2ω) vector can be expressed as [START_REF] Sutherland | Handbook of Nonlinear Optics[END_REF]:
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The elements of ) 2 (  are linked by various symmetry relations, depending on the crystallographic structure of the nonlinear material, which is a straightforward manifestation of the Pierre Curie's dissymmetry principle (also known as the Neumann's principle), one of the fundamental laws of nature. Additional symmetry relations may be associated with Kleinmann symmetry, which is an approximation assuming invariance with respect to the permutation of all three indices ( ...

) 2 ( ) 2 ( ) 2 (    jki kij ijk   
). However, as the first index is associated with electric field component at 2ω, whereas the second and the third index determines the field components at ω, the Kleinmann symmetry is not valid in case of resonant or strongly dispersive materials [START_REF] Higgins | Resonant second harmonic generation studies of p-nitrophenol adsorption at condensed-phase interfaces[END_REF]. Moreover, the elements of 

  K J I init IJK kK jJ iI rot ijk R R R , , ), 2 ( ), 2 (   (20)
where R is a rotation matrix which acts on the initial tensor 
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Let us consider an idealized experimental configuration, where the surface of a nonlinear material, oriented parallel to xy plane, is probed by a fundamental electric field having the form of normally incident linearly polarized plane wave, and the SHG is emitted backwards and detected with polarization resolution [START_REF] Brasselet | Polarization-resolved nonlinear microscopy: application to structural molecular and biological imaging[END_REF], distinguishing x and y components of the second harmonic field. In such case, equation ( 19) can be greatly simplified by removing all elements with z indices:

                   ) ( ) ( 2 ) ( 2 ) ( ) 2 ( ) 2 ( ) 2 ( ) 2 ( ) 2 ( ) 2 ( 0 ) 2 ( 2 ) ( ) (             y x y x yxy yyy yxx xxy xyy xxx E E E E P ( 21 
)
where E (ω) can be defined in terms of αthe angle of incident polarization:

            sin cos 0 ) ( E E (22) 
Each polarization component of the measured SHG intensity can be approximated by squared modulus of the corresponding component of the nonlinear polarization density vector:

2 ) 2 (  i SHG i P I  (23) 
where the polarization angle dependence of each i-th component of the SHG intensity,

) ( SHG i I
, will be referred to as the SHG polarization response. Equations ( 21)-( 23) will be used to demonstrate, in a simple and intuitive manner, some very interesting symmetry properties of SHG and ) 2 (  tensors. A general feature of nonlinear optical phenomena is their ability to probe symmetry features that are not accessible to linear optics and spectroscopy. For example, a linear scheme will not be able to distinguish between two structures abiding respectively to four-fold (square-like) and three-fold (equilateral triangle-like) symmetry. Both will be recognized at the linear level as isotropic structures in the absence of further discriminating features. In contrast, higher

Dipolar and octupolar anisotropy
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PhD thesis 18 order nonlinear processes accounted for by tensors of ranks higher than 2 (rank 3 for SHG and rank 4 for THG) allow to go beyond linear optics in their ability to discriminate between different symmetry types such as the above-mentioned ones, by means of their different polarization responses. Indeed, the higher the order of the nonlinear process (and therefore the rank of the attached tensor), the more powerful will be its symmetry recognition potential.

Anisotropies of higher order than the real or imaginary part of the birefringence can thus be reached by nonlinear polarization analysis [START_REF] Brasselet | Polarization-resolved nonlinear microscopy: application to structural molecular and biological imaging[END_REF], in which the intensity of the x and y polarization components of the emitted nonlinear signal is measured as a function of the angle of the fundamental light polarization. Each type of nonlinear anisotropy possesses its own signature in the polarization analysis.

In the electric dipole approximation, SHG emitters may exhibit two types of anisotropy:

dipolar and octupolar, the first one corresponding to vectorial breaking of centrosymmetry, and the second one being associated with the presence of three-fold rotational symmetry in the case of planar structures and of tetrahedral symmetries for 3-D ones [START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF][START_REF] Brasselet | Multipolar molecules and multipolar fields: probing and controlling the tensorial nature of nonlinear molecular media[END_REF]. Each second order susceptibility tensor

) 2 (  can thus be decomposed into a dipolar ( ) 2 ( 1  J  ) and an octupolar term ( ) 2 ( 3  J 
). An interesting fact is that purely dipolar objects do not exist in nature, i.e. the octupolar term is always non-zero, if only | )

(

 | ≠ 0. On the other hand, purely octupolar objects can be simply realized in the equilateral triangular geometry, which possesses threefold rotational symmetry and is consequently non-centrosymmetric. Polarization analysis allows to distinguish these two components: the dipolar term produces two maxima in the polarization response, whereas the octupolar term produces four maxima (additional two at perpendicular polarizations). This peculiar feature originates from the relation between tensor elements imposed by three-fold rotational symmetry, which can be written as:

) 2 ( ) 2 ( ) 2 ( ) 2 ( yyy yxx xyx xxy         (24a) 0 ) 2 ( ) 2 ( ) 2 ( ) 2 (     xxx yyx yxy xyy     (24b)
for an object of three-fold symmetry axis normal to the xy plane. In such case, the SHG polarization response can be expressed by simple trigonometric functions: 
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) 2 ( 1  J
 . This term is vectorial in nature, having a well- defined directionality, contrary to quasi-isotropic vector-less octupolar term 6b presents an example of octupolar polarization response, which is distorted by a dipolar contribution, oriented along the vertical (y) axis, which results in an increased magnitude of 6c shows a polarization response of a pure dipolar term, that has been added to the tensor associated with Figure 6a to produce a response in Figure 6b.

) 2 ( 3  J  . Figure
| ) 2 ( yyy  | compared to | ) 2 ( xxy  |. Figure
The behavior of polarization response upon rotation of the crystal lattice around z axis with respect to the fixed xy frame is demonstrated in Figures 6d-i, where the With its surface parallel to the (111) crystallographic plane, the crystal lattice of the GaAs wafer exhibits three-fold rotational symmetry with respect to the direction of incidence of the fundamental light, and the polarization response in Figure 7 is a signature of the corresponding octupolar tensor symmetry described by equations [START_REF] Altewischer | Plasmon-assisted transmission of entangled photons[END_REF]. In one of the next chapters of this thesis, a controlled distortion of this pattern toward dipolar-like anisotropy
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Third order NLO effects

Contrary to second order susceptibility ) 2 (  , its third order counterpart ( ) 3 (  ) is non-zero in all materials, including not only crystals of all kinds of symmetry, but also amorphous media [START_REF] Sutherland | Handbook of Nonlinear Optics[END_REF]. Hence, every material can exhibit third order NLO phenomena, if only the light intensity is high enough, however in many cases observation of these effects would require a light intensity that would cause optical damage to the material. Therefore, searching for more efficient third order nonlinear materials, with | ) 3 (  | enough large to achieve third order NLO below damage threshold, is an important branch of molecular NLO engineering [START_REF] Samoc | Nonlinear absorption and nonlinear refraction: maximizing the merit factors[END_REF].

Aside from third harmonic generation (THG), a nonlinear process analogous to SHG but resulting in radiation at tripled frequency, ) 3 (  in equation ( 16) is also responsible for intensity dependence of the effective linear optical properties of the medium: refractive index n and absorption coefficient  . The intensity dependence of refractive index is called optical Kerr effect, or third order nonlinear refraction, and is associated with the real part of  . The magnitude of both effects is proportional to the light intensity:

I n n I n 2 0 ) (   (26a) I I 2 0 ) (      (26b)
where 2 n and 2  are third order nonlinear refractive index and 2PA coefficient, respectively.

In the SI units, these parameters are related to ) 3 (  through [64]:

2 0 2 0 ) 3 ( 3 4 Re cn n    (27a) 2 0 2 0 ) 3 ( 3 Im      c n  ( 27b 
)
where  is the free space wavelength in m,  is expressed in the electrostatic units, i.e. cm 2 /statvolt 2 (1 statvolt = 299.792458 V) [65], abbreviated to "esu", linked with the 2 n and 2  coefficients via the following relations:  and  are in cm 2 /W, cm/W and cm, respectively. In case of molecular NLO compounds in solution, the above parameters are often further converted to second (cubic) hyperpolarizability  , which can be expressed either in SI (m 5 /V 2 ) or esu units: taking  in esu units, calculated using equation ( 29),  in cm and photon energy E in J.

Alternatively, )

 can be obtained directly from 2  using the following formula:

2 ) 2 (   N E  ( 31 
)
where N is the number of molecules per unit volume (cm 3 ).

While ) 3 ( Im  ( 2 
) is always positive, causing an increase of the effective absorption coefficient with increasing light intensity, which leads to so called optical limiting behavior,

) 3 ( Re  ( 2 n
) may be either positive or negative. When a Gaussian beam is transmitted through a thin layer of nonlinear material, the Gaussian intensity distribution turns this nonlinear medium into lens which can be either converging (so called self-focusing) or diverging (self-defocusing), depending on the sign of 
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Z-scan

Both nonlinear refraction and nonlinear absorption can be probed by moving the sample of nonlinear medium along the propagation direction (z) of a focused beam. When the sample approaches the focal point, the light intensity increases and the NLO effects are enhanced, according to equations [START_REF] Gartia | Colorimetric Plasmon Resonance Imaging Using Nano Lycurgus Cup Arrays[END_REF]. Measuring the transmitted light intensity as a function of sample position along z is called Z-scan [START_REF] Sheik-Bahae | Sensitive Measurement of Optical Nonlinearities Using a Single Beam[END_REF], and the transmission curves obtained in this method can serve as very simple and intuitive illustrations of the third order NLO effects. In case of 2PA, the z-dependence of the total transmitted power features a minimum at z = 0 (focal plane), which is associated with maximum effective absorbance. Observation of nonlinear refraction requires filtering of the transmitted light by a screen with small aperture of fixed diameter, placed in front of a detector. It probes the intensity variation in the center of transmitted Gaussian beam projected on a screen, which is associated with self-focusing or selfdefocusing phenomena. Experimental configuration where the transmitted light is filtered by an aperture is called "closed aperture", whereas the configuration were one measures the total transmitted power is referred to as "open aperture".

Theoretical description of the NLO effects in the above configurations was developed in 1990 in one of the first papers on Z-scan, elaborated by Eric Van Stryland and his team [START_REF] Sheik-Bahae | Sensitive Measurement of Optical Nonlinearities Using a Single Beam[END_REF].

Following these derivations, the Gaussian beam incident on the sample can be expressed as:

             i R ikr w r w w t E r t z E 2 exp ) ( ) , , ( 2 2 2 
0 0 [START_REF] Knight | Nanoshells to nanoeggs to nanocups: optical properties of reduced symmetry core-shell nanoparticles beyond the quasistatic limit[END_REF] where the beam radius w, the wavefront curvature radius R and the Rayleigh length 0 z are expressed respectively as:

          2 0 2 2 0 2 1 z z w w (33a)           2 2 0 1 z z z R (33b) 2 2 0 0 kw z  (33c)
Nonlinear refraction causes a phase shift within the nonlinear medium:

            2 2 0 2 exp ) , ( ) , , ( w r t z t r z   (34)
where:
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)
eff L is called effective length, while L is the physical length of the optical path inside the nonlinear medium (the sample thickness). The electric field of light exiting the sample can be expresses as:

) , , ( 2 / 
) , , ( ) , , (

t r z i L e e e t z r E t z r E       (36) 
The resultant electric field pattern at the screen with aperture, which is located at a distance d

from the sample ( z d d   0
, where 0 d is a fixed distance between the focal plane and the screen), can be obtained using Gaussian decomposition (G.D.):

                 m m m m m m m L a i R ikr w r w w f e t r z E t r E   2 exp ) , 0 , ( ) , ( 2 2 2 0 0 2 / (37)
where the subsequent parameters are defined as:

            m n m m kn n i m t z i f 0 2 2 0 2 ) 1 2 ( 1 ! )] , ( [   (38a) 1 2 2 2 0   m w w m (38b)           2 2 2 2 0 2 m m m d d g w w (38c) 2 2 0 m m kw d  (38d) R d g   1 (38e) 1 2 2 2 / 1           m m d d g g d R (38f)          g d d m m arctan  (38g)
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Typically, the series in equation [START_REF] Nerkararyan | Generation of Hankel-type surface plasmon polaritons in the vicinity of a metallic nanohole[END_REF] requires no more than 10 terms (m from 0 to 9) for good convergence, however, if the NLO effects are strong ( 37), ( 38) and (40) allows to calculate example closed aperture Zscan curves, which are shown as blue lines in Figure 8, assuming either pure nonlinear refraction (Figure 8a) or a nonlinear refraction with 2PA (Figure 8b). Solid lines represent the Z-scan traces corresponding to positive 2 n , while dashed curves are calculated assuming negative 2 n of the same magnitude. All curves are normalized with respect to the transmittance values at their marginal points (z → ± ∞).

The variation of total transmitted intensitythe open aperture curvecan be calculated either by increasing the limits of the integration in equation ( 40), or using much simpler expressions:

q q z T ) 1 ln( ) ( O.A.   (41) 
where

2 0 2 0 / 1 z z q q   (42a) eff L I q 0 2 0   (42b) 
We can express the above formula in terms of 0  and T instead of 2  , by using the relation

0 0 2 q    :                   1 / 1 2 T ln T / 1 2 2 0 2 0 0 2 0 2 O.A. z z z z T   (43)
Example open aperture Z-scan curve, corresponding to a non-zero 2  , is plotted as red line in Figure 8b.

If the condition 1 | | 0  q (or  2 | T | 0  
) is not fulfilled, the exact expression for closed aperture curve with 2PA does not converge near 0  z . In such situation, the only way to obtain the closed aperture transmittance with TPA is to multiply the open aperture curve by closed aperture curve calculated for a given 0  and T = 0:

) ( ) ( ) ( O.A. 0 T C.A. C.A. z T z T z T    (44) 
However, this method is not very accurate, which can be easily n can be used. One of the most common references is fused silica, which si n 2 dispersion can be described by analytical formula derived by Marek Samoć, approximating the experimental data of David Milam [START_REF] Milam | Review and assessment of measured values of the nonlinear refractive-index coefficient of fused silica[END_REF]: 

           si n ( 45 
)
where λ is the wavelength in the units of cm, whereas the calculated si n 2 is in cm 2 /W. Fitting the closed aperture Z-scan curve measured on silica reference can be used not only to
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In case of Z-scan measurements of nonlinear compounds in solution, the pure solvent is measured as the second reference. Its nonlinear refractive index, sv n 2 , can be obtained from comparison of sv 0  and si 0  , both determined by fitting the corresponding closed aperture curves, taking into account solvent-by-silica transmission correction si sv cor t / (the ratio between the absolute signal measured by detectors at the marginal points of the Z-scan curves of solvent and silica, respectively):

1 / 0 0 2 2 ) (     si sv cor sv si si sv si sv t L L n n ( 46 
)
where si L and sv L are the thicknesses of silica and solvent layers, respectively. The nonlinear refractive index of the solution containing the investigated NLO compound can be obtained from a formula analogous to [START_REF] Ebbesen | Extraordinary optical transmission through sub-wavelength hole arrays[END_REF] The complex refractive index se n 2 of the studied NLO compound, calculated in equations (47), can be converted to complex third order susceptibility ) 3 (  or complex second hyperpolarizability  using relations (28a) and ( 29), respectively. The imaginary part of se n 2 can be recalculated to 2PA coefficient 2  using equation (28b), or to 2PA cross section  by means of equation [START_REF] Honda | High-Q band edge mode of plasmonic crystals studied by cathodoluminescence[END_REF] or [START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF].

Saturable absorption (SA)

Under very high light intensities, the atoms or molecules of a material may populate their excited states so densely, that the medium cannot any longer efficiently absorb the incoming photons, which makes it more transparent to the incident light. The effective absorption coefficient decreases with increasing light intensity, which is most commonly described by the following formula derived from rate equations:

1 0 1 ) (            sat I I I   (49)
where sat I is the saturation intensity, expressed in the same units as the incoming light intensity I . The effect of absorption saturation on the effective absorption coefficient is opposite compared to 2PA, and therefore a competition between these two phenomena is sometimes observed. In such case, the intensity dependent absorption coefficient can be expressed as:

I I I I sat 2 1 0 1 ) (                (50)
The change of  affects the light intensity within a nonlinear medium, and vice versa. A decrease of the light intensity along the thickness L of a nonlinear material is governed by:

I I dL dI ) (    (51) 
In order to simulate an open aperture Z-scan curve, corresponding either to the case with pure SA, described by equation ( 49), or to a combination of SA and 2PA, described in equation [START_REF] Mizrahi | Two-photon absorption as a limitation to all-optical switching[END_REF], one needs to perform a direct numerical integration over the beam radius, with upper integration limit 3w that allows to include the meaningful part of the Gaussian intensity distribution:
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where the input light intensity can be expressed as: Example open aperture Z-scan curve of a nonlinear medium exhibiting both SA and 2PA is plotted as black solid line in Figure 11a. Balanced competition between the two opposite nonlinear absorption effects results in a peculiar "volcano"-like line shape [START_REF] Wang | Z-scan analytical theory for material with saturable absorption and two-photon absorption[END_REF]. The

         
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PhD thesis 32 contributions of SA and 2PA are plotted separately as blue and red curves, respectively. Their product, which is shown as green dashed line, appears relatively close to the curve calculated rigorously by means of equations ( 50)- [START_REF] Piron | Matching molecular and optical multipoles in photoisomerizable nonlinear systems[END_REF]. The 2PA curve obtained using equation ( 41), plotted as dashed grey line, does not deviate significantly from that obtained using equations ( 50)-( 54), however a small difference in the valley depth is noticeable.

Adomian decomposition (A.D.) is an alternative method for simulation of Z-scan curves of materials exhibiting intensity dependent absorption coefficient. In this method, the following relation between the incident beam intensity in I and the intensity of light exiting the nonlinear medium ex I is assumed [68]: 

   L in ex Idl I I L I 0 ) ( ) (  ( 
                        m n n n m n n n m m m m u u d d m u u u A ( 58 
)
Combining relations ( 55)-( 57) yields:

         L m m m in m m dl u u u A I u 0 0 1 0 0 ) ,..., , ( (59) 
Adomian's polynomials are obtained by comparing each m u element on the left with all elements on the right containing terms 0 u , 1 u , 2 u , ..., i u , where i < m. For m = 0 we get 0 u = in I , whereas the other terms are obtained from the following recurrence formula:

     L m m m dz u u u A u 0 1 1 0 1 ' ) ,..., , ( (60) 
The approximate transmitted intensity 

Plasmonics meets nonlinear optics

Nonlinear plasmonics has recently become one of the most dynamically explored research areas in photonics, which is not unexpected since merging of the two domains, plasmonics and nonlinear optics, generates a considerable potential that could not be achieved by these

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 34 domains separately [START_REF] Kauranen | Nonlinear plasmonics[END_REF]. The most peculiar aspect of plasmonicsthe enormous optical field enhancement associated with surface plasmon modescan be combined with the main property of the NLO phenomena, that istheir power dependence on the local electric field magnitude, shown in equation [START_REF] Noginov | Demonstration of a spaser-based nanolaser[END_REF]. Plasmonic nanostructures may enhance the NLO phenomena by many orders of magnitude, just to mention the most spectacular case of surface-enhanced Raman scattering, where the enhancement factors of 10 10 -10 11 were reported [START_REF] Le Ru | Surface enhanced Raman scattering enhancement factors: a comprehensive study[END_REF].

There are two main strategies of maximizing the efficiency of NLO phenomena in plasmonic nanostructures. The most straightforward idea is to create hybrid materials, containing traditional NLO media (dielectrics, semiconductors, organic compounds) mixed with metallic nanostructures [START_REF] Pu | Nonlinear optical properties of core-shell nanocavities for enhanced second-harmonic generation[END_REF]. The second approach employs the intrinsic nonlinearities of noble metals that support surface plasmon resonances. One of the best examples of the latter concept is 2PA in gold nanorods [START_REF] Olesiak-Banska | Third-order nonlinear optical properties of colloidal gold nanorods[END_REF], which is associated with two-photon excited luminescence (2PEL), that can be used as a bright contrast agent for bioimaging in nonlinear microscopy [START_REF] Durr | Two-photon luminescence imaging of cancer cells using molecularly targeted gold nanorods[END_REF][START_REF] Wang | In vitro and in vivo two-photon luminescence imaging of single gold nanorods[END_REF][START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF][START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF]. This phenomenon is rather astonishing, taking into account that neither bulk gold nor gold nanostructures exhibit photoluminescence of a comparable efficiency under linear (single-photon) optical excitation.

In both aforementioned strategies, the geometry of nanostructures plays a crucial role, as it determines the spectral properties of plasmon modes, as well as the local spatial distribution of the electric field enhancements. The latter property is associated with another fascinating aspect of nonlinear plasmonics, which emerges from the tensorial nature of the NLO phenomena, linked with their extreme sensitivity to local symmetry of the material and to the orientation and magnitude of the local electric field vector. NLO phenomena in plasmonic nanostructures, especially SHG, has recently been demonstrated as a very efficient probe of the local geometry in a number of research works [START_REF] Valev | Characterization of Nanostructured Plasmonic Surfaces with Second Harmonic Generation[END_REF][START_REF] Canfield | Local field asymmetry drives second-harmonic generation in noncentrosymmetric nanodimers[END_REF][START_REF] Salomon | Plasmonic coupling between metallic nanocavities[END_REF][START_REF] Butet | Ultrasensitive Optical Shape Characterization of Gold Nanoantennas Using Second Harmonic Generation[END_REF][START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF][START_REF] Butet | Nonlinear plasmonic nanorulers[END_REF].

The ultimate goal of nonlinear plasmonics it to employ the plasmon-enhanced NLO phenomena in active photonic devices [START_REF] Macdonald | Ultrafast active plasmonics[END_REF][START_REF] Krasavin | All-plasmonic modulation via stimulated emission of copropagating surface plasmon polaritons on a substrate with gain[END_REF]. From the point of view of information processing, surface plasmons are quasi-particles that combine the miniaturization capabilities of electrons and the frequency multiplexing associated with bosonic nature of photons [START_REF] Ozbay | Plasmonics: merging photonics and electronics at nanoscale dimensions[END_REF].

Replacing electrons by plasmons may therefore give birth to a true revolution in the computer technology, however it requires very efficient nonlinearities that would enable controlling plasmons with plasmons in a way similar to that of controlling electrons with electrons in

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 35 currently used field effect transistors [START_REF] Stockman | The spaser as a nanoscale quantum generator and ultrafast amplifier[END_REF]. Another challenge is to overcome the plasmonic losses, which put a fundamental limit on the plasmon-mediated data transfer and result in generation of large amount of heat [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF], that would certainly melt any plasmonic nanoprocessor immediately after launching. Fortunately, surface plasmons can be observed not only in metals like gold or silver, but also in novel materials such as graphene [START_REF] Koppens | Graphene plasmonics: a platform for strong light-matter interactions[END_REF], carbon nanotubes [START_REF] Kempa | Gapless plasmons in carbon nanotubes and their interactions with phonons[END_REF] and topological insulators [START_REF] Di Pietro | Observation of Dirac plasmons in a topological insulator[END_REF]. These alternative materials may potentially offer reduced plasmonic losses accompanied by intrinsic NLO properties enabling all-optical switching at the level of individual photons [START_REF] Gullans | Single-photon nonlinear optics with graphene plasmons[END_REF] a potential platform for quantum information processing.

SHG in plasmonic nanostructures

In case of nonlinear scattering phenomena, such as SHG, the overall plasmonic enhancement may be associated with two different local field factors,  L and  2 L , at fundamental and at harmonic frequency, respectively [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]:

2 2 4 | | | |   L L I SHG  (61) 
However, the efficiency of SHG depends also on the overlap between the electric field wave functions at ω and 2ω, which are coupled by the local second order susceptibility of the metal [START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF]. Since noble metals that support surface plasmon resonances are centrosymmetric, the bulk contribution to their second order nonlinearity is associated with quadrupolar coupling to the electric field gradient [START_REF] Rudnick | Second-Harmonic Radiation from Metal Surfaces[END_REF][START_REF] Sipe | Analysis of second-harmonic generation at metal surfaces[END_REF][START_REF] Corvi | Hydrodynamic-model calculation of second-harmonic generation at a metal surface[END_REF][START_REF] Wang | Surface and bulk contributions to the second-order nonlinear optical response of a gold film[END_REF][START_REF] Bachelier | Origin of optical second-harmonic generation in spherical gold nanoparticles: Local surface and nonlocal bulk contributions[END_REF]. It has been found, that bulk nonlinear polarization in noble metals reduces to a single term, which can be expressed as:

  E E. 0 ) 2 (   bulk bulk P   (62)
Aside from the aforementioned bulk nonlinear polarization, which is rather weak, noble metals may exhibit a significant nonlinear polarization originating from breaking of centrosymmetry at the metal surface. It is associated with two independent tensor components, surface normal and surface tangential, respectively [START_REF] Rudnick | Second-Harmonic Radiation from Metal Surfaces[END_REF][START_REF] Sipe | Analysis of second-harmonic generation at metal surfaces[END_REF][START_REF] Corvi | Hydrodynamic-model calculation of second-harmonic generation at a metal surface[END_REF][START_REF] Wang | Surface and bulk contributions to the second-order nonlinear optical response of a gold film[END_REF][START_REF] Bachelier | Origin of optical second-harmonic generation in spherical gold nanoparticles: Local surface and nonlocal bulk contributions[END_REF]:

     E E P ) 2 ( 0 ) 2 (   (63)    E E P || ) 2 ( || || 0 ) 2 ( ||   (64)
Sometimes also a third component is taken into account, namely:
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which may be expected due to the typical symmetry properties of second order susceptibility tensors. However, this contribution is commonly assumed to be already included in the effective bulk term. The contribution of [START_REF] Rudnick | Second-Harmonic Radiation from Metal Surfaces[END_REF][START_REF] Sipe | Analysis of second-harmonic generation at metal surfaces[END_REF][START_REF] Corvi | Hydrodynamic-model calculation of second-harmonic generation at a metal surface[END_REF][START_REF] Wang | Surface and bulk contributions to the second-order nonlinear optical response of a gold film[END_REF]. These parameters were found to have spectral dispersion and to depend on some experimental conditions such as metal surface quality [START_REF] Sipe | Analysis of second-harmonic generation at metal surfaces[END_REF]. In general, the surface normal contribution ) 2 (   has been found as the most significant for the SHG efficiency, and therefore many theoretical models neglect other terms. Under such assumption, the efficiency of SHG can be estimated using expression [START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF]:

dS E E E S local local local SHG 2 , ) , 2 ( , 2 ) (  
       (67)
where the integration is performed over the surface of nanostructure, taking into account only the normal components of the electric field vectors, associated with plasmon mode wave functions at both at ω and 2ω.

Since the beginning of the plasmon-assisted SHG investigation, many different strategies have been employed toward optimizing the SHG efficiency. In the earliest works, the excitation of SPPs on a smooth metal surface has been found to significantly enhance the SHG radiation [START_REF] Simon | Optical second-harmonic generation with surface plasmons in silver films[END_REF][START_REF] Chen | Coherent second-harmonic generation by counterpropagating surface plasmons[END_REF][START_REF] Tzeng | Optical second-harmonic generation from silver films with long-range surface-plasmon excitation[END_REF]. Nanostructuring the metal surface in a form of random surface corrugations [START_REF] Chen | Surface-enhanced second-harmonic generation and Raman scattering[END_REF][START_REF] Boyd | Local-field enhancement on rough surfaces of metals, semimetals, and semiconductors with the use of optical second-harmonic generation[END_REF][START_REF] Stockman | Enhanced second-harmonic generation by metal surfaces with nanoscale roughness: nanoscale dephasing, depolarization, and correlations[END_REF] or regular diffraction grating [START_REF] Agarwal | Surface-enhanced second-harmonic generation at a metallic grating[END_REF][START_REF] Farias | Second-harmonic generation in reflection from a metallic grating[END_REF][START_REF] Quail | Second-harmonic generation from a silver grating with surface plasmons[END_REF][START_REF] Coutaz | Experimental study of second-harmonic generation from silver gratings of various groove depths[END_REF] provides additional enhancement due to local surface curvature. However, it should be noted that such enhancement does not
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PhD thesis 37 necessarily involve surface plasmon modes, but it can be attributed to a non-resonant lightning-rod effect [START_REF] Aktsipetrov | Lightning rod effect in surface-enhanced second-harmonic generation[END_REF], which is responsible for highly efficient NLO effects in the tipenhanced nonlinear optical experiments [START_REF] Bouhelier | Near-field second-harmonic generation induced by local field enhancement[END_REF].

SHG in metallic nanostructures exhibiting localized surface plasmon resonances is one of the most widely explored concepts. Extensive theoretical and experimental investigation has been devoted to the simplest case of spherical nanoparticles [START_REF] Bachelier | Origin of optical second-harmonic generation in spherical gold nanoparticles: Local surface and nonlocal bulk contributions[END_REF], where the SHG can be attributed to various multipolar modes [START_REF] Dadap | Second-harmonic Rayleigh scattering from a sphere of centrosymmetric material[END_REF][START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Bachelier | Multipolar secondharmonic generation in noble metal nanoparticles[END_REF][105], depending on the size of nanoparticles [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF]. Aside from spherical nanoparticles, nanostructures of almost all possible geometries have been proposed and investigated, just to mention asymmetric core-shell nanostructures ("nanocups")

[106], nanoparticle dimers [START_REF] Slablab | Second-harmonic generation from coupled plasmon modes in a single dimer of gold nanospheres[END_REF], triangular nanoapertures [START_REF] Salomon | Size and shape resonances in second harmonic generation from silver nanocavities[END_REF], etc. In general, noncentrosymmetric shapes have been found to provide much more efficient SHG compared to their centrosymmetric counterparts, which is not unexpected taking into account that the oscillating electron fluid experiences a Coulomb restoring force which depends on the geometry of the metal boundaries [START_REF] Zheludev | Phase matched second harmonic generation from nanostructured metallic surfaces[END_REF]. In non-centrosymmetric nanostructures the symmetry of this restoring force is broken, which leads to enhanced oscillation at second-harmonic frequency.

Engineering the nanostructure geometry toward more efficient SHG may also take advantage of the fact that the frequencies of localized plasmon resonances in elongated nanostructures such as metallic nanorods are strongly dependent on the aspect ratio. This allows to tune the frequency of plasmon modes by changing the length of nanostructures, aiming to maximize the local field factor at both fundamental and second harmonic frequency to create a doubleresonant system [START_REF] Thyagarajan | Enhanced second-harmonic generation from double resonant plasmonic antennae[END_REF]. Another example of rational SHG efficiency optimization is the concept of nanolens, which is based on arrangement of metallic nanoparticles of different sizes into a self-similar chain ("nanosnowman") in a way that smaller nanoparticles are located in the area of field enhancement of larger nanoparticles [START_REF] Li | Self-similar chain of metal nanospheres as an efficient nanolens[END_REF]. This results in a cascade field enhancement that becomes enormously large at the end of the chain, i.e. around the smallest particle. Recent strategies quite often involve also the Fano resonance [START_REF] Thyagarajan | Augmenting second harmonic generation using Fano resonances in plasmonic systems[END_REF], in which a broad dipolar and a sharp quadrupolar plasmon modes interact leading to extremely high field enhancements, which significantly improves the SHG efficiency.

Aside from a simply defined goal of achieving efficient frequency doubling meta-materials, the use of SHG-active metallic nanoparticles in applications such as refractive index sensing has recently been proposed [START_REF] Butet | Sensing with multipolar second harmonic generation from spherical metallic nanoparticles[END_REF]. Moreover, far-field SHG emission has been demonstrated

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 38 as a sensitive probe of the local geometry of metallic nanostructures, serving as a precise tool for characterization of nanostructured metallic surfaces [START_REF] Butet | Ultrasensitive Optical Shape Characterization of Gold Nanoantennas Using Second Harmonic Generation[END_REF], including, for instance, highly accurate determination of the nanometer-scale inter-particle distances [START_REF] Butet | Nonlinear plasmonic nanorulers[END_REF]. Polarization properties of the far-field SHG radiation have also been employed to evidence SPP-mediated coupling between nanostructures connected by a continuous metallic film, proving the capability of SHG microscopy to serve as a probe of the nanoscale local electric field symmetry [START_REF] Salomon | Plasmonic coupling between metallic nanocavities[END_REF]. On the other hand, the possibility of engineering the effective  ), which will be demonstrated on non- centrosymmetric plasmonic crystals in one of the next chapters of this thesis. Nevertheless, probably the most spectacular phenomenon related to symmetry-constrained SHG is the giant nonlinear chiroptical effect [START_REF] Valev | Characterization of Nanostructured Plasmonic Surfaces with Second Harmonic Generation[END_REF], where the SHG intensity excited in chiral nanostructures has been shown to exhibit up to 50% changes between different circular polarizations of the incident light [START_REF] Valev | Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale[END_REF]. Realization of this effect in octupolar plasmonic meta-molecules will be presented in another chapter of this thesis.

SA and 2PA in gold nanoparticles

Gold nanostructures can serve as an example of material exhibiting two opposite nonlinear absorption phenomena: SA and 2PA [START_REF] Olesiak-Banska | Third-order nonlinear optical properties of colloidal gold nanorods[END_REF][START_REF] Gordel | Shellthickness-dependent nonlinear optical properties of colloidal gold nanoshells[END_REF]. Such situation and its consequence on the open aperture Z-scan curves have been discussed in one the previous sections of this thesis.

The "volcano"-shaped Z-scan curves, similar to the black curve plotted in Figure 11a, are observed rather occasionally, most of Z-scan measurements yielding experimental line shapes that can be attributed either to pure SA or to pure 2PA. Usually one of these processes is dominant over a given spectral range, while the other becomes more pronounced in another spectral range. Both phenomena, especially 2PA, are observed particularly in the vicinity of plasmon resonance bands, which can serve as a good example of plasmonic enhancement of intrinsic nonlinearity of gold. Moreover, it is presumed that the local electric field enhancement associated with plasmon resonances is the main driving force and a necessary condition for these NLO effects to occur.

As has been already mentioned, gold nanorods are nanoparticles of particular interest, as they exhibit two plasmon modes, longitudinal mode and transverse mode, the first one resulting in a very high electric field enhancement at the tips, augmented by the lightning-rod effect. For
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PhD thesis 39 this reason, nanorods can be considered as highly efficient optical antennasin spite of their small dimensions (typically 10 nm width and ~30 nm length), they are capable of extreme concentration of the optical energy down to deeply subwavelength volumes. These properties make them promising candidates for photothermal cancer therapy [START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF], where the heat generated by absorption of the incoming light destroys the target tumor cells. From the point of view of their NLO properties, nanorods are useful as nonlinear nanolabels [START_REF] Durr | Two-photon luminescence imaging of cancer cells using molecularly targeted gold nanorods[END_REF][START_REF] Wang | In vitro and in vivo two-photon luminescence imaging of single gold nanorods[END_REF][START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF][START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF], owing to their efficient 2PA [START_REF] Olesiak-Banska | Third-order nonlinear optical properties of colloidal gold nanorods[END_REF] followed by bright 2PEL emission. Furthermore, strong polarization dependence of 2PEL, being a consequence of the excitation of longitudinal plasmon resonance, allows to use nanorods as orientation probes to investigate local molecular order by means of polarization-resolved nonlinear microscopy [START_REF] Olesiak-Banska | Gold nanorods as multifunctional probes in a liquid crystalline DNA matrix[END_REF]. In summary, nanorods have great potential as theranostic nanoparticles, which means that they can be used both in diagnosis (nonlinear bioimaging) and in disease treatment [START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF].

As saturable absorbers, gold nanostructures may be also considered useful for mode locking in pulsed lasers. However, from the point of view of their SA efficiency and optical stability, they cannot compete with other saturable absorbers such as graphene, which has recently become a "wonder material" for this purpose [START_REF] Bao | Atomic-layer graphene as a saturable absorber for ultrafast pulsed lasers[END_REF] due to its nearly constant absorption and SA properties over the entire visible and near-infrared spectral range. On the other hand, one may consider improvement of these useful properties of graphene by increasing the local field factor, which can be achieved by decorating graphene sheets with metallic nanoparticles [START_REF] Kalanoor | Optical nonlinearity of silver-decorated graphene[END_REF] exhibiting plasmon resonances in a desired spectral range. Results of such attempts will be presented in one of the next chapters of this thesis. 
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employing the strong dependence of some NLO effects, such as SHG, on the local symmetry of both the nonlinear medium and the electric field wave functions of plasmon modes, toward engineering the effective nonlinear optical susceptibility of plasmonic nanostructures.

Part of the research work devoted to the investigation of SHG focuses on two particular goals:

(1) controlling the effective SHG anisotropy and enhancement in plasmonic crystals by means of their plasmonic band structure involving plasmonic band gap and plasmonic band edge states, and (2) demonstration of the giant nonlinear chiroptical effect in chiral arrangements of coupled non-centrosymmetric gold nanoparticles. In order to achieve the aforementioned goals, the experimental work, including samples fabrication (in case of plasmonic crystals)

and polarization-resolved nonlinear microscopy measurements, is combined with numerical and analytical modeling, providing correct interpretation of the obtained results and, in the longer term, enabling rational design of the nonlinear plasmonic nanostructures.

Concerning the part of the work devoted to Z-scan, the first goal is to verify the large third order optical nonlinearity of graphene, which has been recently reported in the literature, and to quantify the efficiency of saturable absorption by determination of saturation intensity.

Since the obtained aqueous dispersions of single-layer graphene exhibit a tendency to fast aggregation and sedimentation, traditional Z-scan technique is not suitable to investigate this material due to long time of individual Z-scan measurement. Therefore, a modification of this technique is necessary, enabling much faster measurements, which is achieved by incorporation of a focus-tunable lens, leading to development of so called f-scan. The final goal, after determination of the NLO properties of graphene dispersions, is to investigate the effect of decoration of graphene by gold nanoparticles, in order to demonstrate the plasmonic enhancement of the graphene nonlinearities which may potentially lead to an improved nonlinear medium for applications in pulsed lasers technology. 

Fabrication of plasmonic crystals

The nanostructures are fabricated using a semi-insulating (111)B GaAs substrate, covered with two layers: a bottom layer of SiO2 (40 nm thick) and a PMMA layer on the top. A pattern of triangular openings is generated by e-beam lithography in the PMMA layer, exposing the SiO2 surface, which then undergoes reactive ion etching. After removing the PMMA mask, the resulting pattern being now transferred to SiO2, the surface of the GaAs substrate exposed at the openings is subjected to anisotropic chemical etching using a bromine-methanol solution. This site-selective wet chemistry method [START_REF] Felici | Site-Controlled InGaAs Quantum Dots with Tunable Emission Energy[END_REF] exposes the Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 43

Circular polarization

In order to investigate the giant nonlinear chiroptical effect in chiral gold nanostructures, a circularly polarized incident beam is applied. In order to achieve such polarization state, the half-wave plate combined with LC phase retarder are adjusted so that after further reflection from a dichroic mirror, the beam incident on the sample is either left-handed or right-handed circularly polarized, with an absolute ellipticity not exceeding 1%. Switching between the two polarization states is achieved by simply rotating the half-wave plate by 45ᵒ (from -22.5ᵒ to +22.5ᵒ), and can be performed with good repeatability after initial calibration. The average power of the beam at the entrance of the microscope is set to around 5 mW, while the fundamental wavelength is tuned between 800 and 900 nm. The incident light is focused by an air objective of numerical aperture 0.7 and magnification 60× (Nikon), providing better imaging resolution than in case of an objective used for investigation of plasmonic crystals.

The total SHG signal is recorded without distinction of particular polarization components by adding the number of counts measured by two detectors, which is equivalent to collecting the signal by a single detector.

3.3 Finite element method (FEM) simulations

Absorption and scattering

Finite element method (FEM) implemented in COMSOL Multiphysics software is one of the most popular tools for numerical modeling of optical phenomena, especially related to plasmonic nanostructures. Modeling of optical scattering on a spherical gold nanoparticle is demonstrated in one of the tutorial models, which is freely available for COMSOL users.

Slightly modified version of this model can be used to calculate absorption and scattering spectra of various plasmonic nanostructures [START_REF] Knight | Nanoshells to nanoeggs to nanocups: optical properties of reduced symmetry core-shell nanoparticles beyond the quasistatic limit[END_REF], which is done in case of chiral plasmonic nanostructures studied in this thesis. Optical scattering is modeled in the frequency domain by PML is an absorbing layer that mimics the decay of scattered radiation at infinity, preventing from back reflection of this radiation from the simulation boundaries. An example of typical simulation geometry is presented in Figure 13.

Absorption and scattering cross sections are calculated separately for each studied wavelength of the incident light, using formulas given by Knight and Halas [START_REF] Knight | Nanoshells to nanoeggs to nanocups: optical properties of reduced symmetry core-shell nanoparticles beyond the quasistatic limit[END_REF]. The absorption cross section is calculated by integration of the resistive heating Q, given in units of W/m 3 , over the volume of the nanostructure:

dV Q V inc abs   0 0 2 | | 2    E ( 68 
)
whereas the scattering cross section is calculated by integration of the far-field far E over the boundary of the far-field domain:

    d d R R S far far far inc scat sin | | | | 1 2 2 2 2   E E (69) 
where | inc E | is the amplitude of the incident electric field (by default equal 1 V/m), µ0 = The validity of the above methods can be confirmed by comparison of the calculated spectra with those obtained by means of UV-vis spectroscopy. In case of nanoparticles randomly dispersed in a solvent, the integration of the far-field in equation ( 69) can be performed over the entire boundary of the far-field domain. However, if the modeled nanostructures are deposited on a substrate and oriented in a regular fashion, it is more appropriate to perform integration only over the upper hemisphere (assuming light incidence from the top). In this case, the integration accounts only for backscattering, because scattering in the forward direction contributes to the transmitted light, and therefore tends to decrease the magnitude of the extinction measured in the UV-vis experiment.
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SHG modeling

Due to low conversion efficiency, SHG in plasmonic nanostructures can be computed by a perturbative approach, under the assumption of a non-depleted pump beam, employing a wellestablished two-step modeling procedure which has been demonstrated in the recent publications [START_REF] Bachelier | Origin of optical second-harmonic generation in spherical gold nanoparticles: Local surface and nonlocal bulk contributions[END_REF]. In the first step, a linear scattering problem is solved for the geometryconstrained boundary conditions, assuming a background electric field defined accordingly, depending on the studied case. For investigation of plasmonic crystals, a linearly polarized plane wave of a Gaussian amplitude profile is used, whereas for modeling of SHG in chiral nanostructures the incident light has a form of circularly polarized uniform plane wave. 

The bulk nonlinear polarization ( ) 2 ( bulk P ) is linearly interpolated within the volume of a 5 nm- thick surface layer, based on the polarization distributed over the two boundaries: the first one corresponding to the exact surface of the metal, and the second one set at the bottom of this surface layer. In this case it is assumed that the dominant contribution to the scattered SHG comes from the bulk nonlinear polarization resulting from the electric field gradients located in direct proximity of the metal surface.

In case of plasmonic crystals, only the surface tangential component is considered, which is dictated by the memory consumption required in these simulations, involving metal surface of very large area, which limits the quality of mesh elements. 

where  and  are polar and azimuthal angles, respectively, and  is the numerical aperture (NA). The above equation is valid only for air objectives. In the case of an oil immersion objective, the upper limit of the integration would be equal ) / arcsin( As has been already mentioned, investigation of NLO properties of unstable nanoparticle dispersions requires an experimental setup that is capable of performing typical Z-scan measurement within a time not exceeding several seconds. To date, several modifications of the Z-scan technique were proposed, such as eclipsing Z-scan [START_REF] Xia | Eclipsing Z-scan measurement of λ/10 4 wave-front distortion[END_REF], or dual-arm Z-scan [START_REF] Ferdinandus | Dual-arm Z-scan technique to extract dilute solute nonlinearities from solution measurements[END_REF],

offering a noticeable improvement of the sensitivity. However, in all these methods the sample (or the lens in the case of so-called L-scan [START_REF] Boni | Synchronized double L-scan technique for the simultaneous measurement of polarization-dependent two-photon absorption in chiral molecules[END_REF]) needs to be moved with the use of precise mechanical elements, which limits the speed of the measurements. Classical Z-scan also excludes many types of potential studies, such as investigation of the nonlinear optical properties as a function of temperature or pressure, which requires connecting the sample to some external apparatus that cannot be moved during the scan. A solution alternative to moving the lens is to control the geometry of the incident laser beamfor instance by phase SLM with encoded Fresnel lenssuch that position of the focus can be tuned instead of moving the sample. We propose a simpler and less expensive solution: employing a commercially available focus-tunable lens. In the further text we will refer to this modified Zscan method as "f-scan", "f" standing for the focal length. We demonstrate theoretically and experimentally that f-scan can serve as an alternative to Z-scan, offering the same capabilities in quantitative determination of third-order nonlinear optical parameters.

Theoretical analysis

In classical Z-scan measurement the sample is moved along z, passing through the focal point at z = 0, which is located at fixed distance f from the lens and at fixed distance d0 from the aperture plane (see Figure 14a). The distance d between the sample and the aperture plane varies with z according to the relation d = d0z. Another variable is the distance zL between the sample and the lens, which is equal to zL = f + z. Contrary to Z-scan, in f-scan the position of the sample is fixed at the distance zL from the lens, and at the distance d from the aperture.
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The focal point moves, as the focal length f is tuned. This causes variation of d0 and variation of the relative position z of the sample with respect to the focus, which is equal to z = zLf.

Another parameter that is affected by variation of f is the beam radius at the focus w0 (beam waist). In Z-scan this parameter is constant, but in f-scan it changes as a linear function of f :

kD f f w 4 ) ( 0  ( 73 
)
where k = 2π/λ and D is the diameter of collimated beam incident on the lens. Note that z defined as the relative position of the sample with respect to the focus is a variable in both cases. Therefore both Z-scan and f-scan curves can be plotted versus z and directly compared. Let us calculate and compare example closed aperture Z-scan and f-scan curves based on the theory elaborated by Sheik-Bahae et al. [START_REF] Sheik-Bahae | Sensitive Measurement of Optical Nonlinearities Using a Single Beam[END_REF] taking into account only the nonlinear refraction.

In the case of f-scan we need to replace z by (zLf ) and w0 by expression [START_REF] Valev | Characterization of Nanostructured Plasmonic Surfaces with Second Harmonic Generation[END_REF] 
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Deviation of the f-scan curve from traditional Z-scan in Figure 14b arises from two effects.

First, the aperture transmission depends strongly on the ratio (ra /wa) 2 , where wa is the beam radius at the aperture plane. It can be related to w0 with the equation wa 2 = w0 2 (1 + d0 2 /z0 2 ), which, in view of equation [START_REF] Valev | Characterization of Nanostructured Plasmonic Surfaces with Second Harmonic Generation[END_REF], implies that wa changes with the focal length f. It is the main cause of distortion of the closed aperture f-scan curve compared to Z-scan. However, one can correct this distortion by dividing the closed aperture f-scan curve by a reference curve T0(z), obtained without nonlinear medium (ΔΦ0 = 0). This procedure is shown in Figure 15a (for the same geometrical parameters as in Figure 14b), whereas Figure 15b presents the corrected fscan curve superimposed on the Z-scan curve that corresponds to the same value of ΔΦ0. As we can see, correction by T0(z) makes the f-scan curve almost identical with the Z-scan curve.

When normalized by extrema average, both Z-scan and f-scan curves have almost exactly the same peak-to-valley transmittance difference (0.389624 and 0.389677 respectively). It can be shown, that noticeable differences appear only at very large ΔΦ0 values (for |ΔΦ0| > 7). After correction, a slight asymmetry of the f-scan curve remains. It results from the second effect: linear variation of w0. This effect is rather weak and does not interfere with determination of ΔΦ0 from an experimental f-scan curve. In the next step we check, how switching from Z-scan to f-scan affects the nonlinear absorption measurement. We consider the effect of two-photon absorption in both closed and open aperture configuration, again based on the theory of Sheik-Bahae et al. [START_REF] Sheik-Bahae | Sensitive Measurement of Optical Nonlinearities Using a Single Beam[END_REF]. Figure 16a shows comparison of example closed aperture Z-scan and corrected f-scan curves calculated for ΔΦ0 = 1 and the coupling factor α2/2kn2 = 0.25. Just like in the case of pure nonlinear

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 51 refraction (Figure 15b), the corrected f-scan curve is almost identical to the corresponding Zscan. Compared to Z-scan, only a small asymmetry of the f-scan curve can be observed, which is caused by the variation of w0. When the curves are normalized to the average of the marginal points, this effect introduces a small change in the valley depth: 0.18583 in Z-scan, compared to 0.18512 in f-scan. This miniscule error can be easily removed by using exact f-scan theory to fit the experimental open aperture f-scan data. The same approach can be applied to closed aperture f-scan.

Experimental demonstration

As we can see from this theoretical analysis, f-scan can be used as an alternative technique to Z-scan. Now we should confirm this statement by example experimental data. A scheme of our experimental setup is shown in Figure 17. As a light source we use a tunable femtosecond laser system (not shown in the scheme) based on an optical parametric amplifier (OPA, Quantronix Palitra) pumped by Quantronix Integra Ti:Sapphire regenerative amplifier (output wavelength 800 nm, pulse duration 130 fs, repetition rate 1 kHz). The main difficulty in fscan is that the beam has to be precisely aligned with the center of the focus-tunable lens.

Otherwise the beam transmitted by the lens will shift during f-scan, falling out of the z axis, which is a critical issue for closed aperture measurement. Therefore we use mirrors M1 and In conclusion, f-scan can be used for sensitive measurements of third-order nonlinearities just like Z-scan. Closed aperture curve measured in f-scan can be divided by a reference curve, which makes it almost identical with Z-scan. Open aperture curves do not require any correction. In both configurations a small distortion of the symmetry can be observed compared to Z-scan. However, it can be ignored when just analyzing the peak-to-valey values in closed aperture or the depth of the dip value in open aperture scans or the exact f-scan theory accounting for w0 variations can be used to fit the experimental data. F-scan has only one significant difficulty: the beam needs to be precisely aligned with the center of the focustunable lens. On the other hand, this method offers several advantages. First of all, the measurements can be done fasterwithin several secondswhich may be suitable for investigating samples that are not stable for a long time or observing time-dependent processes like those in switching the values of the third-order nonlinearity by external stimuli [START_REF] Cifuentes | Organometallic Complexes for Nonlinear Optics. 24. Reversible Electrochemical Switching of Nonlinear Absorption[END_REF][START_REF] Green | Switching the Cubic Nonlinear Optical Properties of an Electro-, Halo-, and Photochromic Ruthenium Alkynyl Complex Across Six States[END_REF]. One may also perform a larger number of measurements, providing statistics that could reduce the error of nonlinear parameters determination. Another benefit from using fscan is that the sample stays fixed. This opens the possibility of investigation of a new group of samples that require special conditions such as vacuum or cryogenic temperatures, provided by immobile equipment. As has been already mentioned in the Introduction, the geometry-induced imbalance of the Coulomb restoring force has been found to improve the efficiency of the SHG in nanostructures lacking an inversion center, particularly in the case of an electric dipoleallowed nonlinear susceptibility [START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF][START_REF] Salomon | Size and shape resonances in second harmonic generation from silver nanocavities[END_REF][START_REF] Zheludev | Phase matched second harmonic generation from nanostructured metallic surfaces[END_REF]. Although the higher order multipolar modes in such nanostructures may have a non-negligible contribution to the emitted SHG, it has been shown that the contribution of symmetry-allowed electric dipole χ (2) tensor components can be tailored by means of interactions mediated by surface plasmon polaritons (SPPs) [START_REF] Salomon | Plasmonic coupling between metallic nanocavities[END_REF], in direct analogy to molecular NLO engineering strategies explored during the past few decades [START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF][START_REF] Brasselet | Multipolar molecules and multipolar fields: probing and controlling the tensorial nature of nonlinear molecular media[END_REF][START_REF] Piron | Matching molecular and optical multipoles in photoisomerizable nonlinear systems[END_REF][START_REF] Ayhan | ABAB homoleptic bis (phthalocyaninato) lutetium (III) complex: toward the real octupolar cube and giant quadratic hyperpolarizability[END_REF]. Such χ (2) engineering has recently generated great interest in view of their potential applications in plasmon-based bio-sensing [START_REF] Butet | Refractive index sensing with Fano resonant plasmonic nanostructures: a symmetry based nonlinear approach[END_REF], terahertz-wave generation by optical rectification [START_REF] Kadlec | Study of terahertz radiation generated by optical rectification on thin gold films[END_REF], as well as nanoscale sources of background-free SPPs at 2ω for fundamental studies of plasmon-mediated interactions, orin the longer termnanoscale sources of entangled plasmon pairs [START_REF] Grosse | Nonlinear plasmon-photon interaction resolved by kspace spectroscopy[END_REF], based on spontaneous parametric down-conversion, which can serve for future quantum plasmonic circuitry.
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In this part of the work we report on the investigation of 2D rectangular arrays, with lattice parameters ranging from 300 up to 700 nm, composed of pyramidal metallic recesses created by deposition of an optically thick (100 nm) continuous silver layer on a patterned GaAs substrate, as described in the Methods chapter. These "inverted pyramids", each of them of a size in the 250 nm range, exhibit perfectly tetrahedral symmetry constrained by the crystallographic directions of the GaAs substrate, which is a consequence of the applied fabrication method based on crystallographic-face-selective wet chemical etching [START_REF] Felici | Site-Controlled InGaAs Quantum Dots with Tunable Emission Energy[END_REF].

Thanks to the presence of a continuous silver layer, additionally covered by PMMA to protect

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 56 the metal surface from oxidation, the arrays form plasmonic crystals [START_REF] Honda | High-Q band edge mode of plasmonic crystals studied by cathodoluminescence[END_REF][START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF][START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF][START_REF] Wurtz | Nonlinear surface plasmon polaritonic crystals[END_REF][START_REF] Bouillard | Shaping plasmon beams via the controlled illumination of finite-size plasmonic crystals[END_REF] with SPPs propagating across the Ag-PMMA interface. Their SHG response, measured using polarization-resolved nonlinear microscopy [START_REF] Brasselet | Polarization-resolved nonlinear microscopy: application to structural molecular and biological imaging[END_REF], reveals strong dependence of the SHG anisotropy and enhancement upon the lattice constants, evidencing the evolution of the plasmonic band structure at fundamental frequency (ω), accompanied by additional influence of SPP modes at SH frequency (2ω). The SHG intensity variations are seen to reach as much as three orders of magnitude between crystals of lattice constants differing by 100 nm only.

Moreover, proper choice of the lattice constants allows to find an optimized plasmonic crystal exhibiting "maximum isotropy", while retaining very high SHG efficiencyan equivalent of a non-birefringent octupolar molecular material, one of the major targets of the molecular NLO engineering in the past [START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF][START_REF] Brasselet | Multipolar molecules and multipolar fields: probing and controlling the tensorial nature of nonlinear molecular media[END_REF][START_REF] Piron | Matching molecular and optical multipoles in photoisomerizable nonlinear systems[END_REF][START_REF] Ayhan | ABAB homoleptic bis (phthalocyaninato) lutetium (III) complex: toward the real octupolar cube and giant quadratic hyperpolarizability[END_REF].

Geometry of the samples

SEM images of the investigated nanostructures are presented in Figure 19, where an example of plasmonic crystal is shown from the top (Figure 19a-b) and in cross section (Figure 19c), proving that the tetrahedral shape of pyramidal recesses is very well retained after deposition of a silver layer. The pyramids are precisely positioned at the desired lattice nodes by means of electron beam lithography, which determines the location of mask openings that expose the GaAs surface to the etching agent. For the sake of good organization of the sample, the investigated arrays of different geometries are well separated from each other and arranged into a larger 2D "hyper-array", in which the horizontal (resp. vertical) lattice constant A (resp.

B) increases along the x (resp. y) direction (see Figure 19d). The incremental step of the variation of A and B is 50 nm, which gives a total number of 9 × 9 = 81 plasmonic crystals constituting the entire "hyper-array", with parameters A and B in the 300-700 nm range. The arrays, each of size 10 × 10 μm, are separated by 10 μm gaps, which leads to a 20 μm overall pitch and a total size of the "hyper-array" of about 190 × 190 μm. Apart from the surface roughness, which is typical for Ag films, in most cases the arrays are of excellent quality, with well separated pyramids of very narrow size distribution (see additional examples in Figure 20). Some exceptions may occur in arrays with the smallest lattice period, where the pyramids can occasionally merge due to over-etching (see Figure 21). Figure 22a shows SHG images of the "hyper-array", obtained with a 1 µm scanning step, by recording the x-(resp. y-) polarized SHG radiation intensity Ix SHG (resp. Iy SHG ), corresponding to s-(resp. p-) polarization with respect to the beam-splitter, under excitation by a linearly polarized incident beam along x (α = 0), y (α = π/2), and their bisector (α = π/4). For a better visualization of different plasmonic crystals, the images are presented in logarithmic color scale, where the logarithm is taken of the number of photon counts per second (cts/s). The signal emitted from patterned areas is in the range of 10 3 to 10 5 cts/s, which is much higher compared to the weaker SHG level of 100 cts/s emitted from the bare silver surface in between the arrays. The only exception can be found for plasmonic crystals with lattice constants 650 nm, where the SHG signal is almost completely extinguished by destructive interference associated with the plasmonic band gap.
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It should be pointed out that the origin of SHG in our case can be attributed purely to the nanostructured metal surface, because the background contribution of the highly nonlinear GaAs substrate is completely screened by the continuous metallic film. This assumption is justified by very small penetration depth of the electric field in silver at both fundamental and second-harmonic frequency, 22 and 27 nm, respectively, limiting both the excitation and emission efficiency. Thickness of silver layer in the order of 100 nm is more than enough to remove any GaAs contribution, which could be possible only due to transmission of SHG through somewhat thinner Ag layer on the steep pyramid faces. However, highly efficient damping of SHG due to the plasmonic band gap indicates that the above suspition is not valid, because otherwise the signal emitted from pyramids would remain considerably more intense than the signal from smooth metal surface in spite of the influence of plasmonic modes.

Moreover, any contribution of the substrate makes actually no meaningful difference to the symmetry considerations, presented further in the text, related to second order susceptibility tensors, since the orientation of the three-fold symmetry axis of the pyramids coincides perfectly with that of the GaAs crystal lattice. Under the assumption of a 2D electric dipole symmetry-allowed χ (2) , the SHG intensity in the latter series should strictly vanish, as the χ (2) xxx and χ (2) xyy (= χ (2) yyx = χ (2) yxy) tensor components
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Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 62 are cancelled in the present configuration due to symmetry relations imposed by the shape, orientation and arrangement of the nanostructures. In particular, the two-fold symmetry y axis (in-plane mirror) cancels all tensor components with the perpendicular axis x showing-up at odd occurrences in the lower indexation, namely one and three times for a rank three tensor.

The only remaining dipole-allowed tensor components are then χ (2) yyy and χ (2) xxy (= χ (2) yxx = χ (2) xyx), with the relation χ (2) yyy = -χ (2) xxy holding for a non-distorted threefold rotational symmetry of individual (non-interacting) pyramids. The non-negligible values of the symmetry-forbidden signal discard the validity of the dipolar approximation and calls for higher rank tensor components associated to multipolar interactions that couple to spatial derivatives of the incoming field. One may also invoke the possibility of a breakdown of Kleinmann symmetry (invariance with respect to full index permutation of tensor components), which is violated when resonant interactions take place [START_REF] Higgins | Resonant second harmonic generation studies of p-nitrophenol adsorption at condensed-phase interfaces[END_REF].

Figure 22b presents the averaged and normalized values of total SHG signal, calculated as a sum of the x and y components: I SHG = Ix SHG + Iy SHG . Normalization is performed with respect to the arithmetic average of the SHG signal from all 81 plasmonic crystals, recorded under different polarizations. In particular, the following expression: 1/4 × [I SHG (α = 0) + I SHG (α = π/2) + 2 × I SHG (α = π/4)] is applied for averaging over different polarization angles in the norm calculation. Normalized and averaged data obtained from 4 different copies of a given "hyper-array" are used to calculate the average SHG signal for each array under a given polarization angle and to estimate the statistical error, which is shown by error bars in the surface plots. These data are not dependent on specific experimental conditions, such as the incident beam power, thus facilitating comparison with similar studies in the future.

Plasmonic band structure at fundamental frequency

The entire "hyper-array" pattern exhibits a strongly polarization-dependent behavior, with a resonance in the SHG intensity, which appears either along x (varying A constant) when α = 0, or along y (varying B constant) when α = π/2. At an intermediate polarization angle α = π/4 (45º) the SHG intensity seems to follow an overlap of both previous patterns. This resonant lattice period dependence, featuring a sharp maximum at a lattice period of 550 nm, is additionally highlighted in Figure 23, which consists of four slices of the 3D plot data presented in Figure 22b, each slice presenting the dependence of the SHG intensity on the lattice constant along a direction parallel to the incident polarization. In metallic structures with periodic surface corrugations, the periodicity may cause opening of several plasmonic band gaps [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF], each accompanied by a lower and an upper band edge mode, where SPP Bloch waves may form standing waves of vanishing group velocity (∂ω/∂k), increasing the density of states due to a van Hove singularity [START_REF] Honda | High-Q band edge mode of plasmonic crystals studied by cathodoluminescence[END_REF]. Normally incident light can directly excite such states at the lower edge of each even-numbered band gap that is formed within the light cone, around the Γ point [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF][START_REF] Bouillard | Shaping plasmon beams via the controlled illumination of finite-size plasmonic crystals[END_REF]. The resonance observed in Figure 23 can be attributed to the excitation of plasmonic Bloch modes at the lower band edge of the second plasmonic gap, which opens around frequency ω = 2πcΛ -1 [εd -1 +Re(εm) -1 ] ½ [START_REF] Darmanyan | Light tunneling via resonant surface plasmon polariton states and the enhanced transmission of periodically nanostructured metal films: An analytical study[END_REF], when the period Λ (either A or B) matches the wavelength of SPP propagating on a smooth interface, λSPP = 2πRe(kSPP) -1 = λ[εd -1 +Re(εm) -1 ] ½ , where λ = 2πc/ω is the free space wavelength, and εm, εd are the electric permittivities of the metal and dielectric, respectively.
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For the fixed fundamental wavelength λ = 900 nm and the electric permittivity of silver and PMMA taken as εm = -40.64 + 0.51i [START_REF] Johnson | Optical constants of the noble metals[END_REF] and εd = 2.20 [START_REF] Sultanova | Dispersion Properties of Optical Polymers[END_REF], respectively, the plasmon wavelength is equal to 590 nm. It is not far from 550 nmthe resonant periodicity that seems to provide the best energy matching between the band edge states and the incident light.

Increasing the period lowers the energy of the band edges, as schematically shown in Figure Aside from plasmonic losses and finite spectral width of the laser wavelength, the width of the observed SHG resonance with respect to the lattice period may be assigned to the focusing of the incident light by an objective [START_REF] Bouillard | Shaping plasmon beams via the controlled illumination of finite-size plasmonic crystals[END_REF], which leads to deviation from normal incidence, adding some non-zero initial in-plane momentum k|| = ω/c × sin(θair), = ω/c × (εd) ½ sin(θPMMA), where the incidence angle θPMMA falls within a cone of ±17.7º (at ω) angular acceptance following therein a 0º centered Gaussian distribution. Such focused linearly polarized beam can be considered as either s-or p-polarized, depending on the lattice direction, which determines the coupling efficiency to Bloch modes along a given direction.

On the other hand, considering excitation of the band edge states at the exact Γ point by a normally incident plane wave, the coupling efficiency is determined by an overlap between the incident linearly polarized electric field and the SPP mode wave function [START_REF] Bouillard | Shaping plasmon beams via the controlled illumination of finite-size plasmonic crystals[END_REF], likewise
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for excitation of SPP waves on a single isolated nanostructure. In the latter case, Hankel-type SPPs are generated [START_REF] Nerkararyan | Generation of Hankel-type surface plasmon polaritons in the vicinity of a metallic nanohole[END_REF], with angular amplitude dependence governed by a cosine function, accounting for the overlap with the polarization direction of the incident light, which is shown using numerical simulations on the example of a single pyramid in Figure 25. This explains the strong polarization dependence of the resonant excitation of the band edge states, as probed by our polarization resolved SHG microscopy experiments. 

Nonlinear optical anisotropy

Polarization-dependent coupling to plasmonic Bloch waves results in a strong NLO anisotropy, which is clearly presented in the polar plots in Figure 26, where two polarization components of the emitted SHG are plotted separately: x-polarized SHG in red, y-polarized SHG in blue, while the total SHG signal is plotted in black. Although the changes in the effective nonlinear susceptibility caused by the local field factor at ω cannot be strictly accounted for by the electric dipole χ (2) tensor elements, the character of these changes is very similar to a transition from an initially octupolar χ (2) symmetry of the individual pyramids, associated with the pure irreducible vector-less term χ (2) J=3, to a multipolar χ (2) symmetry, where an additional vectorial component χ (2) J=1 contributes to the overall effective nonlinear susceptibility χ (2) = χ (2) J=1  χ (2) J=3 [START_REF] Salomon | Plasmonic coupling between metallic nanocavities[END_REF]. Here the terminology of dipolar and octupolar components relate to the χ (2) tensor symmetry which behave under point-wise rotations in a way rigorously identical to that of the well-known angular momentum irreducible components with the same quantum labels J = 1 and J = 3. This terminology is not to be confused with that attached to the plasmon resonance modes, although formally speaking, the symmetry
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PhD thesis 66 properties are identical. Depending on the lattice parameters (A, B), the NLO birefringence associated with χ (2) J=1 contribution may appear either along x or y directions and with various strengths, from moderate, as in Figure 26a-b, to nearly 100% anisotropy, as in Figure 26c-d, while the more rounded patterns in Figure 26e-f show the possibility of increasing the isotropy of the total second-harmonic response (in black). Discontinuity at α = 0 in (c) and (e) results from decrease of the signal after full polarization scan, which can be attributed to sample damage due to strongly resonant interaction with the pulsed laser beam. The anisotropy parameter r (defined further in the text) is calculated based on the total SHG intensity.
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In the present configuration, the resultant anisotropy is caused mainly by y-polarized SHG,

Iy SHG (blue points). For this reason, the polarization response presented in Figure 26c (plasmonic crystal of A = 550, B = 300 nm) features a very interesting case, in which the emitted SHG is polarized mainly along the orthogonal direction (vertical) with respect to the fundamental light (horizontal). Such χ (2) symmetry may be considered useful for realization of a nonlinear process inverse to SHG, namely for spontaneous parametric down-conversion of type I, where the vertically-polarized photons of wavelength 450 nm could be downconverted to pairs of entangled horizontally-polarized photons at the 900 nm wavelength.

Obviously, the realization of such process is strongly limited by the efficiency, which is much lower than for SHG. However, the effective plasmonic |χ (2) | enhancement at (A, B) = (550, 300) exhibits the highest magnitude among all sets of lattice parameters addressed in the present study, with SHG intensity in the range of 10 5 cts/s, one order of magnitude above the average signal. This exceptional enhancement, which results in a noticeable asymmetry of the measured SHG signals presented in Figure 22 and 23, is a consequence of a combined effect of resonant SPP modes at both ω and 2ω, to be discussed in the next section.

Other experimental data show that plasmon-enhanced SHG does not need to be associated with a large NLO anisotropy. Figure 26e shows an example of a plasmonic crystal (A = B = 550 nm), where the effect of SPPs on χ (2) symmetry along x and y directions is balanced, resulting in augmented SHG efficiency without destroying the quasi-isotropic octupolar character. Such polarization properties may be considered useful for application to parametric down-conversion of type II, where a single y-polarized blue photon is converted into a pair of two entangled near-infrared photons, respectively with horizontal and vertical polarizations.

Since both photons have orthogonal polarizations, the overall polarization state is undefined, making such configuration of interest for quantum computing.

The contribution of higher order multipoles at 2ω results in lowering the contrast between maxima and minima of the SHG polarization dependence, as in the example shown in Figure 26f. More of such examples can be found in the Figure 27, where the diversity of possible SHG polarization response patterns is presented. To summarize the polarization properties of all investigated arrays, including also the cases with large multipolar contributions, it is more appropriate to discuss the obtained results in terms of the effective SHG anisotropy, which can be quantitatively described by the anisotropy parameter r defined as:
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where I SHG = Ix SHG + Iy SHG is the total SHG intensity. Examples of values of r are displayed in Figure 26, while all of the values are plotted in Figure 28a and listed in Table 1. 1 and2 In addition to the anisotropy parameter r, we define a parameter O which simultaneously accounts for the SHG efficiency and "maximally isotropic" (Octupolar) character:

  2 ) 2 / ( ) 0 ( | | 1         SHG SHG I I r O ( 75 
)
where the values of I SHG are averaged and normalized as for data presented in Figure 22b.

The above parameter may serve as a merit factor for polarization-independent SHG, as well as 

for

Plasmonic Bloch modes at SH frequency

Taking a closer look at the results presented in Figures 22 and23, the NLO response of the "hyper-array" seems to lack the expected symmetry. For example, the total SHG intensity emitted by the (550, 300)-crystal under horizontal polarization exceeds nearly four times that

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 71 of the (300, 550)-crystal under vertically polarized excitation. This asymmetric behavior is highlighted in Figure 29, where the values of SHG intensity are plotted as a function of one lattice constant, corresponding to lattice direction perpendicular to incident polarization, while the other lattice parameter is fixed at the resonant value 550 nm. One may notice significant difference between the A-and B-dependence (blue and red lines, respectively), which is mainly seen in the electric dipole symmetry-allowed y polarization component of the SHG (dashed lines), contrary to the forbidden x-polarized signal (dotted lines). The above observations can be explained in terms of symmetry-constrained coupling with SPP modes at 2ω. The wavelength of SH-SPPs is 247 nm (calculated for the Ag-PMMA interface, assuming εm = -7.00 + 0.21i [START_REF] Johnson | Optical constants of the noble metals[END_REF] and εd = 2.25 [START_REF] Sultanova | Dispersion Properties of Optical Polymers[END_REF]), whereas the propagation length does not exceed 3 µm (compared to >100 µm in case of SPPs at ω). By analogy to the effects of plasmonic Bloch modes at ω, one may expect an enhancement of SHG scattering due to the presence of band edge states near the Γ point at 2ω. Predicting spectral properties of these modes can be challenging because of the large pyramid size compared to λSPP at 2ω [START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF] and due to the non-trivial shape and orientation of the pyramid edges, which may have
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PhD thesis 72 different effects on the band edge energies along the x and y directions [START_REF] Kurosaka | Onchip beam-steering photonic-crystal lasers[END_REF], causing the observed asymmetry in the SHG intensity pattern. However, taking into account that the SHG efficiency is determined by a χ (2) -mediated overlap between wave functions at ω and 2ω [START_REF] O'brien | Predicting nonlinear properties of metamaterials from the linear response[END_REF],

governed by equation ( 67), the symmetry properties of this factor play a crucial role, which can be demonstrated analytically. In the case of pyramidal recesses in metallic film, surface curvature at the pyramid edges causes a strong concentration of surface charges resulting in significant electric field enhancement at both ω and 2ω, which allows to assume their dominant contribution to the emitted SHG. Therefore, we will modify equation ( 67) by replacing the integration over a finite surface by a simpler integral over the length of pyramid edges, with the local ) 2 (  tensor and the electric field components expressed in a global reference frame:

          u l u u k k j u u j u ijk u u i SHG i dl l E l E l E E )) ( ( )) ( ( )) ( ( , , , ) 2 ( , 2 , a a a        ( 76 
)
where l is a variable distance along the length of a specific edge, ) (l Defining the side length of each pyramid as s (≈ 250 nm), the contours of subsequent edges

) (l u a 
, l = [0, s] in the afore defined coordinate system can be expressed as: 

                    0 ), 2 ( , ) ( 0 ), 2 ( , ) ( 0 , ), 2 ( ) (
2 SHG i SHG i E I  (78) 
Referring more closely to the experimental situation, the measured SHG signal should be estimated by integration of the far-field over the objective acceptance cone, from 0 to θmax = arcsin(NA/n), where NA is the objective's numerical aperture: 

       
       u s l u u SHG u SHG dl l ik l 0 obj obj )] ( ) , ( êxp[ )] , ( )) ( ( [ ) , ( ) , ( a . r r a p r M E           (80)
where: 

                                       
                  cos sin sin cos sin ) , ( r ( 82 
)
Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis

74

))

( ( )) ( ( )) ( ( )) ( ( ~ , , , ) 2 ( , 2 , l E l E l E l p u u k k j u u j u ijk u u i u SHG u i, a a a a           (83)
Using an objective of relatively narrow acceptance cone for detection of SHG in the backscattering direction ( 0   ) allows to reduce the integration in equation ( 79) to a single vector value obtained for propagation along the optical axis of the experiment. In such case, the matrix ) , ( obj  

M

is no longer required. Thanks to location of all sources in the z = 0 plane and due to approximation

   ) 1 , 0 , 0 ( ẑ r
, the phase factor can be neglected, whereas the operation )

( ˆr p r  
is equivalent to projecting the p ~ vector onto the xy plane:

                        0 0 0 0 0 1 0 0 0 1 ) ( ˆy x p p p r p r (84) 
This allows to use equations ( 76) and ( 78), taking into consideration only the lateral components of the resultant overlap vector, i = x, y, and neglecting the i = z component, which includes the contribution of the Ag surface surrounding the pyramid.

Each ) 2 ( u  can be approximated by a second order susceptibility tensor associated with a given pyramid face:

) ( ) ( ) 2 ( surf 1 3 ) 2 ( 3 ) 2 ( surf 1 2 ) 2 ( 2 ) 2 ( surf 1 ) 2 ( 1       R R R R R    (85a) (85b) (85c)
where ) 2 ( surf  is a second order susceptibility of a smooth metal surface oriented parallel to the z = 0 plane, involving three independent components:

) 2 (   , ) 2 ( || ||   and ) 2 ( || ||   :                 0 0 0 0 0 0 0 0 0 0 0 0 0 ) 2 ( ) 2 ( || || ) 2 ( || || ) 2 ( || || 2 1 ) 2 ( || || 2 1 ) 2 (       surf (86) and 1 R , 2 R , 3
R are rotation matrices enabling construction of the respective pyramid faces:

              3 1 3 2 2 3 2 2 3 1 3 1 1 0 0 0 0 1 ) arccos , (  x R R (87a) 
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The factor of

2 1 in front of ) 2 ( || ||  
is associated with the degeneracy due to intrinsic tensor symmetry:

) 2 ( ) 2 ( xzx xxz    and ) 2 ( ) 2 ( yzy yyz    .
Rotation of a tensor is governed by the Neumann's principle, which is defined in equation [START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF]. The tensor of a pyramid ( ) 2 ( pyr  ) can be approximated by a pointwise addition of the three tensors of pyramid edges defined in equations ( 85), yielding:

                      0 0 0 0 0 0 0 0 0 0 3 4 4 2 1 1 1 2 ) 2 ( ) 2 ( pyr u u   (88) where: ) 4 5 ( ) 8 ( 
) 2 2 1 ( ) ( ) 2 2 1 ( ) ( 2 ) 2 ( ) 2 ( || || 9 1 4 ) 2 ( ) 2 ( || || 9 1 3 ) 2 ( || || 4 1 ) 2 ( || || ) 2 ( 9 4 2 ) 2 ( || || 4 1 ) 2 ( ) 2 ( || || 9 4 1                                     (89a) (89b) (89c) (89d)
By neglecting all z terms (2D approximation), one ends up with a "flat octupole"a nonlinear object of threefold rotational symmetry in the xy plane. This high degree of symmetry is responsible for the relatively simple form of ) 2 ( pyr  , with non-zero components obeying:

1 ) 2 ( ) 2 ( ) 2 ( ) 2 (       yyy yxx xyx xxy     (90) 
which leads to the following expression for the nonlinear dipole moment in the quasistatic electric dipole approximation:

) 2 exp( ) ( ) ( ) ( ) ( 2 2 2 ) 2 ( t i E E E E y x y x                p (91) 
If one considers either only x or only y component of the fundamental electric field, which corresponds to excitation either by an horizontal or by a vertical incident polarization, in both
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The expressions for ) 2 ( u  taken separately appear slightly more complicated: 
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Due to the mirror symmetry in the x = 0 plane, the components of 



) enables to separate variables in equation ( 76), which can be rewritten in a simpler factorized form:

  u u ijk k j u ijk SHG i J E , , ) 2 ( ,  (94) 
where each of the Jijk,u integrals can be computed separately for each i, j, k and u index, forming three Ju tensors of the same rank as ) 2 (

 :
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To evaluate Ju, the eigenmodes of the electric field oscillations at ω and 2ω should be defined.

For the electric field at the surface of a rectangular plasmonic crystal of lattice parameters (A, B), the following eigenmode will be considered:

) sin( ) , ( ) sin( ) , ( ) , 0 , , ( y k C x k C z y x E y y x x z            (96) 
being a linear superposition of wave functions of symmetry represented by Mulliken symbol E [START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF], corresponding to standing waves formed at the Γ point along the two main lattice directions. In the above formula, the factor ) ,

(   x C (resp. ) , (   y C
) is an amplitude of the Bloch wave excited along the x (resp. y) direction, whereas  i k can be defined as:

B 2 A 2       q k p k y x   (97a) (97b) 
with 2p (resp. 2q) indicating the band gap number in the plasmonic crystal spectrum. Only the Bloch states corresponding to the band edges of even-numbered band gaps are taken into account. Considering plasmonic crystals made of silver, coated by PMMA, with periodicity A and B in the range 300-700 nm and a 900 nm fundamental wavelength, only p ω = 1 and q ω = 1 will be involved. Under irradiation by a normally incident light, the excitation of such Bloch waves at ω depends on the overlap between the incident polarization ( ) and a given lattice direction (x, y) [START_REF] Bouillard | Shaping plasmon beams via the controlled illumination of finite-size plasmonic crystals[END_REF], which can be expressed as:

        sin ) ( ) , ( cos ) ( ) , ( y y x x C C C C   (98a) (98b) 
where Ci(ω) accounts for the resonance between the energy of the band edge states and the energy of incident beam.

We can assume that each of the standing waves is formed by interference of two counterpropagating SPP waves along a given direction (x or y), described by the electric field vectors: E + for a SPP propagating in the positive direction and E -for propagation along the negative direction. In the case of a SPP propagation along the x direction, one can express the components of these vectors as [START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF]:
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z t i x ik E k z x E z t i x ik E i z x E z t i x ik E k z x E z t i x ik E i z x E z x x z z x z x z x x z z x z x                                              (99a) (99b) (99c) (99d) 78 ) exp( ) , ( ) exp( ) , ( ) exp( ) , ( ) exp( ) , ( 0 , 0 , 0 , 0 , 
where   z is the surface normal decay constant, which is a real number, taking negative values in the metal (z < 0) and positive ones in the dielectric (z > 0). One should note that   z has different magnitude on different sides of the interface (in the metal it corresponds to the skin depth). Coherent addition of E + and E -gives:

) exp( ) sin( 2 ) , ( ) exp( ) cos( 2 ) , ( 0 0 z t i x k E ik z x E z t i x k E i z x E z x x z z x z x                   (100a) (100b) 
which allows to find the relation between the normal and lateral field components: )

z x E z x E x x z z x         cot( ) , ( ) , ( x k k 
To be consistent with equation ( 96), lateral components of the field can now be defined as: 

) cos( ) , ( ) , 0 , , ( ) cos( ) , ( ) , 0 , , ( y k 
                      (102a) (102b) 
In order to further simplify calculations, we will consider only two angles of incident polarization, namely 0   and 2 /    . In such situation the components of E ω become: 

                                       2 , ) sin( ) ( ) cos( ) ( ) / ( 0 0 , ) sin( ) ( 0 ) cos( ) ( ) / ( ) 0 , , (                  
To find the expression for the electric field at 2ω, let us assume the same wave function as in equations ( 96) and ( 102), dropping off the polarization dependence introduced in equations ( 98). The same derivations would lead to:
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79                ) sin( ) 2 ( ) sin( ) 2 ( ) cos( ) 2 ( ) / ( ) cos( ) 2 ( ) / ( ) 0 , , ( 2 2 2 2 2 2 2 2 2 y k C x k C y k C k x k C k z y x y y x x y y y z x x x z                E (104) 
The value of

  2 z must be distinguished from   z due to dispersion. A distinction between  i k and  2 i k
is made due to the fact that

 2 i
k may involve band edges of higher numbers, associated with p 2ω and q 2ω factors which may be different from p ω and q ω in equation [START_REF] Farias | Second-harmonic generation in reflection from a metallic grating[END_REF].

The electric field defined in equations ( 103) and ( 104) experiences additional enhancement at the pyramid edges due to surface curvature (lightning-rod effect), which is accounted for by non-resonant local field factors:

) ( ) ( ) ( ) ( 2 2 2 u edge u u u edge u u L L a E a E a E a E             (105a) (105b) 
Combining equations ( 103) and ( 104) with equations ( 77) and [START_REF] Stockman | Enhanced second-harmonic generation by metal surfaces with nanoscale roughness: nanoscale dephasing, depolarization, and correlations[END_REF] gives Ju tensors of the following form:

                   0 0 0 0 0 0 0 0 0 0 0 ) ( ) 0 ( 1 , ) 0 ( 1 , ) 0 ( 1 , ) 0 ( 1 , ) 0 ( 1 , ) 0 ( 1 , ) 0 ( 1 , 2 2 ) 0 ( 1 
          zzx zzz zxx yzz yxx xzz xxx edge edge J J J J J J J L L J (106a)                              0 0 0 0 0 0 0 0 0 ) ( 2 ), 0 ( 23 , 1 ), 0 ( 23 , 2 ), 0 ( 23 , 1 ), 0 ( 23 , 2 ), 0 ( 23 , 1 ), 0 ( 23 , ) 0 ( 23 , ) 0 ( 23 , ) 0 ( 23 , ) 0 ( 23 , ) 0 ( 23 , ) 0 ( 23 , 2 2 ) 0 ( 23 
    zzx zzz zzz zxx zxx yxz yzz yxx xxz xzz xxx edge edge J J J J J J J J J J J J L L J (106b)
for 0   , and:

                       0 0 0 0 0 0 0 0 0 ) ( ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , ) ( 1 , 2 2 ) 
( 1 2 2 2 2 2 2 2 2 2 2                       zzy zzz zyy yyz yzz yyy xyz xzz xyy edge edge J J J J J J J J J L L J (107a)                           0 0 0 0 0 0 0 0 0 0 ) ( 2 ), ( 23 , 1 ), ( 23 , ) ( 23 , ) ( 23 , ) ( 23 , ) ( 23 , ) ( 23 , ) ( 3 2 , ) ( 23 , 2 2 ) 
( 23 2 2 2 2 2 2 2 2 2 2               zzy zzz zyy yzz yyy xyz xzz xyy edge edge J J J J J J J J J L L J (107b) for 2 /   
, where the Jijk, u integrals are:
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80        s l s x s x x x x x z z xxx dl l k l k C C k k J 0 2 2 2 2 2 2 2 2 2 ) 0 ( 1 , )) ( ( cos )) ( cos( ) ( ) 2 ( ) ( ) (                   s l s x s x x x x z xzz dl l k l k C C k J 0 2 2 2 2 2 2 2 ) 0 ( 1 , )) ( ( sin )) ( cos( ) ( ) 2 (               s l s x y s x y x y z z yxx dl l k k C C k k J 0 2 2 2 4 3 2 2 2 2 2 ) 0 ( 1 , )) ( ( cos ) cos( ) ( ) 2 ( ) ( ) (                  s l s x y s x y y z yzz dl l k k C C k J 0 2 2 2 4 3 2 2 2 ) 0 ( 1 , )) ( ( sin ) cos( ) ( ) 2 (              s l s x y s x y x z zxx dl l k k C C k J 0 2 2 2 4 3 2 2 2 ) 0 ( 1 , )) ( ( cos ) sin( ) ( ) 2 ( ) ( ) (              s l s x y s x y zzz dl l k k C C J 0 2 2 2 4 3 2 ) 0 ( 1 , )) ( ( sin ) sin( ) ( ) 2 (              s l s x s x s x x x x z zzx dl l k l k l k C C k J 0 2 2 2 2 2 ) 0 ( 1 , )) ( sin( )) ( cos( )) ( sin( ) ( ) 2 (               s l x l x l x x x x z z xxx dl k k C C k k J 0 2 2 2 2 2 2 2 2 2 ) 0 ( 23 , ) ( cos ) cos( ) ( ) 2 ( ) ( ) (  
               s l x l x l x x x z xzz dl k k C C k J 0 2 2 2 2 2 2 2 ) 0 ( 23 , ) ( sin ) cos( ) ( ) 2 (             s l x l x l x l x x x x z z xxz dl k k k C C k k J 0 2 2 2 2 2 2 2 ) 0 ( 23 , ) sin( ) cos( ) cos( ) ( ) 2 (                   s l x l y s x y x y z z yxx dl k k l C C k k J 0 2 2 2 2 2 3 2 2 2 2 2 ) 0 ( 23 , ) ( cos ) ) ( cos( ) ( ) 2 ( ) ( ) 
(                  s l x l y s x y y z yzz dl k k l C C k J 0 2 2 2 2 2 3 2 2 2 ) 0 ( 23 , ) ( sin ) ) ( cos( ) ( ) 2 ( 
             s l x l x l y s x y x y z z yxz dl k k k l C C k k J 0 2 2 2 2 2 3 2 2 2 ) 0 ( 23 , ) sin( ) cos( ) ) ( cos( ) ( ) 2 (                  s l x l y s x y x z zxx dl k k l C C k J 0 2 2 2 2 2 3 2 2 2 1 ), 0 ( 23 , ) ( cos ) ) ( sin( ) ( ) 2 ( ) ( ) (             s l x l x l x x x z zxx dl k k C C k J 0 2 2 2 2 2 2 2 2 ), 0 ( 23 , ) ( cos ) sin( ) ( ) 2 ( ) ( ) (              s l x l y s x y zzz dl k k l C C J 0 2 2 2 2 2 3 2 1 ), 0 ( 23 , ) ( sin ) ) ( sin( ) ( ) 2 (          s l x l x l x x zzz dl k k C C J 0 2 2 2 2 2 2 ), 0 ( 23 , ) ( sin ) sin( ) ( ) 2 ( 

    
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81       s l x l x l y s x y x z zzx dl k k k l C C k J 0 2 2 2 2 2 3 2 1 ), 0 ( 23 , ) sin( ) cos( ) ) ( sin( ) ( ) 2 (               s l x l x l x l x x x z zzx dl k k k C C k J 0 2 2 2 2 2 2 ), 0 ( 23 , ) sin( ) cos( ) sin( ) ( ) 2 ( 
               s l x s y s y x y x z z xyy dl k l k C C k k J 0 2 2 4 3 2 2 2 2 2 2 ) ( 1 , ) ) cos(( ) ( cos ) ( ) 2 ( ) ( ) ( 2                   s l x s y s y x x z xzz dl k l k C C k J 0 2 2 4 3 2 2 2 2 ) ( 1 , ) ) cos(( ) ( sin ) ( ) 2 ( 2                s l x s y s y s y x y x z z xyz dl k l k k C C k k J 0 2 2 4 3 4 3 2 2 2 ) ( 1 , ) ) cos(( ) sin( ) cos( ) ( ) 2 ( 2              s k k C C k k J y s y s y y y y z z yyy ) ( cos ) cos( ) ( ) 2 ( ) ( ) ( 4 3 2 2 4 3 2 2 2 2 2 ) ( 1 , 2                s k k C C k J y s y s y y y z yzz ) ( sin ) cos( ) ( ) 2 ( 4 3 2 2 4 3 2 2 2 ) ( 1 , 2             s k k k C C k k J y s y s y s y y y y z z yyz ) sin( ) cos( ) cos( ) ( ) 2 ( 4 3 4 3 2 4 3 2 2 2 2 ) ( 1 , 2  
               s k k C C k J y s y s y y y z zyy ) cos( ) sin( ) ( ) 2 ( ) ( ) ( 4 3 2 4 3 2 2 2 ) ( 1 , 2 
            s k k C C J y s y s y y zzz ) ( sin ) sin( ) ( ) 2 ( 4 3 2 2 4 3 2 ) ( 1 , 2         s k k k C C k J y s y s y s y y y z zzy ) cos( ) sin( ) sin( ) ( ) 2 ( 4 3 4 3 2 4 3 2 ) ( 1 , 2                    s l y s x l y x y x z z xyy dl k l k C C k k J 0 2 2 3 2 2 2 2 2 2 2 2 ) ( 23 , ) ) ( ( cos ) cos( ) ( ) 2 ( ) ( ) ( 2 
                  s l y s x l y x x z xzz dl k l k C C k J 0 2 2 3 2 2 2 2 2 2 ) ( 23 , ) ) ( ( sin ) cos( ) ( ) 2 ( 2 
               s l y s y s x l y x y x z z xyz dl k l k l k C C k k J 0 2 2 3 2 2 3 2 2 2 2 2 ) ( 23 , ) ) ( sin( ) ) ( cos( ) cos( ) ( ) 2 ( 2                     s l y s y s y y y y z z yyy dl k l k l C C k k J 0 2 2 3 2 2 2 2 3 2 2 2 2 2 ) ( 23 , ) ) ( ( cos ) ) ( cos( ) ( ) 2 ( ) ( ) ( 2                    s l y s y s y y y z yzz dl k l k l C C k J 0 2 2 3 2 2 2 2 3 2 2 2 ) ( 23 , ) ) ( ( sin ) ) ( cos( ) ( ) 2 ( 2               s l y s x l y x y z zyy dl k l k C C k J 0 2 2 3 2 2 2 2 2 2 ) ( 23 , ) ) ( ( cos ) sin( ) ( ) 2 ( ) ( ) ( 2 
        
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82      s l y s x l y x zzz dl k l k C C J 0 2 2 3 2 2 2 2 ) ( 23 , ) ) ( ( sin ) sin( ) ( ) 2 ( 2               s l y s y s y s y y y z zzy dl k l k l k l C C k J 0 2 2 3 2 2 3 2 2 2 3 2 ) ( 23 , ) ) ( sin( ) ) ( cos( ) ) ( sin( ) ( ) 2 ( 2                   s l y s y s y s y y y z zzy dl k l k l k l C C k J 0 2 2 3 2 2 3 2 2 2 3 2 1 ), ( 23 , ) ) ( cos( ) ) ( sin( ) ) ( sin( ) ( ) 2 ( 2 
                 s l y s y s x l y x y z zzy dl k l k l k C C k J 0 2 2 3 2 2 3 2 2 2 2 ), ( 23 , ) ) ( cos( ) ) ( sin( ) sin( ) ( ) 2 ( 2 
         
Most of the above integrations can be performed analytically, however we leave them in their unsolved form to highlight their origin, except for several integrals of a constant, which yield only an additional factor s.

Finally, the overlap between the Ju and ) 2 ( u  tensors of all three edges (u = 1, 2 and 3) can be obtained using equation (

) 2 ( ) 2 ( || || ) 0 ( 23 , 27 3 8 ) 2 ( || || ) 0 ( 1 , 3 2 2 ) 2 ( ) 2 ( || || ) 0 ( 23 , ) 0 ( 1 , 27 2 2 ) 2 ( ) 2 ( || || ) 0 ( 23 , 9 94): ) 2 7 ( ) ( ) 8 ( ) 8 )( ( ) 2 2 1 ( ) ( 0 ) ( ) ( ) 8 )( ( ) 2 ( )] 2 2 1 ( ) 2 2 1 ( [ ) 0 ( 0 ) 0 ( ) 2 ( ) 2 ( || || ) ( 23 , 27 2 2 ) 2 ( ) 2 ( || || ) ( 1 , 27 16 ) 2 ( ) 2 ( || || ) ( 1 , 27 2 2 ) 2 ( ) 2 ( || || ) ( 23 , ) ( 1 , 27 2 2 ) 2 ( || || ) ( 23 , 4 1 2 2 
2 2 2 2                                                                                       yzz yyy SHG y SHG x yxz yxx yzz yzz yxx yxx yxz SHG y SHG x J J J J J J E E J J J J J J J E E (108a) 2 2 ) 2 ( || || ) 0 ( 23 , 4 1 ) 0 ( 23 , 6 3 2 2 
Collecting the coefficients associated with band edge resonances yields the following estimate of the SHG efficiency: 

           2 ) ( 2 ) 0 ( 2 2 2 , ) ( ) 2 ( 0 , ) ( ) 2 ( ) ( 0 2             G C C G C C L L E E y y x y edge edge SHG y SHG x (109a) (109b)
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Within the approximations of the above model, the x-polarized SHG emission remains absent, which is in agreement with much simpler point-dipole-like description of the nonlinear optical response of a single pyramid, shown in equation ( 88)- [START_REF] Tzeng | Optical second-harmonic generation from silver films with long-range surface-plasmon excitation[END_REF]. In summary, following equation ( 78), the y-polarized SHG intensity will be enhanced by a factor of

4 2 2 | | | |   L L
, just like in equation ( 61):

4 2 2   L L I SHG y  (110) 
where:

       2 2 2
), (

          y x edge y edge C C L L C L L (111a) 0 ), ( ) 2 ( 
The expression for  2 L in expression (111a) does not involve ) 2

(  x C
factor associated with a resonant excitation of the Bloch modes at 2ω along the x direction. This factor is cancelled out during calculations due to the peculiar orientation of the pyramid faces and the symmetry of their second order susceptibility tensors, combined with the symmetry properties of the assumed electric field modes. This means that under both incident polarizations, 0   and 2 /

  

, there is no overlap between the electric field associated with the Bloch mode along

x at 2ω and any of the two Bloch wave functions (x and y) at ω. This mode does not participate in the SHG enhancement, contrary to the Bloch mode at 2ω along y, which is allowed to couple with both x-and y-Bloch waves at ω under both orthogonal polarizations.

This explains why the SHG emitted from plasmonic crystal of A = 300, B = 550 nm excited at 2 /    is nearly four times weaker compared to the crystal of A = 550, B = 300 nm excited at 0   . In the first case the Bloch states along x at 2ω are excluded from participation in the SHG enhancement, whereas in the second case the Bloch mode along y provides additional resonant SHG enhancement, making the (550, 300)-crystal a more efficient double-resonant plasmonic nanostructure.

Coupling mediated by SH-SPPs

Accurate description of plasmonic Bloch modes at 2ω may be troublesome, the wave functions assumed in equations ( 104) being a very coarse approximation of the true image, which may involve band edge states of different symmetry types [START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF]. Moreover, comparable size of the pyramids with respect to the SH-SPP wavelength (247 nm) does not allow to

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 84 accurately predict the energy of the band edges [START_REF] Yamamoto | Size dependence of band structures in a two-dimensional plasmonic crystal with a square lattice[END_REF] without the use of advanced numerical modeling. On the other hand, the relatively short SH-SPP propagation length (< 3µm) limits the number of lattice periods involved in the formation of standing waves, which may reduce the quality factor of the band edge resonances. Therefore, in addition to plasmonic Bloch modes at 2ω we also consider a different kind of plasmon modes at 2ω, based on shorterrange Fabry-Perot cavity-like interactions in-between neighboring pyramid edges, analogous to SPP-mediated coupling in the linear optical regime [START_REF] Alaverdyan | Optical antennas based on coupled nanoholes in thin metal films[END_REF].

Before elaborating an analytical model, the origin of SH-SPPs at the single pyramid level is studied by means of frequency-domain SHG simulations in COMSOL, described in Methods.

In this case, the geometry consists of a thick metallic disk with a tetrahedral pyramidal recess with a side length of 250 nm and a curvature radius of 10 nm at the edges and in the corners.

The optical properties of silver, based on the experimental data of Johnson and Christy [START_REF] Johnson | Optical constants of the noble metals[END_REF],

are assigned to all domains corresponding to the metal, whereas the dielectric constant of PMMA (2.20 at ω and 2.25 at 2ω) [START_REF] Sultanova | Dispersion Properties of Optical Polymers[END_REF] is used elsewhere. The edges of the silver disk are adjacent to a perfectly matched spherical layer (PML), enclosing the simulation space and absorbing the scattered spherical waves originating at the center. The incident radiation is defined as a normally incident linearly polarized plane wave with a Gaussian lateral amplitude profile. Such a configuration cannot be considered as a rigorous model for the studied nanostructures (mainly due to scattering of SPPs, which is not completely eliminated by the PML), however, it ensures relatively fast convergence of the computations (contrary to other approaches such as periodic boundary conditions) and allows to some extent to perform a qualitative analysis of the investigated physical phenomena. For the sake of simplicity, we will take into account only m = 1 Hankel waves, which will be incorporated into a modified analytical model, replacing plasmonic Bloch modes at 2ω.
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Assuming overall charge neutrality of the system, an electric dipole moment p  induced at a single pyramid can be expressed in terms of the surface charge density:

  S dS ) (a a p     (112)
which can be rewritten in terms of a linear charge density  along the pyramid edges, assuming their dominant contribution, as in the previous considerations:

    u s l u u u dl l l 0 )) ( ( ) ( a a p     (113)
Cartesian components of such dipole moment can be expressed as: 
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SH-SPPs excited in the first Hankel mode (m = 1) can be described in a way similar to expression [START_REF] Huang | Cancer cell imaging and photothermal therapy in the near-infrared region by using gold nanorods[END_REF], as cylindrical SPP waves [START_REF] Nerkararyan | Generation of Hankel-type surface plasmon polaritons in the vicinity of a metallic nanohole[END_REF] with amplitude proportional to the dipole moment and propagation direction determined by its orientation:

) ( )] sin( ) cos( [ ) , ( 2 ) 2 , 1 ( 1 1  
   r y x SPP z rk H c p p r E   (115) 
where  , r are cylindrical coordinates (r 2 = x 2 +y 2 ), H1 (1,2) is the Hankel function of order 1, describing SH-SPPs propagating either inward (H1 (1) = J1 + iY1) or outward (H1 (2) = J1 -iY1, where J1 and Y1 are Bessel functions), c1 is a phenomenological parameter accounting for the SPP excitation efficiency and  2 r k is the SPP wavenumber at 2ω. Let us consider a pyramid located within a rectangular periodic array. SH-SPPs generated by surrounding pyramids will feed back additional surface charges to the edges of this central pyramid in-between. For the sake of simplicity, we will reduce the problem to SH-SPPs generated only by the four nearest neighbors: top, bottom, left and right, as shown in Figure 33. 
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The expressions for SPP u  can be found using the expression for z-component of the electric field of Hankel waves in equation ( 115):
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where bu is a constant with the dimensionality of a dl dS / conversion factor (from surface to linear charge density). It also accounts for the efficiency of coupling between SPP wave and a
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with an additional relation required for the charge neutrality:
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The contributions of the above SH-SPP waves to specific components, px and py, of the dipole moment can be calculated using equations [START_REF] Valev | Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale[END_REF]. Some of these contributions will be cancelled due to symmetry. In particular, the contribution of bottom  on py is cancelled out. In other cases, the charges delivered by SH-SPPs modify the dipole moment:

SPP init p p p      (120) 
where the components of SPP p  can be expressed as:
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The above expressions can be greatly simplified by approximating the l-dependence of the Hankel functions by a fixed value at l = s/2, corresponding to the center of a given pyramid edge. This leads to:
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Thanks to a built-in self-consistency, equations ( 120) and ( 122) can be solved polarizationwise, yielding: [START_REF] Green | Switching the Cubic Nonlinear Optical Properties of an Electro-, Halo-, and Photochromic Ruthenium Alkynyl Complex Across Six States[END_REF] where the local field factors at 2ω are:
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with phenomenological coupling factors Let us assume that the second-harmonic field is dominated by the surface normal electric field associated with localized surface charges at the inner side of pyramid edges: [START_REF] Kadlec | Study of terahertz radiation generated by optical rectification on thin gold films[END_REF] where:
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The l-dependence of the linear charge density u  can be derived using relation in equation [START_REF] Kalanoor | Optical nonlinearity of silver-decorated graphene[END_REF], assuming that the local charge distribution around the pyramid is dominated by a Hankel-type surface wave generated by this pyramid, described by equation [START_REF] Gordel | Shellthickness-dependent nonlinear optical properties of colloidal gold nanoshells[END_REF], with px and py modified by the local field factors according to equations ( 123)- [START_REF] Butet | Refractive index sensing with Fano resonant plasmonic nanostructures: a symmetry based nonlinear approach[END_REF]. The  - (azimuthal angle)-dependence can be replaced by the Cartesian coordinates of the edges:
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This leads to the following expressions of  
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Following the same procedures as before and assuming the fundamental electric field defined in equation ( 103), one can find the elements of the overlap tensors, ) ( ,  u ijk J , using formula (125), taking the second-harmonic field defined by equations ( 126)- [START_REF] Sultanova | Dispersion Properties of Optical Polymers[END_REF]. Most of these integrals cannot be computed analytically, even neglecting the Hankel terms in equations [START_REF] Sultanova | Dispersion Properties of Optical Polymers[END_REF]. To reduce the complexity of the problem, we will assume that the second-harmonic electric field is constant along a given edge, approximating it by its value at the edge centers
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Then, taking the second order susceptibility tensors defined in equations ( 93), the following estimate of the SHG efficiency is obtained: 
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The symmetry-forbidden x-polarized SHG cancels, just like in the case of previously assumed Bloch mode-like electric field at 2ω. The same holds true when the second-harmonic field defined in equations ( 128) is used instead of its simplified form in equations [START_REF] Kurosaka | Onchip beam-steering photonic-crystal lasers[END_REF], however in such case the local field factors for the y-polarized SHG cannot be easily extracted.

Approximations introduced in equations ( 129) lead to equations [START_REF] Alaverdyan | Optical antennas based on coupled nanoholes in thin metal films[END_REF], where the  2 x L factor is cancelled out, which removes any contribution of a Fabry-Perot cavity-like resonance along the x direction, according to relations [START_REF] Butet | Refractive index sensing with Fano resonant plasmonic nanostructures: a symmetry based nonlinear approach[END_REF]. In contrast, the scattered SHG can be enhanced Theoretical curves for different Hankel modes (m = 2 and 3, that is 1), taking into account the limited precision of the currently applied numerical method, due to the large size of our mesh elements and possible SPP scattering from simulation boundaries, as well as the obvious limitation of approximating large area plasmonic crystals by smaller 3 × 3 arrays, with nonlinear sources located at a single central unit cell only.

Hexagonal plasmonic crystals

In order to compare the NLO properties of metamaterials possessing different symmetry, we have experimentally investigated the SHG from plasmonic hexagonal lattices. There are two possible arrangements of triangular lattice nodes into a hexagonal lattice: corner-to-corner (c- The C-dependence of the SHG intensity is presented in polarization-resolved SHG scanning images in Figure 37, in analogy with Figure 22a. The maximal SHG signal is observed at C = 650 nm, resulting probably from the excitation of band edge modes at ω, with corresponding energies slightly blue-shifted in hexagonal arrays as compared to rectangular ones. The highest signal is at the level of 10 4 cts/s, one order of magnitude lower than in rectangular crystals, and for this reason the upper limit of the logarithmic intensity scale in Figure 37 is lowered compared to Figure 22a, so as to ensure better visibility of the arrays. A first theoretical investigation of such octupolar meta-molecule blueprints in 2 and 3-D had pointed-out the potentially high non-linearity of such entities [START_REF] Stockman | Octupolar metal nanoparticles as optically driven, coherently controlled nanorotors[END_REF], but did not consider the further implementation of chiral features therein. On the other hand, chiral plasmonic metamolecules have recently been investigated by means of optical transmission measurements,
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showing noticeable circular dichroism in the linear regime [START_REF] Hentschel | Three-Dimensional Chiral Plasmonic Oligomers[END_REF][START_REF] Hentschel | Plasmonic Diastereomers: Adding up Chiral Centers[END_REF]. A smaller nanoparticle is chosen as seen from the source). All components of the nanostructure are following an equilateral triangle template, thus displaying a non-centrosymmetric shape. Whereas such a symmetry condition is not applying strictly speaking to quadratic nonlinearities when sustained by non-local plasmonic excitations, a non-centrosymetric shape is known to enhance the efficiency of the process, as shown in reference [START_REF] Salomon | Size and shape resonances in second harmonic generation from silver nanocavities[END_REF], where triangular entities were shown to be more efficient than rectangles by one order of magnitude, thereby providing a sound starting basis towards further introduction of chiral features. In the absence of such features for individual triangular nanoparticles, the observed chirality can only originate from near-field plasmonic interactions, that bond the non-chiral nanoparticles into a single 2D chiral entity. As a result, the locations of plasmonic hot spots strongly depend on the handedness of the incident light, causing strong chiroptical SHG response.

Circular SHG microscopy

We began our investigation with 10 × 10 square arrays, each array composed of objects of the same well defined handedness. The nanostructures were fabricated using top-down EBL technique, followed by gold deposition using e-beam evaporation technique. The lattice period is 500 nm, which is below the resolution limit of the objective used in the SHG 
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Apart from the chiroptical effect, the SHG intensity distribution within an individual array is not uniform: very bright hot spots can be occasionally observed in some points for each array.

We attribute these hot spots to undesired structural defects, such as surface roughness with sharp features [START_REF] Salomon | Size and shape resonances in second harmonic generation from silver nanocavities[END_REF] or nanoparticles getting in contact with each other. SEM images presenting examples of such defects together with a theoretical analysis of their influence on the nonlinear chiroptical response will be presented in one of the next sections. These imperfections may result in large local field enhancements, affecting the SHG intensity detected from these areas. On the example of experimental results presented in Figure 41, the average signal is in the order of 1000-2500 cts/s (counts per second), but it can reach values from 4000 up to 12000 cts/s at the hot spots. Despite this inhomogeneity in the nonlinear response of our samples, their general chiroptical behavior appears clear-cut and repeatable.

We have also proved that the measured SHG comes mainly from the nanostructures (Au surface, Cr surface and Cr-ITO interface), as the SHG signal from the bare substrate (air-ITO and ITO-glass interfaces) is at the level of a dark count rate.

In order to quantify the magnitude of nonlinear chiroptical effects, a parameter called SHGcircular dichroism (SHG-CD) has been proposed [START_REF] Valev | Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale[END_REF]. It is defined for a given sample as ( I R From the above numerical values, the SHG-CD equals 25 ± 2 % for the right-enantiomer array and -15 ± 2 % for the left-enantiomer array. Apparently, in both cases the nonlinear chiroptical effect shows-up with different magnitudes for the two opposite enantiomers. We attribute the observed imbalance to a regular deviation from a perfect mirror symmetry between the two enantiomers, as a consequence of limited accuracy of the fabrication process. In particular, the distortions responsible for this effect may be related to nanoparticles getting in contact with each other, as investigated in more details in the further text. Some contribution of very bright hot spots at strongly defected nanostructures may also occur, however such distortions are random, contributing with equal probability to SHG-CD of both enantiomers. Averaging of |SHG-CD| of both enantiomers gives 20 ± 7 %, which corresponds to a total contrast of about 40 %, when comparing the SHG intensity from the two opposite enantiomers irradiated either by L or by R polarization.
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Building-up on this property, we switch from uniform arrays to a mixture of two different enantiomers forming a chirality-encoded "watermark". A pattern shaped after the capital letter "R" was chosen to indicate the R-polarized excitation, as in this case the right-enantiomers form the "R" letter whereas the left-enantiomers constitute the background. Such pattern may serve as a reliable test for the read-out performance, providing horizontal, vertical, diagonal and rounded lines, as well as a separated "island" of opposite chirality. The thickness of a line in this pattern is between three to four individual enantiomers (1.5-2.0 microns), and the entire array has a size of 21 x 21, that is roughly 10 x 10 microns, as seen from the SEM image in Figure 43a. Figure 43b shows two SHG images, the first one obtained using R excitation, and the second one using L excitation. Here again, the chiroptical effect appears clearly: in the first case the "R" letter appears bright on a dark background, whereas in the second case the situation is reversed. Additionally, the readability of the pattern under three different excitation wavelengths: 800, 850 and 900 nm, is compared in Figure 44. Averaged |SHG-CD| calculated at 800 and 900 nm is 15 ± 4 and 27 ± 5 %, respectively, compared to previously determined 20 ± 7 % at 850 nm.
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Despite higher |SHG-CD| magnitude of the SHG excited at 900 nm, larger inhomogeneity of the signal hampers the readability of the "watermark", making 850 nm a better wavelength for this purpose. These results can be explained in terms of the spectral location of specific localized plasmon resonance bands, to be discussed in the next section. 
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Linear optical regime: measurements and simulations

In order to better account for the above nonlinear optical results, we compare them with the behavior in the linear optical regime for the same nanostructures. The spectral dependence of the extinction coefficient is investigated using UV-vis spectroscopy with circularly polarized light. In addition, numerical simulations are performed using the COMSOL Multiphysics Calculated backscattering spectra (Figure 45b, solid lines) are very similar to the measured extinction spectra (Figure 45a), except for the small peak around 550 nm, which appears only in the calculated absorption spectrum (Figure 45b, dotted lines). Both measured extinction and calculated backscattering spectra evidence two strongly overlapping bands: one centered around 800 nm, and a second one around 900 nm. These bands originate from the near-field coupling between triangular prisms, leading to hybridization of the dipolar plasmon mode of a single gold nanoprism into bonding and anti-bonding modes [START_REF] Halas | Plasmons in strongly coupled metallic nanostructures[END_REF]. Weak separation of these bands arises, due to the limit put on the interaction, by the relatively large size of the gap between nanoparticles (estimated around 40 nm), as compared to the range of near-field interactions. These results can be compared with the calculated absorption and scattering spectra of a single small nanoparticle and a single nanoprism, as presented in Figure 46a andb respectively. 
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Smaller nanoparticles obey the Rayleigh scattering law (scattering cross section proportional to 1/λ 4 ), except for a dipolar plasmon band around 525 nm, which is more visible in the absorption spectrum in Figure 46a. Electric field and surface charge distribution plots corresponding to this plasmon mode are presented in Figure 46c and46d, respectively.

Figures 46b ande-h show simulation results for larger gold nanoprisms, revealing more complex optical properties, including two main bands: a dipolar mode at 850 nm, with plasmonic hot-spots localized at the corners, and a mixture of higher order multipolar modes at short wavelengths (here presented at 425 nm), characterized by localization of electric field at the edges. One may suppose that the dipolar mode of large nanoprisms arranged into a meta-molecule undergoes hybridization into a red-shifted bonding and a blue-shifted antibonding resonance, whereas the higher order multipolar modes are involved into coupling which occurs at the second-harmonic frequency. These modes and their interactions with the small nanoparticle are jointly responsible for efficient SHG scattering. The effect of the distance between nanoprisms on the plasmon hybridization will be investigated in one of the next sections.

The 850 nm wavelength, which optimizes the quality of SHG images, is falling exactly inbetween the two bands resulting from plasmon hybridization. Some relatively faint chiroptical effect in the calculated backscatteringshowing-up as a difference between the red and blue curves in the spectrumis observed within this spectral region. The magnitude of this effect can be estimated by analogy with the SHG-CD factor by identifying I R and I L with the scattered intensity now at the fundamental frequency. At 850 nm this backscattering-CD is predicted to be less than 1 % (see Figure 45b, inset), whereas at 800 and 900 nm (close to the backscattering maxima) it almost drops down to zero. This could be the cause of the deterioration of the SHG images at the fundamental wavelengths of 800 and 900 nm. Apart from a lower CD in the linear regime, these wavelengths are also closer to the plasmon resonance peaks. This may be associated with a more resonant character of light-matter interactions, resulting in stronger stimulation of defect-induced hot spots that are prone to decrease the "watermark" image readability.

The chiroptical effect is slightly more pronounced at wavelengths around 600 nm, backscattering-CD reaching 3 % (inset of Figure 44b), which gives a total contrast between the two enantiomers of 6 %. Therefore, one can predict that reading the "watermark" using dark-field microscopy with an excitation around 600 nm would be possible, however in such

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 109 case the contrast would be much lower than for SHG microscopy, requiring some additional post-processing of the obtained images. Other linear optical techniques, such as transmission measurements using circular dichroism imaging microscopy (CDIM) [START_REF] Claborn | Circular Dichroism Imaging Microscopy: Application to Enantiomorphous Twinning in Biaxial Crystals of 1,8-Dihydroxyanthraquinone[END_REF], would probably prove inadequate, due to opposite chiroptical effects of the absorption and backscattering (see Figure 45b), resulting in a vanishingly small extinction-CD. from a significant sensitivity of the location of plasmonic hot spots to the incident handedness, which is shown in Figure 47: in "case 1", the hot spots are moved to the outermost corners of the three gold prisms (Figure 47, on the right), whereas in "case 2", the electric field concentrates at the center of the nanostructure, around the central nanoparticle (Figure 47, on the left). One can presume that the spatial distribution of the second order nonlinear polarization density will, to some extent, follow the distribution of hot spots at the fundamental frequency. This will affect the far-field SHG radiation pattern: in "case 1", the sources of the scattered harmonic radiation will be separated by a distance of ∼300-400 nm, thus, weakening the buildup of constructive interferences in the far-field, whereas in "case 2", the sources will concentrate within a small volume around the nanostructure center, resulting in a more coherent SHG backscattering.

SHG scattering simulations

In order to confirm the conjectured mechanism for the SHG chiroptical effect, we performed numerical simulations of the SHG scattering at a single wavelength 850 nm. Both the near- However, what actually contributes to the detected SHG intensity is the fraction of the scattered SHG that can be eventually collected by the objective. This fraction is highlighted in the polar plots in light blue color. It shows that in all cases, most of the SHG radiation is scattered sideways, leaving only a small amount of SHG for backward emission. In other words, it is only a small portion of the total emitted SHG which is detected during the 
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contained within the objective acceptance cone gives the overall measured SHG intensity, which gives theoretical SHG-CD of -16 % for the surface normal, -37 % for the surface tangential, and +7 % for the bulk SHG contribution (where the ± sign is associated with the applied SHG-CD definition). In the latter case, the chiroptical effect is opposite with respect to the surface contributions. These results are in agreement with experimental |SHG-CD| values equal in the range of 20 %, taking into account that the resultant SHG originates from a coherent mixture of the discussed microscopic sources. In the case of gold, the surface normal contribution is commonly assumed to be dominant over the two other tangential and bulk sources [START_REF] Wang | Surface and bulk contributions to the second-order nonlinear optical response of a gold film[END_REF][START_REF] Bachelier | Origin of optical second-harmonic generation in spherical gold nanoparticles: Local surface and nonlocal bulk contributions[END_REF]105]. Among them, the bulk contribution may be more or less important, depending on whether the metal is formed as a thin film or as a nanoparticle. Comparison of the above theoretical results with the experimental ones allows to infer that in our case, the SHG signal originates mainly from surface normal currents, as the obtained |SHG-CD| for this kind of nonlinear sources is very close to the measured one. Additional increase of this factor may be then attributed to a coherent interplay between strongly positive surface tangential and negative bulk contribution, involving the interference of these sources with the dominant surface normal contribution. The influence of the aforementioned defects on the measured SHG-CD is confirmed by numerical simulations taking into account a defective geometry, which is presented in Figure 50. The electric field distribution at both fundamental (Figure 50a) and second-harmonic frequencies (Figure 50b, for the surface normal contribution) clearly evidences that, for a central nanoparticle in contact with one of the larger nanoprisms, the plasmonic hot-spot previously localized at the corner of this nanoprism is now transferred to the nanoparticle.

This causes a large distortion in the far-field SHG intensity pattern (Figure 50c, for the surface normal contribution). 52, where a noticeable effect of the central nanoparticle on the absorption and scattering spectra is visible (Figure 52a), including enhancement of the backscattering-CD in the visible wavelengths range (inset). The strength of the near-field plasmonic coupling between large nanoprisms is strongly dependent on the distance in-between them. As the origin of chirality is assigned to interparticle interactions, the gap size should also affect the linear and nonlinear chiroptical response. We performed numerical simulations assuming various apex-to-base gaps between gold nanoprisms, respectively 25 and 60 nm, the first one smaller and the second one larger compared to the initial geometry. Calculated absorption and backscattering spectra are presented in Figure 53, together with the backscattering-CD. Even pure graphene, which does not support plasmons in the visible or near-infrared range, is known to exhibit very interesting NLO properties at these frequencies [START_REF] Xing | The physics of ultrafast saturable absorption in graphene[END_REF][START_REF] Hong | Optical Third-Harmonic Generation in Graphene[END_REF][START_REF] Wu | Purely Coherent Nonlinear Optical Response in Solution Dispersions of Graphene Sheets[END_REF][START_REF] Zhang | Z-scan measurement of the nonlinear refractive index of graphene[END_REF], which can potentially be enhanced by incorporating traditional plasmonic nanoparticles into graphene sheets. Saturable absorption (SA) is probably the most widely explored optical phenomenon occurring in graphene, being extensively employed especially in pulsed laser technology [START_REF] Bao | Atomic-layer graphene as a saturable absorber for ultrafast pulsed lasers[END_REF]. Another NLO effect attributed to graphene is nonlinear refraction (Kerr effect), which has already been investigated either by analysis of spatial self-phase modulation [START_REF] Wu | Purely Coherent Nonlinear Optical Response in Solution Dispersions of Graphene Sheets[END_REF] or by using Z-scan technique [START_REF] Zhang | Z-scan measurement of the nonlinear refractive index of graphene[END_REF], yielding enormous n2 coefficient values of 3 × 10 -9 cm 2 /W in the first case and 1.5 × 10 -7 cm 2 /W in the second case. Unfortunately, the first result was obtained either with continuous wave laser or with a femtosecond laser of pulse repetition rate of 250 kHz, whereas in the second case the sample was irradiated by a picosecond laser beam of very high 10 MHz repetition rate. If the interval between pulses is too short, local accumulation of heat may lead to thermally-induced refractive index modulation. Typically, a material irradiated with a powerful laser pulse needs several nanoseconds to dissipate the heat into the surrounding medium, however the limited speed of heat transfer within this medium may require an additional fraction of a millisecond for achieving full equilibrium. The intervals of 4 µs in the first case and 0.1 µs in the second case could be too short, resulting in the observed large nonlinearity of studied graphene samples. In fact, in the first case the NLO Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 118 effects were attributed to the reorientation of graphene sheets in solution, however in the second case, where a thin solid sample has been investigated, a reorientation can be excluded.

The following part of the thesis presents unpublished results obtained using femtosecond f- In addition to pure graphene, aqueous dispersion of gold nanoparticle-decorated graphene flakes (Au-graphene), exhibiting nearly identical mass concentration as the aforementioned graphene dispersion, is studied in order to check whether the local field factor associated with plasmon resonances of gold nanoparticles can enhance the NLO phenomena. Aqueous colloidal solution of pure spherical gold nanoparticles (Au NPs) of 0.095 % mass concentration is also studied as a reference. Au NPs form relatively stable, clear and homogenous dispersion, contrary to both graphene and Au-graphene samples, which appear quite transparent and uniform just after intense shaking, but tend to form black sediments

Studies of nonlinear optical properties of plasmonic nanostructures PhD thesis 119 within several minutes, which is visible in Figure 54 showing the cuvettes with all three solutions. For this reason, development of f-scan, which operates more than a hundred times faster than the traditional Z-scan, was truly crucial for the sake of these studies.

Detailed description of the chemical methods used for graphene sheets decoration with Au NPs, as well as results of TEM and spectroscopic characterization of the investigated samples will be presented in the forthcoming publication, which is being devoted to the results discussed in this section. Aside from the three aforementioned samples and their references (pure water and silica), the full set of measurements included also a dispersion of reduced graphene oxide, its nanoparticle-decorated version, as well as graphene quantum dots (nanoflakes of several nanometers in size, exhibiting quantum confinement effects). However, at this stage we abstain from presenting these results, which require some additional work for appropriate interpretation. of the corrected closed aperture data.

Example f-scan curves

Verification of the Kerr nonlinearity of graphene

Comparison of closed aperture curves of graphene samples with closed aperture curves of pure water suggests that in the femtosecond regime the investigated graphene dispersions do not exhibit such impressive nonlinear refraction, as revealed by measurements reported in the literature. At each studied wavelength, the nonlinear phase shifts in graphene is of magnitude comparable to that of water, although the closed aperture data of graphene dispersions are often distorted by a significant noise of an oscillatory character, resulting probably from optical scattering on aggregates. This kind of behavior is exemplified in Figure 56, presenting closed aperture curves of graphene in slightly extended z range. Alternatively, one could attribute such a line shape to self-diffraction due to multiple-π shift associated with very large optical nonlinearity, just like in spatial self-phase modulation [START_REF] Wu | Purely Coherent Nonlinear Optical Response in Solution Dispersions of Graphene Sheets[END_REF], however such effects observed in closed aperture Z-scan should be accompanied by very large peak-to-valley transmittance difference in the high-intensity region, which is not the case in the present study.
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These observations can be explained by the fact that femtosecond laser pulses separated by 1 milisecond intervals (corresponding to 1 kHz repetition rate) are unable to induce large thermal Kerr effect in graphene, because the heat has enough time to dissipate to the environment before another light pulse arrives. Another possible explanation, which should be taken into account, is that the studied graphene samples are of very low quality, which hampers the efficiency of nonlinear refraction. Alternatively, the NLO properties of graphene could be somehow lost due to the interactions with the aqueous environment and the dispersing agent. However, both possibilities can be excluded based on the efficient SA properties of investigated graphene dispersions, to be discussed in the further text. The exact molecular mass of nano-and micro-structures cannot be precisely defined, which does not allow to calculate some of their NLO parameters such as cubic hyperpolarizability γ or 2PA cross section σ (2) , as it is typically done in case of organic compounds. Sometimes the above parameters are calculated for metallic or semiconductor nanoparticles, assuming their molecular mass in the range of 10 5 -10 10 g/mol, which gives enormous values of γ and σ (2) that may to some extent overestimate the true performance of these species as NLO media. For this reason, the efficiency of NLO effects in materials investigated in the present study will be summarized in terms of complex nonlinear refractive index n2 and complex third order susceptibility χ (3) , which can be calculated from the known mass concentration of studied solutions: 0.1205 % for graphene, 0.126 % for Au-graphene and 0.0945 % for Au NPs. The values of n2 and Reχ (3) quantifying the Kerr nonlinearity for all studied samples are plotted in It turns out that the ultrafast Kerr nonlinearity of graphene probed by femtosecond laser pulses exhibits maximum n2 values in the range of 0.5 × 10 -12 cm 2 /W, which is far from 10 -7 cm 2 /W reported in the literature. Moreover, these values may be to some extent attributed to an error in NLO parameters determination resulting from the specificity of data processing procedures, which involve a number of transmission corrections. The latter suspicion is justified by dispersion of linear absorption coefficient, which is calculated by comparison of absolute signal transmitted by the samples and measured by detectors in the low-intensity range of the open aperture f-scan measurements. Spectral dependence of the absorption coefficient α0, shown in Figure 58, coincides with "nonlinear refraction bands" of graphene and Au-graphene, one may therefore suppose that the measured Kerr nonlinearity is only an artifact of data processing. This may explain higher n2 values for Au-graphene, which is simply affected by the higher values of α0.

In case of Au NPs exhibiting relatively low absorption coefficient, with spectral dependence featuring small plasmon peaks around 700 nm and 800 nm, weak absorption reduces the risk of artifacts originating from transmission correction. Moreover, the nonlinear refractive index of Au NPs is negative, which is opposite with respect to potential data processing error.

Therefore, the values of n2 determined for Au NPs, falling in the range of 0.2-0.3 × 10 -12 cm 2 /W at wavelengths between 600 and 800 nm can be considered as reliable parameters of the ultrafast NLO response of NPs, resulting from the intrinsic nonlinearity of gold. 
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SA and 2PA in gold nanoparticles

In third order NLO materials, the nonlinear refraction is often accompanied by 2PA, which is a consequence of nonlinear Kramers-Kronig relations [START_REF] Hutchings | Kramers-Krönig relations in nonlinear optics[END_REF], linking the dispersions of real and imaginary parts of χ (3) . Therefore, observation of 2PA in studied Au NPs is not unexpected, taking into account their Kerr nonlinearity found in the previous section. Our NPs can serve as a good example of gold nanostructures exhibiting both types of intensity dependent absorption phenomena occurring in different spectral regions, which is shown in Figure 59. In the following case, SA is observed in the short wavelength regime (530-600 nm), where according to Figure 58 the linear absorption coefficient of Au NPs is increased, which can be attributed to interband transitions of gold. In contrast, 2PA occurs over much wider spectral range, reaching maximum in the vicinity of inferred location of plasmon bands.

The efficiency of SA is accounted for by reciprocal saturation intensity, 1/Isat, which in case of Au NPs shows the same monotonic trend as α0, with values gradually increasing with decreasing wavelengths. 2PA presented in Figure 59 is quantified in terms of the imaginary part of the nonlinear refractive index, Im(n2), or the imaginary part of the third order susceptibility, Im(χ (3) ), which can be converted to α2 using relation (28b). 
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SA in graphene and Au-graphene

Finally, the spectral dependence of 1/Isat for graphene and Au-graphene is summarized in the upper part of Figure 60. In both cases the values oscillate between 0.005 and 0.015, which is not very impressive concerning similar or even higher 1/Isat values in case of Au NPs.

However, the true efficiency of the SA phenomenon depends also on α0, since a saturable absorber of very low absorption coefficient is unable to induce a significant transmittance changes. Except short wavelengths, Au NPs exhibit very weak absorption, contrary to graphene which is well known for its universal absorption that covers the entire visible and near-infrared spectral range. One may propose another merit factor accounting for SA performance, namely α0/Isat, which is plotted for both graphene and Au-graphene in the lower part of Figure 60. It shows that Au-graphene slightly outperforms graphene in the spectral region of plasmon resonances of Au NPs, which can be attributed to the plasmonic field enhancement. However, the benefits emerging from decoration of graphene by metallic nanoparticles are not as impressive as could be expected. 
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 2 démontrer et expliquer un effet de dichroïsme optique non-linéaire géant dans des architectures chirales de nanoparticules non-centrosymétriques d'or, inspirées par le paradigme des molécules octupolaires, ici transposé à une échelle et à une physique différentes et de ce fait originales. Pour atteindre ces objectifs, la modélisation analytique et numérique a été combiné avec le travail expérimental, qui comprenait la production de nanostructures (dans le cas des cristaux plasmoniques) et les mesures effectuées au moyen de la microscopie confocale non-linéaire résolue en polarisations, présentée en Figure I.
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Figure I .

 I Figure I. Schéma simplifié d'un microscope non-linéaire en lumière polarisée linéairement pour l'étude des cristaux plasmoniques.

Figure

  Figure II. Système de mesure utilisé dans la technique f-scan. Conventions: Mmiroirs, Idiaphragmes, BSdiviseurs de rayon, L1lentille à distance focale variable, L2lentille optique normale, D1 -détecteur pour la mesure des fluctuations de puissance du rayon laser, D2 -détecteur pour la mesure en mode "open aperture", D3 -détecteur pour la mesure en mode "closed aperture".

Figure

  Figure III. Images de cristaux plasmoniques obtenues par microscopie électronique à balayage. À gauche: vue agrandie d'un ensemble de nanopyramides, de tailles individuelles de 250 nm, formant un réseau rectangulaire de paramètres de maille A et B, égaux à 550 nm. Cette photographie montre aussi l'orientation des axes x, y du système de coordonnées et l'angle α de la polarisation du faisceau fondamental excitateur. Au centre: vue d'ensemble d'un cristal plasmonique bidimensionnel. À droite: coupe transversale d'échantillon, révélant sa structure dans le sens de la profondeur: un substrat en Arséniure de Gallium (GaAs) avec des pyramides qui ont été créées par gravure chimique liquide, puis recouverts d'une couche d'argent. Une couche supplémentaire de polymère a été finalement déposé, afin de protéger le métal de l'oxydation. Les barres d'échelle représentent 100 nm sur les images laterales et 1000 nm sur l'image centrale.

Figure

  Figure IV. Image obtenue par détection d'une composante verticale (y) de polarization de la génération de seconde harmonique, excitée par un rayon de laser à polarisation horizontale (α = 0) dans les cristaux plasmoniques à paramètres de maille A et B, marqués sur les axes: horizontal et vertical. Longueur d'onde fondamentale: 900 nm. Chaque carreau dans cette image a une taille d'environ 10 microns et il représente un cristal plasmonique unique, tel que celui représenté en Figure III. Les couleurs suivent une échelle logarithmique, indiquant que l'intensité de la seconde harmonique change radicalement en fonction de la géométrie des cristaux. Un rayonnement plus forte (environ 10 5 coups par seconde) est observé dans les paramètres cristallins A = 550 nm, B = 300 nm, qui résulte d'un double renforcement à la suite du rôle conjoint de modes plasmoniques résonnants respectivement aux fréquences fondamentale et harmonique. Pour la période A = 650 nm le signal est presque complètement éteint en raison de la présence d'une bande interdite plasmonique.

Figure V .

 V Figure V. Diagrammes polaires de la génération de seconde harmonique en fonction de l'angle de polarisation du faisceau excitateur: les points rouges indiquent une composante horizontale (x), les points bleusune composante verticalle (y), et les points noirs -leur somme. Les paramètres de maille des cristaux (A, B) et les valeurs du paramètre d'anisotropie r sont portés sous chaque diagramme. Une forte anisotropie, révélée par les deux premiers diagrammes, est causée par une composante verticale qui, sous l'angle d'excitation α = 0 ou 90º

III. 2

 2 Nanostructures chirales à base d'or Les arrangements chiraux bidimensionnels de nanoparticules triangulaires d'or forment des "meta-molécules" plasmoniques énantiomériques, comme le montre la structure d'échantillon présentée sur la Figure VI. Ils ont été analysés par microscopie non-linéaire et par modélisation numérique, révélant un fort effet chiroptique par génération de seconde harmonique en rétro-réflexion.

Figure

  Figure VI. Structure des "meta-molécules" chirales sur l'exemple d'un énantiomère lévogyre (appellation conventionnelle). La longueur du côté des grands nano-triangles, marquée sur le diagramme de gauche par "A", est d'environ 200 nm. La nanoparticule de plus petite taille au centre de la nanostructure, marquée par "B", mesure environ 60 nm. L'écart entre les nanotriangles "C" est d'environ 40 nm. Les épaisseurs des différentes sous-couches représentées en coupe dans l'image de droite sont respectivement: 25 nm d'ITO (un substrat conducteur), 3 nm de chrome (couche d'adhésion) et la nanostructure d'or, d'une épaisseur d'environ 40 nm.

  polarisé circulairement. Cette configuration est présentée en Figure IX, où un motif en forme de la lettre "R" apparaît clair sur fond sombre sous excitation par une polarisation circulaire à droite, ou apparaît inversement sombre sur un fond clair sous excitation par une polarisation circulaire gauche.

Figure

  Figure IX. "Filigrane" de la lettre "R" codée par énantiomères lévogyres (formant le fond) et dextrogyres (formant la lettre). À gauche: l'image obtenue par le microscope électronique à balayage. À droite: les images de la génération de seconde harmonique, excitée par un faisceau laser polarisé circulairement à droite et à gauche.
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 2 kontrolowaniu efektywnej nieliniowej podatności elektrycznej nanostruktur plazmonicznych poprzez wykorzystanie silnej zależności niektórych efektów nieliniowych, takich jak generacja drugiej harmonicznej, zarówno od lokalnej symetrii struktury danego materiału jak również od symetrii funkcji falowej modów plazmonowych. Część pracy badawczej poświęcona badaniu generacji drugiej harmonicznej skupia się na dwóch celach: (1) kontrolowaniu efektywnej anizotropii i wzmocnienia generacji drugiej harmonicznej w kryształach plazmonicznych wykazujących plazmoniczną przerwę wzbronioną i plazmoniczne poziomy energetyczne na krawędzi pasma, (2) demonstracji i wyjaśnieniu gigantycznego nieliniowego efektu chirooptycznego w chiralnych ułożeniach wzajemnie oddziałujących niecentrosymetrycznych nanocząstek złota, zainspirowanych przez koncepcję oktupolarnych molekuł organicznych, która to koncepcja zostaje tu zrealizowana w innej skali i przy wykorzystaniu nowych zjawisk fizycznych. Aby osiągnąć powyższe cele, połączono modelowanie analityczne i numeryczne z pracą eksperymentalną obejmującą wytwarzanie nanostruktur (w przypadku kryształów xxiv plazmonicznych) i pomiary przy użyciu mikroskopii nieliniowej o rozdzielczości polaryzacyjnej, której schemat jest przedstawiony na Rysunku I. Rysunek I. Uproszczony schemat mikroskopu nieliniowego w konfiguracji operującej na świetle liniowo spolaryzowanym do badania kryształów plazmonicznych. Rysunek II. Układ pomiarowy wykorzystywany w technice f-scan. Oznaczenia: Mlustra, I -przesłony, BSpłytki światłodzielące, L1soczewka o przestrajalnej ogniskowej, L2 -zwykła soczewka, D1detektor do referencyjnego pomiaru fluktuacji mocy wiązki lasera, D2 -detektor do pomiaru krzywej "open aperture", D3detektor do pomiaru krzywej "closed aperture".Jeśli chodzi o część pracy poświęconą technice Z-scan, pierwszym zadaniem jest weryfikacja ogromnej trzeciorzędowej nieliniowości grafenu, zaprezentowanej w niedawnych publikacjach naukowych. Następnym zadaniem jest ilościowa charakterystyka efektywności nasycalnej absorpcji polegająca na wyznaczeniu intensywności nasycenia. Ponieważ jednak xxv uzyskane roztwory wodne jednowarstwowego grafenu wykazują tendencję do szybkiej agregacji i sedymentacji, tradycyjna technika Z-scan nie nadaje się do badania tego materiału z powodu długiego czasu pojedynczego pomiaru Z-scan. Z tego względu konieczna jest modyfikacja tej techniki umożliwiająca znacznie szybsze przeprowadzenie pomiarów, co uzyskano przez wzbogacenie układu pomiarowego o soczewkę z elektronicznie przestrajalną ogniskową, tworząc nowy rodzaj techniki Z-scan, któremu została nadana nazwa "f-scan". Schemat układu pomiarowego jest przedstawiony na Rysunku II. Następnym celem po scharakteryzowaniu nieliniowych właściwości optycznych grafenu jest zbadanie efektu udekorowania warstw grafenowych przez nanocząstki złota, mającego w założeniu doprowadzić do plazmonowego wzmocnienia nieliniowości grafenu, co mogłoby zaowocować materiałem o ulepszonych właściwościach nieliniowym do zastosowania w technologii laserów impulsowych. III Podsumowanie wyników III.1 Kryształy plazmoniczne Rysunek III. Obrazy kryształów plazmonicznych uzyskane przy pomocy skaningowej mikroskopii elektronowej. Po lewej: zbliżenie na nanopiramidy, każda o rozmiarze około 250 nm, tworzące prostokątną sieć o parametrach A i B, w tym wypadku równych po 550 nm. Ten obraz prezentuje również orientację nanostruktur względem osi x, y oraz kąta α polaryzacji wiązki wzbudzającej. W środku: widok na cały dwuwymiarowy kryształ plazmoniczny. Po prawej: przekrój przez próbkę ukazujący jej strukturę: podłoże z arsenku galu, w którym piramidy zostały wytrawione chemicznie i pokryte warstwą srebra. W późniejszym etapie wytwarzania na powierzchnię srebra zostaje nałożona warstwa polimeru, chroniąca metal przed utlenianiem. Znaczniki skali odpowiadają 100 nm na obrazkach bocznych oraz 1000 nm na obrazku środkowym. W przypadku kryształów plazmonicznych, utworzonych przez prostokątne sieci niecentrosymetrycznych piramidalnych wnęk na powierzchni srebra (Rysunek III), udało się wykazać, że efektywna anizotropia generacji drugiej harmonicznej może być całkowicie xxvi kontrolowana przez odpowiedni dobór parametrów sieciowych. Przeprowadzone badania pokazały że powyższa anizotropia jest związana głównie z anizotropową strukturą pasmową wykazującą plazmoniczną przerwę wzbronioną, co umożliwia ogromne wzmocnienie polaelektrycznego poprzez wzbudzenie modów na krawędzi pasma przy częstotliwości podstawowej. Rysunek IV przedstawia przykładowe wyniki obrazowania przy pomocy mikroskopii nieliniowej, ukazujące wpływ struktury pasmowej na intensywność generacji drugiej harmonicznej w układzie zawierającym 81 kryształów plazmonicznych różniących się stałymi sieciowymi. Rysunek IV. Obraz uzyskany poprzez detekcję składowej pionowej (y) generacji drugiej harmonicznej wzbudzonej wiązką liniowo spolaryzowaną w kierunku poziomym (α = 0) w kryształach plazmonicznych o różnych parametrach sieciowych A i B, oznaczonych na osi poziomej i pionowej. Długość fali podstawowej: 900 nm. Każdy kwadracik widoczny na powyższym obrazie ma rozmiar około 10 mikronów i reprezentuje pojedynczy kryształ plazmoniczny, taki jak ten widoczny na środkowym obrazku na Rysunku III. Kolory są przedstawione w skali logarytmicznej, co oznacza że intensywność drugiej harmonicznej zmienia się drastycznie w zależności od geometrii kryształów. Najsilniejsza emisja (rzędu 10 5 zliczeń na sekundę) jest obserwowana w krysztale o parametrach A = 550 nm, B = 300 nm, w którym dochodzi do podwójnego wzmocnienia na skutek sprzęgania modów plazmonowych o rezonansie przy częstotliwości podstawowej i harmonicznej. Przy stałej sieciowej A = 650 nm sygnał jest niemal całkowicie wygaszony na skutek występowania plazmonicznej przerwy wzbronionej. Dodatkowe oddziaływania za pośrednictwem polarytonów plazmonowych przy częstotliwości harmonicznej mają również znaczący wpływ na zmierzoną generację drugiej harmonicznej, zaburzając symetrię uzyskanych wyników, której należałoby oczekiwać w przypadku xxvii liniowych właściwości optycznych. Zakładając ściśle określoną orientację nanostruktur względem układu współrzędnych, przedstawioną na Rysunku III, lokalna trójkrotna symetria obrotowa nanopiramid stanowiących węzły "sieci krystalicznej" umożliwia sprzęganie pomiędzy poziomymi (równoległymi do osi x) i pionowymi (równoległymi do osi y) plazmonicznymi modami Blochowskimi przy częstotliwości podstawowej z pionowymi modami przy częstotliwości harmonicznej, natomiast podobne sprzęganie z modami poziomymi przy częstotliwości harmonicznej jest zabronione przez symetrię tensora podatności drugorzędowej wynikającą z obecności płaszczyzny symetrii rozpiętej na osiach y i z. Rysunek V. Wykresy polarne zależności generacji drugiej harmonicznej od kąta polaryzacji wiązki wzbudzającej: czerwone punkty oznaczają składową poziomą (x), niebieskie punkty -składową pionową (y), natomiast czarne punkty -ich sumę. Parametry geometryczne kryształów (A, B) oraz wartości parametru anizotropii r są podane pod wykresami. Silna anizotropia widoczna na pierwszych dwóch wykresach jest powodowana przez składową pionową, która przy kącie wzbudzenia α = 0 lub 90º jest dozwolona przez symetrię tensora podatności nieliniowej dla nieliniowego elektrycznego momentu dipolowego. Trzeci z wykresów stanowi przykład kwazi-izotropowej emisji z kryształu, w którym wpływ modów plazmonowych wzdłuż osi x i y jest zbalansowany, przez co właściwości generacji drugiej harmonicznej są zdominowane przez wpływ symetrii trójkrotnej nanopiramid. Rysunek V prezentuje przykładowe wyniki pomiarów właściwości polaryzacyjnych generacji drugiej harmonicznej. Pomiary te pozwoliły stwierdzić, że efektywną anizotropię drugorzędowej podatności elektrycznej oraz jej znaczącą zmienność w zależności od stałych sieciowych można przypisać intuicyjnej i w miarę przewidywalnej podatności związanej z wyindukowanym nieliniowym elektrycznym momentem dipolowym. To stwarza możliwość racjonalnego projektowania nanostruktur w kierunku zamierzonych nieliniowych właściwości optycznych takich jak określone właściwości polaryzacyjne generacji drugiej harmonicznej xxviii przy jednoczesnym maksymalnym wzmocnieniu jej intensywności. Tego typu kontrola nieliniowych właściwości optycznych może być niezwykle użyteczna w zastosowaniach opierających się na własnościach symetrii tensora podatności drugorzędowej. Przykładowe tego typu zastosowania obejmują biosensory, technologię generacji fal terahercowych opartą na zjawisku optycznej rektyfikacji, czy też wytwarzanie pojedynczych sprzężonych kwantowo fotonów (plazmonów) w nanoskali. W bliższej perspektywie, badane nanostruktury mogą posłużyć jako nanoskopijne źródła polarytonów plazmonowych o częstotliwości harmonicznej, które można wykorzystać do podstawowych badań oddziaływań plazmonowych. III.2 Chiralne nanostruktury złota Dwuwymiarowe chiralne ułożenia trójkątnych nanocząstek złota, tworzących enancjomeryczne plasmoniczne "meta-molekuły" takie jak przykładowa struktura przedstawiona na Rysunku VI, zostały zbadane przy użyciu mikroskopii nieliniowej oraz przez modelowanie numeryczne, wykazując silny efekt chirooptyczny we wstecznie rozproszonej generacji drugiej harmonicznej. Rysunek VI. Struktura chiralnych "meta-molekuł" na przykładzie "lewego enancjomeru" (oznaczenie według przyjętej konwencji). Długość boku dużych nanotrójkątów, oznaczona na lewym rysunku jako A, wynosi około 200 nm. Rozmiar małej nanocząstki w centrum nanostruktury, oznaczony B, jest równy około 60 nm. Odstęp pomiędzy nanotrójkątami C to około 40 nm. Grubości warstw przedstawionych na prawym rysunku to odpowiednio: 25 nm ITO (podłoże przewodzące), 3 nm chromu (warstwa adhezyjna) i nanostruktura złota o grubości 40 nm. Przykładowe wyniki obrazowania nanostruktur, porównane z obrazami uzyskanymi przy pomocy skaningowego mikroskopu elektronowego, są przedstawione na Rysunku VII. Z powodu braku środka symetrii, trójkątny kształt badanych nanostruktur zapewnia dużą xxix efektywność generacji drugiej harmonicznej, która w tym przypadku jest dozwolona przez reguły symetrii dla wyindukowanego nieliniowego momentu dipolowego. Efektywność ta jest również po części konsekwencją zaostrzonych wierzchołków i krawędzi powodujących znaczne wzmocnienie lokalnego pola elektrycznego. Rysunek VII. Obrazy uzyskane przy pomocy skaningowego mikroskopu elektronowego (u góry), zestawione z obrazami generacji drugiej harmonicznej badanych nanostruktur (na dole), uzyskanymi poprzez wzbudzenie polaryzacją kołową prawoi lewo-skrętną, oznaczoną odpowiednio literami R i L. Długość fali podstawowej: 850 nm. Ponieważ badane nanostruktury składają się z niechiralnych trójkątnych elementów, obserwowane silne efekty chirooptyczne mogą być przypisane plazmonowemu sprzęganiu pomiędzy nanocząstkami za pośrednictwem działającego na krótką odległość bliskiego pola zanikającego. Symulacje numeryczne rozkładu pola elektrycznego w bliskim i dalekim polu przy częstotliwości podstawowej i harmonicznej wykazały, że mechanizm nieliniowego dichroizmu kołowego opiera się prawdopodobnie na zmianie położenia "gorących punktów" wzmocnienia pola elektrycznego przy wzbudzeniu kołowo spolaryzowaną wiązką światła o różnej skrętności. W jednym przypadku "gorące punkty" koncentrują się w centrum nanostruktury, skutkując konstruktywną interferencją generacji drugiej harmonicznej w dalekim polu, podczas gdy w drugim przypadku pole elektryczne ulega wzmocnieniu głównie xxx na zewnętrznych obszarach nanostruktury, powodując destruktywną interferencję i w efekcie osłabienie emisji, co jest pokazane na Rysunku VIII. Rysunek VIII. Wyniki symulacji numerycznych przeprowadzonych przy użyciu oprogramowania COSMOL Multiphysics. Po lewej: rozkład pola elektrycznego przy częstotliwości podstawowej (lewa kolumna) i harmonicznej (prawa kolumna). Po prawej: trójwymiarowe wykresy polarne rozkładu kątowego intensywności generacji drugiej harmonicznej, widziane w płaszczyźnie xy (lewa kolumna) i zx (prawa kolumna). Część promieniowania obejmowana przez obiektyw używany w eksperymencie jest zaznaczona na kolor jasnoniebieski. Niewielkie rozmiary pojedynczych enancjomerów umożliwiają wytworzenie "znaków wodnych" ("watermarks") zakodowanych poprzez chiralność "meta-molekuł". Zakodowanie informacji odbywa się w skali rozmiarów poniżej rozdzielczości zastosowanej konfiguracji mikroskopu nieliniowego, dzięki czemu "znak wodny" może być odczytany poprzez obrazowanie generacji drugiej harmonicznej wzbudzonej przez kołowo spolaryzowaną wiązkę lasera, co jest zaprezentowane na Rysunku IX na przykładzie wzoru w kształcie litery "R", która ukazuje się jasna na ciemnym tle przy wzbudzeniu polaryzacją prawoskrętną lub ciemna na jasnym tle przy wzbudzeniu polaryzacją lewoskrętną. Ponadto wykazano, że optymalna długość fali wiązki wzbudzającej, prowadząca do uzyskania obrazów o najlepszym kontraście, znajduje się pomiędzy pasmami rezonansów plazmonowych powstających na skutek hybrydyzacji dipolowego modu plazmonowego pojedynczego nanotrójkąta. Powyższe wyniki otwierają nowe perspektywy w projektowaniu i wytwarzaniu chiralnych nieliniowych metamateriałów, które mogą być dalej optymalizowane w kierunku zminimalizowania ich liniowego dichroizmu kołowego przy jednoczesnym zmaksymalizowaniu nieliniowego efektu chirooptycznego w generacji drugiej harmonicznej. xxxi Takie nanostruktury mogą być wykorzystane jako podstawowe "meta-molekularne" cegiełki służące do komponowania nowego rodzaju "znaków wodnych", które byłyby możliwe do odczytania jedynie przy użyciu zaawansowanego układu do mikroskopii nieliniowej operującego na świetle o kołowej polaryzacji. Rysunek IX. "Znak wodny" z zakodowaną literą "R", składający się z "lewych" i "prawych" enancjomerów ("lewe" tworzą tło, zaś "prawe" -literę "R"). Po lewej: obraz uzyskany przy pomocy skaningowej mikroskopii elektronowej, po prawej: obrazy generacji drugiej harmonicznej, wzbudzonej przez wiązkę o kołowej polaryzacji prawo-i lewoskrętnej. III.3 Grafen i nanocząstki złota W ramach pomiarów trzeciorzędowych nieliniowych właściwości optycznych roztworów wodnych czystego grafenu i grafenu domieszkowanego nanocząstkami złota (określanego skrótowo mianem "Au-grafenu"), wykonano również pomiary referencyjne na roztworach wodnych zawierających same nanocząstki. Pomiary te wykazały zauważalną nieliniową refrakcję i dwufotonową absorpcję w nanocząstkach złota w zakresie widmowym 600-1100 nm oraz nasycalną absorpcję przy krótszych długościach fali. Przykładowe krzywe f-scan oraz zależność widmowa wyznaczonych parametrów dotyczących nieliniowej absorpcji są przedstawione na Rysunku X. Niestety, wodne roztwory grafenu i Au-grafenu wykazały raczej przeciętną nieliniowość trzeciego rzędu, co kontrastuje z danymi literaturowymi. Ta rozbieżność wynika z braku natychmiastowych (ultra-szybkich) efektów nieliniowych trzeciego rzędu, które mogłyby zostać zmierzone przy użyciu femtosekundowej wiązki lasera o niskiej (1 kHz) częstotliwości repetycji impulsów, zastosowanej w naszym układzie pomiarowym. Imponujące wartości nieliniowego współczynnika refrakcji uzyskane przez inne grupy badawcze przy użyciu laserów o dużej częstotliwości repetycji impulsów mogą być przypisane efektom termicznym bądź reorientacji warstw grafenowych w roztworze. xxxii Rysunek X. Po lewej: przykładowe eksperymentalne krzywe f-scan ("open aperture") zmierzone na roztworze wodnym nanocząstek złota, dopasowane przy pomocy krzywych teoretycznych (linie ciągłe). Wykres na górze (długość fali 600 nm) wskazuje na nasycalną absorpcję, podczas gdy dolny wykres (1000 nm) świadczy o dwufotonowej absorpcji. Po prawej: zależność widmowa parametrów nieliniowych: odwrotności intensywności nasycenia 1/Isat dla nasycalnej absorpcji oraz części urojonej nieliniowego współczynnika załamania światła Im(n2) i części urojonej trzeciorzędowej podatności elektrycznej Im(χ (3) ) dla absorpcji dwufotonowej. Zamiast trzeciorzędowych nieliniowych efektów optycznych, które byłyby godne uwagi, grafen wykazuje bardzo efektywną ultra-szybką nasycalną absorpcję, która w pewnych przypadkach przechodzi w odwróconą nasycalną absorpcję. Okazuje się, że zdefiniowany w niniejszej pracy parametr opisujący efektywność nasycalnej absorpcji może być nieznacznie poprawiony poprzez udekorowanie grafenu nanocząstkami złota, dostarczając wzmocnienia lokalnego pola elektrycznego w zakresie widmowym występowania rezonansu plazmonowego tych nanocząstek. Przykładowe krzywe f-scan oraz zależność widmowa wyżej wspominanego parametru zarówno dla grafenu jak i dla Au-grafenu są przedstawione na Rysunku XI. xxxiii Rysunek XI. Po lewej: przykładowe eksperymentalne krzywe f-scan ("open aperture") wykazujące nasycalną absorpcję, zmierzone na roztworach wodnych grafenu (górny wykres) i Au-grafenu (dolny wykres) przy długości fali 800 nm, dopasowane przy pomocy krzywych teoretycznych (linie ciągłe). Po prawej: zależność widmowa parametru efektywności nasycalnej absorpcji, będącego iloczynem odwrotności intensywności nasycenia 1/Isat i liniowego współczynnika absorpcji α0. Parametr ten może być wykorzystany do porównania właściwości obydwu materiałów ze względu na niemal identyczne stężenie ich roztworów, na których przeprowadzono powyższe pomiary.
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 1411 Figure 1. Schematic illustration of the concept of a self-propelling advancement in the data processing technology, which could be possible when nanoplasmonic devices come into play.

d

  is the real-valued positive relative permittivity of dielectric. The condition for existence of SPP is that the real part of m  is negative, and moreover | m

Figure 2 .

 2 Figure 2. Spectral dependence of SPP parameters at a flat metal-dielectric interface. The metal is either gold (red) or silver (blue), whereas the dielectric is either vacuum (solid lines) or a material of refractive index nd = 1.5.

m 7 Example

 7 of gold and silver is based on experimental data of Johnson and Christy [35]. (a) Ratio between the SPP wavelength and the wavelength of light in the dielectric. (b) Propagation length. (c) Skin depth (penetration depth in metal). (d) Penetration depth in dielectric.Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis

Figure 3 .

 3 Figure 3. Surface charge density of a Hankel-type SPP wave emitted from a circular nanohole under normally incident linearly polarized plane wave, simulated using formula (12) under assumption that the metal is silver, the dielectric has a refractive index of 1.5, and the incident light is linearly polarized along the horizontal direction and has free space wavelength of 900 nm. (a) Top view. (b) Perspective view, with surface deformation proportional to the charge density. The nanohole is 200 nm in diameter.

Figure 4 .

 4 Figure 4. Schematic illustration of plasmon hybridization in a dimer of spherical metallic nanoparticles. Surface charges are marked with + and -, and the polarization of external electric field is indicated by red arrows.

Figure 5 .

 5 Figure 5. Schematic illustration of the band structure of a plasmonic crystal made of patterned silver layer with lattice period Λ = 540 nm, coated by a dielectric medium of refractive index 1.5. Black lines represent the dispersion curves of the SPP modes in the crystal, while green lines correspond to dispersion of SPPs on a smooth surface, shifted along the kx axis by an integer multiple of grating wavenumber 2π/Λ. Only states inside the light cone, surrounded by blue lines (k = ω/c), can couple to far-field radiation in air. Horizontal dashed red line represents the frequency of light of a free space wavelength of 900 nm, which in this scheme is in resonance with the lower band edge of the second plasmonic gap.



  coefficients. In most materials these coefficients are extremely small, and moreover, the

  cancelled in materials possessing centrosymmetric crystal structures (except the surface of such materials, where the centrosymmetry is locally broken). Most commonly used

  rotation of crystal lattice with respect to the xyz frame, which is governed by:

This section contains fragments

  of the publication: R. Kolkowski, J. Szeszko, B. Dwir, E. Kapon, J. Zyss, "Effects of surface plasmon polariton-mediated interactions on second harmonic generation from assemblies of pyramidal metallic nano-cavities", Optics Express 22, 30592 (2014), doi: 10.1364/OE.22.030592.

  Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 19 the sum of which is constant with respect to the polarization angle (i.e. the total SHG signal from an octupolar emitter shows no anisotropy). Theoretical curves presenting this dependence are plotted in Figure6ain a form of polar plot, where )

Figure 6 .

 6 Figure 6. Theoretical SHG polarization response of nonlinear structures of different symmetry and orientation.



  ) are transformed according to equation (20), following the orientation of hypothetical crystal lattices, which are rotated by θ = 30º (df) and 45º (g-i) from their initial 0º-orientation in Figures6a-c.

Figure 7 .

 7 Figure 7. Experimental SHG polarization response of (111)B GaAs surface.

Figure 7

 7 Figure 7 shows an example of experimental data of SHG polarization response, measured from the (111)B surface of a GaAs wafer using polarization-resolved nonlinear microscopy.

  photons (two-photon absorption, 2PA) and originates from the imaginary part of

0 = 8 . 2 

 82 854 × 10 -12 F/m, c = 299792458 m/s, whereas the units of ) are m 2 /V 2 , m 2 /W and m/W, respectively. More oftenStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis

N 2 (

 2 = 6.022 × 10 23 mol -1 is the Avogadro constant, C is the concentration of the solution in mol/m 3 (SI) or mol/cm 3 (esu), and F case the (linear) refractive index of the solvent.The efficiency of 2PA is commonly defined in terms of 2PA cross section )



  in equation (38a) is called the coupling term and it accounts for the effect of nonlinear absorption, which changes the local absorption coefficient of the medium. It is closely related to the factor T: which indicates the suitability of a given nonlinear medium for optical switching applications. If a material exhibits high values of ) 3 ( Re  ( 2 n ), the |T| factor considerably smaller than 1 makes it a promising candidate for such purposes.

Figure 8 .

 8 Figure 8. Calculated closed aperture (C.A., blue) and open aperture (O.A., red) Z-scan curves. The following parameters were used as input: λ = 800 nm, I0 = 10 15 W/m 2 , Leff = 1 mm, ra = 1 mm, w0 = 30 µm, d0 = 30 cm. The nonlinear coefficients are: n2 = 10 -19 (blue solid lines) or -10 -19 m 2 /W (blue dashed lines), α2 = 0 (a) and 2 × 10 -13 m/W (b). The nonlinear phase shift (ΔΦ0) is ± π/4, whereas the T factor in (b) is equal ± 1.6.

  Figure 9b by different normalization, which uses an arithmetic average of the maximum and minimum (peak and valley transmittance) instead of marginal points.

Figure 9 .

 9 Figure 9. Theoretical closed aperture Z-scan curves, calculated using the same parameters as in Figure 8, with n2 = 10 -19 m 2 /W and α2 = 2 × 10 -13 m/W. The blue curve was obtained directly from theory given in the paper of Sheik-Bahae et al. [66], while the green curve is a product of closed aperture curve assuming α2 = 0 and open aperture curve assuming α2 = 2 × 10 -13 m/W. Both curves are normalized either by their marginal points transmittance (a) or by their average peak and valley transmittance (b).

Figure 10 .n and 2 

 102 Figure 10. (a) Simple algorithm enabling quick adjustment of the fitted parameters to the geometrical features of experimental Z-scan curves, on the example of ΔΦ0 and ΔTp-v. (b) Z-scan curves simulated in subsequent algorithm iterations.

  and the increment ΔL = L/N, where N is the number of iterations.) , ( r z I ex is obtained after N iterations:)

Figure 11 .

 11 Figure 11. (a) Open aperture Z-scan curves calculated assuming that a nonlinear medium exhibits both SA and 2PA (black solid line), superimposed with curves representing a contribution of pure SA (blue), pure 2PA (red), and a product of these two curves (green dashed line). 2PA curve calculated using equation (41) is also plotted for comparison (grey dashed line). The parameters are the same as in Figure 8. Additionally, Isat = 10 14 W/m 2 , α0 = 100 m -1 . (b) Closed aperture Z-scan curve corresponding to third order nonlinear refraction (NR) accompanied by SA (black solid line), calculated using equations derived by means of Adomian decomposition [69],superimposed with the open aperture curve of SA (green) and closed aperture curve of pure NR (red). SA curve obtained using equations (52)-(54) (blue dashed line) and its product with pure NR (grey dashed line) are plotted for comparison. The NLO parameters are the same as in (a).



  is expressed as a series of Adomian's polynomials:

exI

  is evaluated numerically by adding several first m u terms. Contrary to the straightforward method presented in equations (50)-[START_REF] Piron | Matching molecular and optical multipoles in photoisomerizable nonlinear systems[END_REF], A.D. allowsStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis33to simulate both open aperture and closed aperture Z-scan curves[START_REF] Liu | Closed-aperture Z-scan analysis for nonlinear media with saturable absorption and simultaneous third-and fifth-order nonlinear refraction[END_REF]. An example of closed aperture curve, corresponding to a nonlinear medium exhibiting third order nonlinear refraction accompanied by SA (without 2PA) is plotted as black solid line in Figure11b, together with closed aperture curve of pure nonlinear refraction (red) and open aperture curve of SA (blue). These curves are simulated using expressions derived by means of A.D., which can be found in the literature. Although the applied model does not involve 2PA, it can be easily incorporated by use of different Adomian's polynomials, which have also been already derived for this case[START_REF] Wang | Z-scan analytical theory for material with saturable absorption and two-photon absorption[END_REF].The inaccuracy of this approximate model is visible in comparison of the SA curve obtained from A.D. with the SA curve computed by equations (52)-(54) (blue dashed line, already presented in Figure 11a as blue solid line). One may attempt to address the question of whether the closed aperture curve of a material exhibiting many different NLO phenomena could be obtained by multiplying closed aperture curve corresponding to pure nonlinear refraction and an open aperture curve accounting for the effect of intensity dependent absorption. To answer this question, an example of such closed aperture curve is plotted as dashed grey line in Figure 11b. It is obtained as a product of the red solid line (pure nonlinear refraction) and blue dashed line (open aperture curve of SA). Likewise in Figure 9a, this simple product does not overlap well with the closed aperture curve obtained by means of A.D. assuming a combination of both NLO effects. However, the peak-to-valley transmittance difference v p T   is very similar in both cases. This suggests that dividing the experimental closed aperture curves by open aperture curves and fitting such "corrected" data using theoretical curves associated with pure nonlinear refraction is to some extent acceptable, if only the fitting is performed considering the value of v p T   as a dominant geometrical feature of the Z-scan line shape.

m

  are electron charge and electron mass, respectively, while m  is the electric permittivity of metal at fundamental frequency. Quantitative determination of a , b and d parameters by means of theoretical and experimental methods has been addressed since the beginning of nonlinear optics, starting from investigation of SHG in reflection from smooth metallic films
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 40 Purpose of this workThe purpose of this PhD thesis and the underlying research work is to demonstrate the benefits emerging from rational coupling of the peculiar properties of plasmonic nanostructures with the most interesting aspects of nonlinear optics. The above concept is based on two approaches: (1) taking advantage of the local field factors associated with surface plasmon resonances to improve the efficiency of nonlinear optical phenomena, and

  Kolkowski, J. Szeszko, B. Dwir, E. Kapon, J. Zyss, "Non-centrosymmetric plasmonic crystals for second-harmonic generation with controlled anisotropy and enhancement", submitted as Original Paper to Laser & Photonics Reviews in August 2015 and accepted for publication in February 2016, doi: 10.1002/lpor201500212. (2) R. Kolkowski, L. Petti, M. Rippa, C. Lafargue, J. Zyss, "Octupolar plasmonic meta-molecules for nonlinear chiral watermarking at subwavelength scale", ACS Photonics 2, 899 (2015) doi: 10.1021/acsphotonics.5b00090.
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 111422 A GaAs facets, which form perfectly tetrahedral pyramidal recesses with sharp tips, located exactly at each SiO2 mask opening. The size of the etched pyramids is determined by the size of the initial mask openings of the order of 250 nm. After removing the SiO2 mask, a germanium wetting layer of ~5 nm thickness and an optically thick (~100 nm) silver film are deposited on the patterned GaAs substrate by e-beam evaporation. As a result, a metal surface with site-controlled "inverted pyramid" array is obtained. Example SEM images of the obtained nanostructures are presented in the next chapter of this thesis.Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis Polarization-resolved SHG microscopy 3.2.1 Linear polarization Plasmonic crystals are studied using the experimental configuration operating with linearly polarized excitation. SHG imaging and polarization analysis are performed by an inverted two-photon microscopy setup, using for excitation a laser beam with a wavelength of 900 nm and an average input power of 1 mW, generated by a Mai-Tai Spectra-Physics femtosecond Ti:Sapphire laser (100 fs, 80 MHz). The incident beam undergoes a reflection from a dichroic mirror and is focused on the sample by a Nikon microscope objective with a magnification of 20× and a numerical aperture of 0.45. The backscattered SHG signal is collected by the same objective and transmitted through the dichroic mirror and a set of filters. At the end, it is decomposed by a polarizing beam splitter into x and y polarizations, which are separately detected by single photon counting modules (COUNT®blue from Laser Components). The emission can be recorded as a function of the sample position, which can be scanned in the xy plane using a piezoelectric stage (from Piezosystem Jena). The polarization of the incident beam (α) is controlled by a rotatable half-wave plate combined with a liquid crystal phase retarder (Thorlabs), enabling compensation of the dichroic mirror ellipticity [63], and ensuring a linearly polarized fundamental electric field at any angle α. A scheme of the setup is shown in Figure 12.

Figure 12 .

 12 Figure 12. Simplified scheme of the polarization-resolved SHG microscopy setup.

  solving the full set of Maxwell equations with properly defined boundary conditions, constrained by the model geometry, taking advantage of very high efficiency of FEM in dealing with complex 3D geometrical features. COMSOL software allows to define the basic optical properties, such as electric permittivity, which can be assigned to particular simulationStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 44 domains. Optical constants of most of the existing materials can be found in the literature, for instance in publications of Johnson and Christy[START_REF] Johnson | Optical constants of the noble metals[END_REF]. One should be concerned with the quality of mesh elements, especially the maximum element size, which should not exceed λ/6in the dielectric media and m z L , /2 at the surface of metals (where m z L , is the skin depth).

Figure 13 .

 13 Figure 13. Illustration of a typical simulation geometry for modeling of optical scattering in plasmonic nanostructures. A metallic nanoparticle (yellow) is located inside a far-field domain (red). The simulation space is enclosed by a λ/2-thick PML (bright blue), with scattering boundary condition with zero electric field implemented at the outermost boundary (grey).
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 112 2566 × 10 -6 H/m and ε0 = 8.8542 × 10 -is added automatically during integration performed in COMSOL and needs to be corrected, which is done by putting 2 far R in the denominator on the right-hand side of equation[START_REF] Liu | Closed-aperture Z-scan analysis for nonlinear media with saturable absorption and simultaneous third-and fifth-order nonlinear refraction[END_REF]. After performing the above calculations, one can obtain extinction cross section by adding abs  and scat  .

P

  Second order nonlinear polarization vectors are computed based on the local electric field distribution E obtained in the first step of the simulation. For calculations performed at the boundaries (metal surfaces), the average of the local electric field E from just below and just above the given boundary is used. In case of simulations of SHG in chiral nanostructures, three independent microscopic contributions to the second order susceptibility of metal are taken into account. The corresponding nonlinear polarization density vectors are calculated using slightly modified equations (62)-(66): a unit vector normal to the metal surface. Each contribution is considered separately, assuming arbitrary values of Rudnick-Stern parameters a = b = d = 1. If the Rudnick-Stern parameters are known, the electric field in the far-field zone generated by all sources can be coherently summed, following the superposition principle [89]. However, determination of the values of these parameters requires additional experimental work, which is out of the scope of this thesis.The vectors of normal ( ) ) nonlinear surface polarization components are used as sources of the nonlinear surface currents, according to the relation:Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis

P

  is selected among the other contributions due to its local nature and the absence of surface normal components in J 2ω , providing relatively good quality of the simulation results regardless of the mesh elements size.The SHG far-field pattern  2 far E is computed using the Stratton-Chu formula, and the total SHG intensity is obtained by the integration of
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 484 Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis Publication reprint: f-scan This section contains fragments of the publication: R. Kolkowski, M. Samoc, "Modified Z-scan technique using focus-tunable lens", Journal of Optics 16, 125202 (2014), doi: 10.1088/2040-8978/16/12/125202.

Figure 14 .

 14 Figure 14. (a) Schematic illustration of the geometrical parameters in closed aperture Z-scan/f-scan configuration. Detailed description in the text. (b) Calculated closed aperture curves with third order nonlinear refraction: Z-scan (solid line) and f-scan (dotted line) for ΔΦ0 = 1.

  in all equations. Then the focal length f should be varied in such a way that the focal point passes through the position of the sample (zL). The calculated Z-scan and f-scan curves are presented in Figure 14b for λ = 800 nm, aperture radius ra = 1 mm, D = 2 mm, nonlinear phase shift ΔΦ0 = 1 and the distance from lens to the aperture plane zL + d = f + d0 = 400 mm. For the Zscan curve, the focal length f is fixed and equal to 100 mm, whereas the sample position with respect to the lens zL varies from 80 to 120 mm. For the f-scan curve, the situation is opposite: we keep zL equal to 100 mm and we tune f from 120 down to 80 mm. The curves are normalized by local extrema average (sum of peak and valley transmittance, divided by 2).

Figure 15 . 1 (

 151 Figure 15. Calculated closed aperture curves with third order nonlinear refraction: (a) f-scan curve for ΔΦ0 = 1 (solid line), reference f-scan curve for ΔΦ0 = 0 (dashed line) and corrected f-scan curve (dotted line), (b) Z-scan (solid line) and corrected f-scan (dotted line), both for ΔΦ0 = 1.

Figure 16 .

 16 Figure 16. (a) Calculated closed aperture Z-scan (solid line) and corrected f-scan (dotted line) with nonlinear refraction (ΔΦ0 = 1) and two-photon absorption (α2/2kn2 = 0.25). (b) Calculated open aperture Z-scan (solid line) and f-scan (dotted line) for the same parameters as in (a).
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 52 together with irises I1 and I2 to correct the alignment when necessary (for instance, after changing the wavelength). Part of the beam is transmitted by a beam-splitter BS1 and measured by detector D1 (Thorlabs biased Si or InGaAs detector) as a reference in case of strong power fluctuations. The rest of the light is reflected towards the mirror M3, which directs the beam into the focus-tunable lens L1 (Optotune EL-10-30 series, f tuning range from +45 to +120 mm, switching time ~15 ms). The focused beam is transmitted by the sample S and splitted into open aperture and closed aperture arms, where it is measured by detectors D2 and D3, respectively. The signal from the detectors is recorded by a data acquisition card (NI PCI-6143) with simultaneous sampling synchronized with the laser pulses. The first measurement is done without any sample, in order to obtain the experimental T0(z) reference. Next we perform a closed aperture f-scan measurement on a silica glass plate of 4.66 mm thickness, which provides a pure nonlinear refraction effect. Results of both measurements are shown in Figure 18a (circles) together with theoretical fits (solid lines), and the corrected f-scan curve is plotted in Figure 18b. As one can see, it is possible to obtain high-quality experimental data almost identical to Z-scan without moving the sample. Furthermore, we find excellent agreement between the experiment and the theory for both corrected and not corrected f-scan curves. The parameters of the theoretical fits are: D = 2.65 mm, ra = 1.95 mm and ΔΦ0 =1.95. The wavelength used for the scans was 660 nm. Each measurement presented in Figure 18 was performed in around 4 seconds.

Figure 17 .

 17 Figure 17. Scheme of the f-scan experimental setup: M1-M4 -mirrors, BS1, BS2 -beam-splitters, I1-I3 -irises, D1-D3 -detectors, L1 -electrically focus-tunable lens, L2 -normal converging lens, S -investigated sample. Detailed description in the text.

Figure 18 .

 18 Figure 18. Example f-scan experimental data (circles) superimposed with theoretical fits (solid lines): (a) T0(z) reference and closed aperture f-scan measurement of 4.66 mm silica glass plate (both at 660 nm), (b) corrected closed aperture f-scan of silica, (c)-(d) f-scan data for an organic dye exhibiting negative nonlinear refraction and two-photon absorption (both at 540 nm): (c) closed aperture (already corrected by T0(z)), (d) open aperture.
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 5541 Results Publication reprint: SHG in plasmonic crystals This section contains fragments of the following publication and its Supporting Information: R. Kolkowski, J. Szeszko, B. Dwir, E. Kapon, J. Zyss, "Non-centrosymmetric plasmonic crystals for second-harmonic generation with controlled anisotropy and enhancement", submitted as Original Paper to Laser & Photonics Reviews in August 2015 and accepted for publication in February 2016, doi: 10.1002/lpor201500212.

Figure 19 .

 19 Figure 19. SEM images of investigated nanostructures. (a-b) Top view of the array (plasmonic crystal) of lattice parameters A = B = 550 nm. Scale bars indicate 100 nm and 1 µm, respectively. (c) Side view of the sample after cleavage, showing in cross section the tetrahedral shape of the pyramids and the deposited silver layer. The scale bar is 100 nm. (d) Top view of the "hyper-array"matrix of plasmonic crystals of various lattice parameters (A, B), indicated on the horizontal and vertical axis. The scale bar corresponds to 10 µm.

Figure 20 .

 20 Figure 20. SEM images of different plasmonic crystals. Each image on the top shows the entire array (scale bar: 1 µm), while each bottom image is zooming over several lattice periods (scale bar: 100 nm). Lattice parameters of the crystals shown in this figure (nm): (a) A = 350, B = 500, (b) A = 500, B = 350, (c) A = 650, B = 350, (d) A = 350, B = 650, (e) A = 500, B = 650, (f) A = 650, B = 500.

Figure 21 .

 21 Figure 21. SEM images showing examples of defects in plasmonic crystal of the smallest lattice parameters (A = B = 300 nm). (a) Top view of the array. The scale bar corresponds to 1 µm. (b-d) Zoom on the areas where several pyramids merge due to over-etching. The scale bars in all three images correspond to 100 nm.
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 12 Polarization-resolved SHG imagingNanostructures are excited by a normally incident femtosecond laser beam of wavelength 900 nm and of average input power 1 mW, focused by an air objective of numerical aperture 0.45 and magnification 20×, the backscattered SHG photons at λ = 450 nm being collected by the same objective, as described in Methods. The narrow angular width of the objective acceptance cone (θmax = asin(NA/n) = 26.7º in air, 17.5º in PMMA at 2ω) is favorable to collecting the SHG signal emitted by in-plane dipolar sources, partially filtering out the contribution of quadrupoles and octupoles, due to the increasingly off-axis far-field emission patterns of subsequent multipoles, following the corresponding spherical harmonic-like angular dependence[START_REF] Vanderlinde | Classical electromagnetic theory[END_REF][START_REF] Dadap | Second-harmonic Rayleigh scattering from a sphere of centrosymmetric material[END_REF]. The collected signal is properly filtered and decomposed by a polarizing beam-splitter into s and p polarization components (corresponding to x and y directions of the sample frame, respectively), measured independently by two photon counters as a function of the xy sample position (controlled by a piezoelectric stage) and incident polarization angle α (controlled by a rotatable half-wave plate). Following Abbe's equation (d ≈ λ/2NA), the diffraction-limited focal spot has a radius of 1 µm, which is larger than the longest period in the studied lattices, hence the measured SHG signal is always excitedStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 60 simultaneously at several pyramid sites. It is further confirmed by the fact that the arrays appear in the SHG scanning images as nearly uniform bright areas, without resolving neither individual pyramids nor pyramid chains in high-aspect-ratio arrays. Moreover, when many SHG sources oscillate in-phase, the radiation can be coherently enhanced, improving the overall SHG efficiency compared to isolated nanostructures.

Figure 22 .

 22 Figure 22. (a) Polarization-resolved SHG images of the "hyper-array": x-polarized SHG in the left column, ypolarized SHG in the right column; polarization of incident light at 0º (top row), 90º (middle row) and 45º (bottom row). Each small square corresponds to a single plasmonic crystal of size 10 × 10 µm and lattice parameters (A, B) indicated on the axes. The images are plotted in logarithmic color scale. (b) 3D surface plots with 2D color map projections, showing the dependence of the total SHG signal (sum of x and y polarization components) on the lattice parameters (A, B), under incident polarization at 0º (top), 90º (middle) and 45º (bottom). Presented data are normalized and averaged, and plotted in linear height (3D) and linear color scale (2D).

Figure 23 .

 23 Figure 23. Dependence of the total SHG intensity (normalized and averaged) on the lattice parameters, revealing a resonance at 550 nm associated with excitation of plasmonic band edge states. Data in red present the Adependence under horizontal incident polarization for fixed B = 300 (solid line) and 450 nm (dashed line). Data in blue correspond to B-dependence under vertically polarized excitation for A = 400 (solid) and 550 nm (dashed).
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 24 In the arrays of lattice parameters above 590 nm the energy of light falls inside the forbidden gap, which causes nearly complete SHG damping at periodicity 650 nm.

Figure 24 .

 24 Figure 24. Schematic illustration of the band structures of plasmonic crystals with lattice periods Λ, as indicated. Black lines represent the dispersion curves of the SPP modes in a crystal along one of the main lattice directions (with periodicity Λ), while green dashed lines correspond to dispersion of SPPs on a smooth surface. Only states inside the light cone, surrounded by blue solid lines (k = ω/c), can couple to far-field radiation in air, while only states inside the area surrounded by blue dashed lines can be excited by normally incident light focused by the objective used in the experiments. The resonance occurs at Λ = 540 nm, where the lower band edge of the second plasmonic gap overlaps with the red horizontal line representing the incident light frequency (λ = 900 nm).

Figure 25 .

 25 Figure 25. Instantaneous surface charge density around a single isolated pyramid, excited by light polarized at 0º, 45º and 90º, respectively (indicated by white arrows), calculated by COMSOL.

Figure 26 .

 26 Figure 26. SHG polarization response of various plasmonic crystals, as indicated by lattice constants (A, B), measured under excitation by fundamental wavelength of 900 nm (SHG wavelength 450 nm). Red points correspond to x-polarized SHG, blue points to y-polarized SHG, and black points to their sum (total SHG).

Figure 27 . 69 Figure 28 .

 276928 Figure 27. SHG polarization response of all investigated plasmonic crystals, as indicated by their lattice constants (A, B). Data in polar plots shown in red correspond to x-polarized SHG, while data in blue show ypolarized SHG. Contrary to Figure 26, black points corresponding to the total SHG intensity (sum of x and y) are omitted for better readability.

Figure 26 .

 26 Figure 26. Values with |r| > 0.8 are highlighted.

  type II spontaneous parametric down-conversion. The values of the O parameter are plotted in Figure 28b, showing a clear maximum at (A, B) = (550, 550) with O = 3.9 (compared to an average O value of 0.5), which could be expected concerning the results discussed in the previous paragraphs. All values of O can be found in

Figure 29 .

 29 Figure 29. Dependence of the total SHG intensity (normalized and averaged) on the lattice parameters. Red curves: B-dependence under horizontal polarization for a fixed A = 550 nm. Blue curves: A-dependence under vertical polarization for a fixed B = 550 nm. Solid lines: total SHG signal, dotted lines: x polarization component, dashed lines: y component.

Figure 30 .

 30 Figure 30. Schematic illustration of the pyramid edges, showing locations of the 1-3 edges and the axes of the chosen coordinate system.

  along edge u, and u = 1, 2, 3 labels the edges, which correspond to the sides of the equilateral triangle formed by the intersection of the pyramid with the Ag-PMMA interface, as defined in Figure30. Their spatial locations are further defined with respect to a Cartesian coordinate system of origin at half-height of the triangle formed by the edges, as shown in the Figure30, with the third coordinate corresponding to the level justStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 73 beneath the surface: z → 0 -(assuming the Ag-PMMA interface located at z = 0, with PMMA in z > 0 and Ag in z < 0 half-spaces).

  to equation[START_REF] Milam | Review and assessment of measured values of the nonlinear refractive-index coefficient of fused silica[END_REF], which estimates the total SHG efficiency without distinction of the specific far-field directions and different polarization components of the scattered harmonic field, equation[START_REF] Butet | Ultrasensitive Optical Shape Characterization of Gold Nanoantennas Using Second Harmonic Generation[END_REF] enables estimation of the i-th Cartesian component of the backscattered SHG by means of approximate relation:



  the objective transmission matrix Mobj and the phase factor )of each emitting point source along the u-th edge and different far-field directions )

  x index occurring either one or three times have opposite signs, whereas all other components of these tensors are identical. Assuming a constant



  at both ω and 2ω), and the pyramid size (s).

Figure 31 .

 31 Figure 31. Instantaneous surface charge density at SH frequency around a single isolated pyramid, excited by light polarized at 0º, 45º and 90º, as indicated by arrows, calculated by COMSOL.

Figure 32 .

 32 Figure 32. Schematic illustration of the SPP generation at fundamental frequency (red arrows) and a summary of possible directions of coupling mediated by SH-SPPs of various orders (blue arrows), with the dominant m = 1 mode associated with the generation of SH-SPPs in the vertical direction under both horizontal and vertical incident polarizations.
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 123 does not affect px, and similarly, the combined influence of right

92 Figure 35 .

 9235 Figure 35. Norm of the electric field, plotted in log scale (arbitrary units for SH), at the surface of various plasmonic crystals: (a) A = 550, B = 300, (b) A = 300, B = 550, (c) A = B = 550 nm, calculated by COMSOL at fundamental (top) and SH frequency (bottom) under horizontal (left) and vertical incident polarization (right).

HFigure 35 ,

 35 Figure 35, where several geometries including 3 × 3 arrays with lattice parameters (550, 300), (300, 550) and (550, 550) are simulated at ω and 2ω. In spite of the limitation of this simulation performed over two lattice periods only, the obtained electric field distribution clearly reveals the polarization-dependent excitation of plasmonic standing waves at ω. The electric field calculated at ω is used to evaluate the nonlinear surface currents at 2ω, which are used in turn as secondary sources in the second simulation step. These sources are implemented only at the metal surface that borders the central unit cell of each array. As a result, the surface charges delivered to the edges of surrounding pyramids "light them up", indicating which of these pyramids interact with the central one.At the level of locally excited SH-SPPs, the investigated plasmonic 2D crystals appear as nearly random scattering media, mixing a number of coupling trajectories, including the previously discussed vertical m = 1 modes. At the current stage, we abstain from more detailed analysis of this complicated image. Instead, we focus on the calculation of the synthetic parameter r, based on the simulated far-field SHG intensity, integrated over the objective acceptance cone. The values of r obtained in simulations for (550, 300), (300, 550) and (550, 550)-crystals are +0.62, -0.42 and +0.11, respectively, which is in qualitative agreement with the experimental values +0.96, -0.86 and -0.03 (based on Table1), taking
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 94 ) and corner-to-edge (c-e), which are presented in Figure36athat shows SEM images of the investigated nanostructures. Both types of crystals are characterized by a single lattice constant C, defined as a nearest neighbor center-to-center inter-pyramid distance. The lattice period dependence is studied in a manner similar to the case of rectangular crystals, by arranging 10 × 10 µm arrays into a sequence of increasing C, as shown in Figure36b.

Figure 36 .

 36 Figure 36. (a) SEM images showing two types of hexagonal lattice: corner-to-edge (left) and corner-to-corner (right); in both examples C = 400 nm, scale bar = 100 nm. (b) SEM image presenting the sequence of arrays of increasing C. Arrangements: corner-to-edge (c-e, top row) and corner-to-corner (c-c, bottom row). Scale bar = 10 µm.

Figure 37 .

 37 Figure 37. Polarization-resolved SHG images of the sequence presented in Figure 36b: x-polarized SHG in the top row, y-polarized SHG in the bottom row. Polarization of the incident light at 0º (left column), 90º (middle column) and 45º (right column).
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 389821 Figure 38. Dependence of the total SHG signal on C under incident polarization at 0º (left), 90º (middle) and 45º (right). The presented data are normalized and averaged using the same norm as for rectangular crystals.

Figure 40 .

 40 Figure 40. Geometry of the investigated nanostructures: (a) three parameters defining the lateral geometry, presented on the example of the left-enantiomer: A ≈ 200 nm -side length of the gold nanoprisms, B ≈ 60 nmside length of the smaller central gold nanoprism (referred to as "central nanoparticle"), and the gap in-between nanoprisms equal around 40 nm; (b) cross section of the sample, showing its layered structure: SiO2 substrate (blue), ITO layer (25 nm, gray), chromium adhesion layer (3 nm, red) and gold nanostructure (40 nm, yellow), surrounded by air; (c) excitation configuration, showing the applied convention for defining the particular handedness (left of right) of the incident light. The images were exported from a COMSOL Multiphysics software and correspond to the numerically modelled geometry.
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 99 the center of the structure is intended to play different roles. Firstly, it demonstrates an implementation of the plasmonic nanolens concept[START_REF] Li | Self-similar chain of metal nanospheres as an efficient nanolens[END_REF], one of the successful strategies proposed for improving the SHG scattering efficiency. Secondly, the nanoparticle is located at a position where the local electric field enhancement is presumed to dramatically change under different handedness of incident light polarization. Hence, this central nanoparticle is expected to act as a near-field nonlinear nano-probe, giving rise to a significant enhancement of the overall nonlinear chiroptical response of the nanostructure.We investigate two enantiomerschiral arrangements being the mirror images of each other further referred to as left-and right-enantiomer based on their different SHG responses under circularly polarized incident light. By convention, we will call a left-enantiomer the entity that emits a more intense SH under left-handed circularly polarized excitation and viceversa for the right-enantiomer. The sample is irradiated by normally incident circularly polarized light, with either right (R, clockwise) or left (L, anti-clockwise) handedness, defined according to the convention: EL = (1,-i)exp(ikz+iωt) and ER = (1,+i)exp(ikz+iωt) (with propagation direction towards -z), as illustrated in Figure40c(the convention for handedness
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 100 , and therefore the arrays appear in the SHG images as continuous bright areas.The pattern composed of three arrays (left-enantiomers, non-chiral nanostructures, and rightenantiomers) is shown in the SEM images in Figure41a, and the images of this pattern obtained by SHG microscopy using a fundamental wavelength of 850 nm (SHG wavelength 425 nm) are presented in Figure41b. The top image was obtained by excitation with the R polarization, whereas the bottom image was recorded using L polarization. The chiroptical effect is clearly seen in the changes of the recorded SHG intensity. Under R polarization, the average SHG signal from the right-enantiomer is significantly more intense than the signal from the left-enantiomer. This situation is reversed when the polarization is switched to L: this time the left-enantiomer produces more intense SHG, while the right-enantiomer appears much darker. In the same time, no significant changes in the SHG intensity are observed in the non-chiral reference array in the middle, when shining R-or L-polarized light.

Figure 41 .

 41 Figure 41. (a) SEM image of the three uniform arrays, composed of: left-enantiomers (on the left), non-chiral reference nanostructures (in the middle), and right-enantiomers (on the right). (b) SHG scanning microscopy images of the three arrays, obtained under excitation at fundamental wavelength 850 nm with R (top) and L (bottom) circular polarization.

-

  I L ) / ( I R + I L ), where I R and I L stand for the total scattered SHG intensity, either under Rpolarized or under L-polarized excitation, respectively. Due to the parity relation between the two mirror cases, such parameter is directly associated with the SHG intensity difference between the two enantiomers under excitation by circularly polarized light of a given handedness. It is therefore adapted to account for the readout performance of the investigated chirality-encoded patterns. It is estimated by averaging the SHG signal from each array, taking into account all pixels of the scans corresponding to the emission from a given array. Under illumination by right-handed circular polarization, the average SHG signal from the right-enantiomer array amounts to 2300 ± 50 cts/s, to be compared to a slightly weaker emission from the non-chiral array: 1850 ± 50 cts/s, and an even weaker SHG from the leftenantiomer array: 1400 ± 30 cts/s. Under the left-handed polarization the situation is opposite the right-enantiomer emits 1380 ± 30 cts/s, compared to much stronger SHG emission from the left-enantiomer: 2050 ± 50 cts/s, and a moderate intermediate SHG intensity from the nonchiral array: 1900 ± 50 cts/s, close to the previous value for right-handed circular polarization.

Figure 42 .

 42 Figure 42. Emission spectra obtained under L (a,c) and R (b,d) incident polarization, measured from large arrays of left-(a, b) and right-enantiomer (c, d). SHG peaks are fitted by Lorentzian function.

Figure 43 .

 43 Figure 43. SEM image of the "watermark" formed by a mixture of right-and left-enantiomers. (d) SHG images of the "watermark" obtained with R and L polarization (as indicated).

Figure 44 .

 44 Figure 44. Comparison between SHG images of the chirality-encoded "watermark" for L-and R-circular polarizations, under different excitation wavelengths. Numbers on the color bars (on the right) indicate the SHG intensity in counts per second.

  software, based on a realistic model of the sample shown in Figure40. Optical properties of ITO were taken from the Sopra Material Database, whereas the properties of gold and chromium were based on the experimental data of Johnson and Christy[START_REF] Johnson | Optical constants of the noble metals[END_REF][START_REF] Johnson | Optical constants of transition metals: Ti[END_REF]. An individual nanostructure consists of three equilateral triangular prisms of side-length 190 nm, surrounding a smaller prism of side length 55 nm at the center. The sharpness of cusps and edges is softened by introducing a finite curvature radius of 10 nm. Three larger prisms areStudies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 107

Figure 46 .

 46 Figure 46. COMSOL simulations for individual nanoparticles: (a, c, d) isolated small gold nanoprism (side length 55 nm) and (b, e-h) isolated large gold nanoprism (side length 190 nm); (a, b) absorption and scattering spectra; (c, e, g) electric field enhancement in log scale; (d, f, h) instantaneous surface charge density. Images obtained under uniform normally incident circularly polarized plane wave excitation at a wavelength of 525 nm (c, d), 850 nm (e, f) and 425 nm (g, h).

Figure 47 .

 47 Figure 47. Calculated electric field distribution at 850 nm in the left-enantiomer (cross section plane at the level of Cr-Au junction) under L polarization ("case 2", on the left) or R polarization ("case 1", on the right), plotted in logarithmic scale.
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 110 distributions and the far-field intensity patterns at second-harmonic frequency, obtained separately for each microscopic contribution on the example of the left-enantiomer are subsequently presented in Figure48. As expected, the SHG field distribution (Figure48a) responds to the incident polarization handedness in a similar manner as the electric field at fundamental frequency: in the left-enantiomer under L polarization the second-harmonic hot spots tend to localize in the center of the nanostructure, whereas under R polarization they tend to withdraw to the outer corners. The 3D polar plots of the far-field (Figure48b) clearly show that in the first situation, the SHG radiation builds-up via constructive interferences in a more efficient way than in the second case.

Figure 48 .

 48 Figure 48. SHG simulation results: (a) electric field distribution at the second-harmonic frequency (plotted in logarithmic scale); (b) 3D polar plots of the far-field SHG intensity pattern. Data are plotted separately for each microscopic contribution (surface normal on the left, surface tangential in the middle, bulk on the right), under incident circular polarizations of different handedness (as indicated). 3D polar plots are shown in top-view (upper line, viewing direction normal to xy plane) and in side-view (lower line, viewing direction normal to the zx plane).

Figure 49 .

 49 Figure 49. Examples of structural defects in the studied samples: (a) discontinuity of gold nanoprisms, (b) deformation of the small central nanoparticle, causing direct contact with the larger nanoprism.

Figure 50 .

 50 Figure 50. Simulation results obtained for a defective left-enantiomer geometry: electric field distribution at (a) fundamental and (b) second-harmonic frequency (for the surface normal contribution), plotted in logarithmic scale, and (c) 3D polar plots of the far-field SHG intensity pattern; excitation: L-polarized (top row) or Rpolarized (bottom row).

  Another aspect is related to the smaller nanoparticle, which is intended to scatter the SHG into the far-field, thus probing the near-field at the center of each nanostructure. Numerical simulations presented above have shown that the central area of the nanostructure is a critical position, where the concentration of the optical fields changes dramatically under different handedness of the incident light polarization. In order to estimate the contribution of the nanoparticle to the observed SHG-CD, we performed simulations taking into account only the three large nanoprisms without nanoparticle in the center. Results of these simulations are presented in Figure51. The absence of the central nanoparticle has very little influence on the absorption and scattering spectra (Figure51a), however the backscattering-CD is slightly reduced at 600 nm (inset) down to about 2 %, compared to 3 % in the initial geometry.

Figure 51 .

 51 Figure 51. Simulation results obtained for a left-enantiomer geometry without the central nanoparticle. (a) Spectral dependence of the backscattering cross section (solid lines) and absorption cross section (dotted lines). The blue color corresponds to "case 1", and the red color to "case 2", as defined in Figure 45. The inset shows the backscattering-CD spectrum. (b)-(c) Electric field distribution at (b) fundamental and (c) second-harmonic frequency (for surface normal contribution), plotted in logarithmic scale. (d) 3D polar plots of the far-field SHG intensity pattern. Excitation: L-polarized (left columns) or R-polarized (right columns).

Figure 52 .

 52 Figure 52. Simulation results obtained for a left-enantiomer geometry with an enlarged central nanoparticle. Description analogous to Figure 51.

Figure 53 . 117 4. 3

 531173 Figure 53. Simulation results for different sizes of the gap between gold nanoprisms: (a-d) gap size 60 nm, (e-h) gap size 25 nm. Description analogous to Figure 51.

  scan technique, which has been developed especially for this purpose. Complete description of the experimental setup can be found in Methods chapter. Aqueous dispersion of singlelayer graphene is investigated to verify the presumed Kerr nonlinearity of graphene by means of closed aperture measurements and to quantify the efficiency of SA from measurements obtained in open aperture configuration. The solution of around 0.12 % mass concentration is prepared by dispersing a portion of graphene powder (purchased from ACS Material company) in water using sodium dodecylbenzenesulfonate as dispersing agent.

Figure 54 .

 54 Figure 54. A photograph of cuvettes containing the investigated aqueous dispersions of: (a) single-layer graphene, (b) gold nanoparticle-decorated graphene (Au-graphene), and (c) gold nanoparticles (Au NPs).
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 5512055a12155b12255c12355d12432 Figure55shows examples of experimental data and their theoretical fits, obtained at various wavelengths in the investigated range of 530-1600 nm. Each complete set of measurements consists of T0(z) reference (f-scan of empty space, providing a correction for closed aperture curves, not presented), silica (providing a nonlinear refraction reference, which allows to estimate the light intensity in the focus), solvent (cuvette with pure water) and three samples shown in Figure54. All fitted parameters, including diameter D of the collimated beam entering the focus-tunable lens, aperture radius ra, nonlinear phase shift ΔΦ0, factor T (in case of 2PA) and saturation intensity Isat are displayed on the corresponding plots in Figure55, together with derived parameters: peak intensity I0 and coefficient of linear absorption α0. Due to aggregation occurring in graphene dispersions, each f-scan measurement performed on these samples was repeated 3-4 times, allowing the focused beam to pass through different places of the cuvette, as to ensure recognition of artifacts associated with scattering of light on macroscopic aggregates, in order to remove all results possibly affected by such artifacts from further analysis. Examples of experimental data presented in Figure55are among the results used to determine the NLO parameters, which will be discussed in the next section.

Figure 56 .

 56 Figure 56. Examples of noisy closed aperture experimental data of graphene dispersion, resembling selfdiffraction fringes, but most probably resulting from optical scattering on aggregates in the solution.

Figure 57 126 Figure 57 .

 5712657 Figure 57 as a function of wavelength.

Figure 58 .

 58 Figure 58. Spectral dependence of the linear absorption coefficient, based on the comparison of absolute signal transmitted by solvent and samples, measured by f-scan.

Figure 59 .

 59 Figure 59. NLO properties of Au NPs: spectral dependence of the reciprocal saturation intensity (1/Isat, in black) with values displayed on the left axis, superimposed with spectral dependence of the two-photon absorption parameters: the imaginary part of third order susceptibility and the imaginary part of nonlinear refractive index, both given on the right axis.

Figure 60 . 130 Figure 61 . 131 5

 6013061131 Figure 60. Spectral dependence of the reciprocal saturation intensity (1/Isat, top) and suggested SA merit factor (α0/Isat, bottom), for graphene (left) and Au-graphene (right).
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	which are determined from the experimental data of the solution. However, the obtained sn n
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	where x is the mass fraction of the solute (the ratio of the solute mass to the total mass of the
	solution) and	sv A / is the solution-to-solvent absorption correction, which is calculated from sn
		cor								
	the solution-to-solvent transmission correction	sv t / using formula: sn
											cor
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	Equation (47b) assumes that the solvent does not exhibit 2PA, however this equation can be
	used even when this assumption is not fulfilled. In such situation, it is required that sn
											30

2 would account for the combined NLO properties of both solvent and solute. In order to determine the NLO properties of the pure solute, the following relations can be employed:  factor used in equation (47b) is determined by fitting the experimental open aperture curve of the solution divided by the open aperture curve of the solvent. Otherwise one needs to modify the equation (47b) to involve sv  , which accounts for the 2PA in solvent.

Table 1 .

 1 Anisotropy parameter r as a function of lattice parameters (A, B). The values given in this table areobtained by averaging over several measurements, and therefore may slightly differ from the values given in

	,

Table 2 .

 2 

	700	0.10	0.08	0.06	0.05	0.04	0.04	0.04	0.02	0.03
	650	0.05	0.03	0.03	0.02	0.03	0.03	0.02	0.02	0.01
	600	0.12	0.22	0.53	0.88	1.10	1.45	1.52	0.03	0.05
	550	0.16	0.33	0.71	1.25	2.50	3.91	2.85	0.05	0.06
	500	0.27	0.49	0.80	1.50	1.48	2.18	1.38	0.04	0.08
	450	0.28	0.65	0.81	0.98	0.80	1.07	0.78	0.04	0.09
	400	0.19	0.36	0.50	0.79	0.61	0.72	0.71	0.03	0.08
	350	0.13	0.26	0.47	0.59	0.43	0.35	0.38	0.03	0.08
	300	0.29	0.47	0.47	0.37	0.24	0.17	0.16	0.04	0.09
	B ↑ A →	300	350	400	450	500	550	600	650	700

Table 2 .

 2 Parameter O -the merit factor for "maximally isotropic" and "maximally efficient" SHGas a function of lattice parameters (A, B). Values larger than 1 are highlighted.

  The calculated |SHG-CD| is then boosted up to 33 % and 48 %
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	for surface normal and surface tangential contributions, respectively, compared to 16 % and
	37 % obtained for the non-defective geometry. This enhancement of the chiroptical effect is
	not unexpected, since after getting in contact, the two nanoparticles form an irregular
	continuous chiral shape. Interestingly, additional simulations (not presented here) have shown
	that when the nanoparticle is only shifted without touching the neighboring nanoprisms, the
	values of |SHG-CD| remain almost unaffected.
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  Studies of nonlinear optical properties of plasmonic nanostructuresPhD thesis 114On the other hand, the computed values for |SHG-CD| are 6 % and 34 % for surface normal and surface tangential contributions, respectively. The value of |SHG-CD| originating from the surface tangential polarization is only slightly lower compared to the initial geometry, however in the case of the surface normal contribution, which is presumably dominant, the difference is significantly larger. Based on the above results, we can safely assume that the measured |SHG-CD| could be significantly diminished if the central nanoparticle is removed.Additional calculations performed for a nanostructure with much larger central nanoparticleof side length 100 nm (compared to 55 nm in the initial geometry), evidence an impressive enhancement of the |SHG-CD| up to 50 % and 55 % resulting from surface normal and surface tangential contributions, respectively. Results of these simulations are presented in Figure
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given edge of the central pyramid. The exact expression of SPP z E in equation [START_REF] Kalanoor | Optical nonlinearity of silver-decorated graphene[END_REF] as a function of l can be found taking into account relative positions of the interacting pyramids (determined by the azimuthal angle  ) and the distances between the SPP sources and each point at the given edge of the central pyramid. The angular width of the central pyramid, "seen" by the incoming SPP waves, will be neglected for simplicity, assuming locally uniform SPP wave-fronts. Due to periodicity, one may also assume that the dipole moments of all pyramids in the array are equal, except for a dephasing factor ) exp( i i , which leads to the following expressions:
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PhD thesis L in expression (124b), whereas  L is associated with the band edge states at ω. In conclusion, aside from SHG enhancement caused by the band edge resonances at ω, the enhancement may also result from nearest-neighbor SH-SPP-mediated interactions. However, under the aforementioned assumptions, only the interactions along the vertical direction are allowed to participate in this enhancement. In such case the SHG intensity is increased by a factor of

which is plotted as a function of B as solid line in Figure 34, assuming

k calculated from the SPP dispersion relation (εm = -7.00 + 0.21i [35] and εd = 2.25 [128]), and with a dephasing factor ) exp( y i =1 ( y  = 0), which is justified by the coherent equiphase excitation of all interacting pyramids by the same normally incident laser beam.

The first sharp resonance at B ≈ 300 nm can be correlated with the enhancement observed in 
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PhD thesis 96 corner-to-corner and corner-to-edge arrangements are compared. This small relative shift originates from different distance between the Hankel SPP wave origin and the nearest edge in these arrangements, which determines the "cavity length" for SH-SPPs, and hence the resonance condition. Among the geometrical properties that can be addressed by SHG microscopy, chirality standsout as one of the most interesting probes of light-matter interactions, especially in the context of chiral plasmonic meta-materials which have been reported to exhibit giant optical activity in the linear regime [START_REF] Papakostas | Optical Manifestations of Planar Chirality[END_REF][START_REF] Kuwata-Gonokami | Giant Optical Activity in Quasi-Two-Dimensional Planar Nanostructures[END_REF]. Valev et al. have thus reported extensive work on chirality in SHG from specially patterned superchiral meta-surfaces [START_REF] Valev | Characterization of Nanostructured Plasmonic Surfaces with Second Harmonic Generation[END_REF][START_REF] Valev | Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale[END_REF]133,[START_REF] Valev | Hotspot Decorations Map Plasmonic Patterns with the Resolution of Scanning Probe Techniques[END_REF]. The location of plasmonic hot spots and their influence on the chiroptical response have been thoroughly

addressed [133,[START_REF] Valev | Hotspot Decorations Map Plasmonic Patterns with the Resolution of Scanning Probe Techniques[END_REF], leading to reports of nonlinear chiroptical effects reaching magnitudes as high as 52 % [START_REF] Valev | Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale[END_REF]. However, the basic building blocks of the investigated meta-materials were relatively large, with lateral sizes of the order of 1 micron, which is not compatible with the encoding of chirality-based information below the typical diffraction limit of SHG microscopy.

In this part of the work, we demonstrate a strong chiroptical effect in second-harmonic generation from simple 2D chiral arrangements of gold nanostructures fabricated by means of electron beam lithography (EBL). Two enantiomers and a non-chiral reference, arranged in distinct 10 x 10 square arrays of "meta-molecules", are set together and compared in a single SHG imaging experiment. Additionally, we investigate arrays composed of the leftenantiomers, in which some are replaced by right-enantiomers, forming a microscopic pattern further referred to as a "watermark"that can be efficiently read out using SHG scanning microscopy with a circularly polarized excitation beam. We compare the results of the nonlinear optical measurements with the UV-vis extinction spectra obtained on large arrays of nanostructures, showing that the linear chiroptical effect is much weaker than its SHG counterpart. This is confirmed by numerical finite element based simulations, performed at both fundamental and second-harmonic frequencies, revealing the peculiar mechanism of the chiroptical response of these nanostructures.
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PhD thesis 106 arranged into a chiral pattern, with an apex-to-base gap equal 40 nm. Extinction spectra obtained in the UV-vis measurements are presented in Figure 45a, with the results obtained from numerical simulations shown in Figure 45b for comparison.

Only two independent cases are to be considered: "case 1" corresponding to the leftenantiomer under R polarization (or its mirror counterpart: right-enantiomer under L polarization), and "case 2", when the right-enantiomer is irradiated by L-polarized light (or the mirror image of this situation). Both cases and their mirror images are illustrated in Figure 45c. In the plots of the experimental and theoretical spectra, the data corresponding to case 1 are plotted in red, whereas the data plotted in blue are associated with "case 2".