Elizaveta Neradovskaia 
  
Professeur Pascal Baldi 
  
Vladimir Ya Shur Soutenue 
  
PhD, Fastlite Nicolas Forget 
  
Professeur Andrei L Kholkin 
  
Formation de structures de domaines dans des ferroélectriques uniaxiaux. Applications à l'amplification paramétrique optique de grande ouverture

Résumé

Сette thèse est consacrée à l'étude de structures de domaines dans des ferroélectriques uniaxiaux et à leur application aux amplificateurs paramétriques optiques à grande ouverture. L'étude de l'évolution de la structure de domaines dans les cristaux ferroélectriques est extrêmement importante tant d'un point de vue fondamental qu'appliqué. La microscopie à sonde à balayage offre une opportunité unique pour une investigation locale des processus d'inversion de polarisation, dont les résultats peuvent être utilisés pour optimiser les méthodes classiques d'ingénierie de domaine. L'utilisation de cristaux ferroélectriques à axe polaire incliné ouvre de nouvelles opportunités pour l'étude in situ de la cinétique de domaine.

En outre, l'intérêt pour l'application pratique des monocristaux ferroélectriques a considérablement augmenté en relation avec le développement de la physique des champs forts, qui nécessite la création de nouveaux éléments optiques non linéaires avec une grande ouverture. Ce problème est résolu à l'aide de l'ingénierie de domaine.

Ce travail présente à la fois l'étude fondamentale de la cinétique de domaine dans des ferroélectriques classique et relaxeur et l'étude appliquée de la modélisation, de la création et de la caractérisation de mélangeurs optiques à grande ouverture pour des lasers haute puissance sur la base de cristaux de niobate de lithium congruent à polarisation périodique avec l'axe polaire inclinée (CLN incliné).

Le chapitre 1 contient les bases théoriques de la physique des ferroélectrique et de l'optique non linéaire. De plus, l'état de l'art est présenté.

Le chapitre 2 est consacré aux méthodes expérimentales et aux configurations utilisées pour étudier la structure de domaines des ferroélectriques. L'étude de l'évolution de la structure des domaines dans les ferroélectriques relaxeurs sur l'exemple du niobate de strarytium baryum relaxant (SBN) est présentée au chapitre 3.

L'influence d'un état de domaine initial sur la cinétique du domaine lors de l'inversion de polarisation par des méthodes de polarisation intégrales et locales est montrée.

Le chapitre 4 est consacré à l'étude de la cinétique de domaines dans les cristaux de niobate de lithium congruents à l'axe polaire incliné. La croissance du domaine vers l'avant pendant le poling de champ électrique et le poling de faisceau électronique est étudiée.

La modélisation du mélangeur de fréquence à grande ouverture sur la base de CLN incliné périodique polaire avec différentes orientations des axes cristallins est proposée au chapitre 5. Le modèle est basé sur les principes du quasi-accord de phase eu angle.

Destitutus ventis, remos adhibe

If the wind will not serve, take to the oars 
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The study of the evolution of the domain structure in ferroelectric crystals is extremely important from a fundamental and applied point of view. Scanning probe microscopy provides a unique opportunity for local investigation of the processes of polarization reversal, the results of which can be used to optimize the classical methods of domain engineering. Using of ferroelectric crystals with slanted polar axis opens new opportunities for in situ investigation of domain kinetics.

In addition, interest in the practical application of ferroelectric single crystals has greatly increased in connection with the development of strong field physics, which requires the creation of new nonlinear optical elements with a large aperture. This problem is solved with the help of domain engineering. This work presents both the fundamental study of domain kinetics in classical and relaxor ferroelectrics and the applied investigation of modeling, creation, and characterization of large aperture optical mixers for high-power lasers on the base of periodical poled congruent lithium niobate crystals with the slanted polar axis (slanted CLN).

Chapter 1 contains the theoretical basis for the physics of ferroelectrics and nonlinear optics. Also, the state of the art is presented.

Chapter 2 is dedicated to experimental methods and setups used for investigation of domain structure in ferroelectrics.

The investigation of the evolution of domain structure in relaxor ferroelectrics on the example of model relaxor strontium barium niobate (SBN) is presented in chapter 3. The influence of an initial domain state on domain kinetics during polarization reversal by both integral and local methods of poling is shown.

Chapter 4 is devoted to the investigation of domain kinetics in congruent lithium niobate crystals with slanted polar axis. Forward domain growth during electric field poling and e-beam poling is studied.

Modeling of large-aperture frequency mixer on base of periodical poled slanted CLN with different crystal axis orientations is offered in chapter 5. Model is based on the principals of angular quasi-phase matching.

Study of chirped pulse optical parametric amplification (OPA) in periodical poled 64˚

Y-cut CLN is presented in chapter 6. Angular dependences of gain and spectral bandwidth are described.

Following objectives were set for this thesis:

1) Investigate the formation of single domain state in SBN crystals.

2) Investigate the influence of the initial domain state on the parameters of local polarization reversal by the conductive tip of scanning probe microscope in polar cut and non-polar cut SBN crystals.

3) Investigate of the domain kinetics during polarization reversal by electric field poling with liquid electrodes in slanted CLN crystals. 

Chapter 1

State of the art 1.1. Introduction

This chapter consist of three main parts. The sections 1.2 -1.4 is devoted to the main definitions and principles of domain engineering. Further, the state of the art of the investigation of domain structure kinetics in a uniaxial relaxor ferroelectric crystal strontium barium niobate and classical ferroelectric crystal lithium niobate is presented in sections 1.5 -1.6. The practical application of ferroelectrics for femtosecond lasers is presented in sections 1.7-1.9 of the chapter.

Ferroelectricity

Ferroelectrics are dielectrics with spontaneous polarization Ps in a certain temperature range, oriented in two or more directions, which can be changed by application of an electric field. This change of polarization is called a polarization reversal or switching. The temperature at which transition from ferroelectric to paraelectric state occurred is called Curie point TC.

Ferroelectric crystal at temperature below TC consists of domains, the regions with uniform Ps, divided by domain walls. The state of a crystal with uniform Ps is called single domain state.

Kinetics of domain structure

Modern experimental methods make it possible to monitor the kinetics of the domain structure in real time at the micro and submicron levels. The new direction in the physics of ferroelectrics called "domain engineering" has arisen and now it is rapidly developing. This branch of ferroelectricity is intended to provide a direct link between the fundamental science of ferroelectricity and production. The practice requires reproducible production of predetermined regular stable domain structures in these ferroelectric materials for reliable

The nucleation probability depends on the local value of the electric field (Eloc). Local field in the real ferroelectric is inhomogeneous and can be presented like sum of the following components:

1) the external field (Eex),

2) the residual depolarization field (Erd),

3) the bulk screening field (Eb) determined by bulk screening processes [START_REF] Ya | Complex study of bulk screening processes in single crystals of lithium niobate and lithium tantalate family[END_REF][START_REF] Mele | Screening of a point charge by an anisotropic medium: Anamorphoses in the method of images[END_REF].

Eloc(r,t) = Eex(r,t) + Erd(r,t) + Eb(r,t) (1.3.1)

The polarization reversal process in frame of the kinetics approach could be explained as result of interaction of the electrical fields of different origin induced in ferroelectric The depolarization field is compensated by the screening processes due to the redistribution of charges. One can divide them on two groups: external and bulk screening.

External screening (Escr) occurs due to the redistribution of charges in the external circuit. This process is accompanied by the flow of switching current in the external circuit.

However, the process of external screening can't compensate depolarization field completely due to presence of the dielectric gap, i.e. surface layer with dielectric properties (without spontaneous polarization). The layer thickness is about hundreds of nanometers.

The value of the residual depolarizing field Erd is determined by the following expression:

Erd = Edep -Escr (1.3.2)
Residual depolarization field is compensated by bulk screening processes, which could be divided on three groups:

1) formation of the bulk charges by redistribution of the intrinsic charge carriers in the bulk of the ferroelectric;

2) reorientation of dipole defects;

3) charge carrier injection from electrodes through dielectric gap.

Bulk screening processes passes in the wild interval of times ranged from a few milliseconds to several months.

The probability of the domain nucleation is defined by activation model:

𝑝 = 𝑒𝑥𝑝 - , , (1.3.3) 
where Eac,i is an activation field of domain nucleation with dimension i (i = 1D, 2D, 3D),

Eloc,z is z-component of instantaneous value of local field.
Polarization reversal occurs in case when local field is more than threshold field (Eth).

The time interval between the moment of applying of electric field and the arising of the first nucleus is called Zeldovitch time. This is time, which is necessary for the forming of steady equilibrium flow of arising nuclei.

The screening is critical for stabilization of the switched domain structure. The backswitching of the domain structure is observed as a result of ineffective screening after the external field switch-off.

The ratio between rate of switching of the domain structure and the rate of screening is named an ineffectiveness of screening: R = tscr/ts (1.3.4) This ratio characterizes the switch scenario. All switching scenario could be divided on three main groups [START_REF] Shur | Physical basis of the domain engineering in the bulk ferroelectrics[END_REF]:

1) R < 1. Full screening. The volume screening effectively compensates residual depolarization field. Switching is observed as the parallel motion of flat domain walls and as the growth of isolated domains in the form of regular polyhedra.

2) R ≥ 1. Incomplete screening. There are a loss of stability of the domain shape [START_REF] Ya | Correlated Nucleation and Self-Organized Kinetics of Ferroelectric Domains[END_REF] and spontaneous backswitching after turning off the external field.

3) R >> 1. Ineffective screening. The lateral movement of the domain walls is completely suppressed, and "discrete switching" is observed, which is presented by the formation and growth of self-organized structures consisting of micro-and nanodomains.

Computer modeling of the growth of domains based on the kinetic approach allows one to predict the appearance of domains of various shapes in LN crystals, including hexagonal, triangular and polygons with concave corners (Figure 1.2). In the case of switching by a field created by a conducting probe of a scanning probe microscope, there is not top spatial electrode, as a result, the third case of ineffective screening is almost always realized, leading to the formation of nanodomain structures.

Main properties of relaxor ferroelectrics

The distinction between classical ferroelectrics (like lithium niobate and lithium tantalate) and relaxor ferroelectrics should be emphasized to understand nature of the last.

First of all, temperature dependence of permittivity of relaxors doesn't have a sharp maximum as classical ferroelectrics. Relaxors have very broad maximum of temperature dependence of permittivity and strong frequency dispersion of maximum dielectric constant temperature and values of 𝜀 ' below temperature of dialectical maximum Tm [START_REF] Cross | Relaxor ferroelectrics[END_REF].

The specific temperature of phase transition from ferroelectric to paraelectric phase doesn't exist in case of diffuse phase transition. Relaxors have the Curie range [START_REF] Lu | Large Electrocaloric Effect in Relaxor Ferroelectric and Antiferroelectric Lanthanum Doped Lead Zirconate Titanate Ceramics[END_REF], the range of temperature where ferroelectric and paraelectric phases co-exist. The temperature dependence of permittivity for classical ferroelectrics obeys Curie-Weiss law, but for relaxors temperature dependence of permittivity strongly deviates from this law near the temperature of the maximum permittivity.

The signature feature of the classical ferroelectrics is a hysteresis loop with a large residual polarization value Pr at T<TC. In contrast, relaxor ferroelectrics are characterized by narrow hysteresis loop. The diffusion of the ferroelectric phase transition in SBN crystals is associated with the disordering of the placement of Ba and Sr ions in the structure of tungsten bronzes. The randomly distributed charged vacancies result in structural and charge disorder [START_REF] Shvartsman | Mesoscale Domains and Nature of the Relaxor State by Piezoresponse Force Microscopy[END_REF]. The elementary cells become nonidentical due to this disorder, and the parameters determining the ferroelectric properties of the crystal vary from one cell to another or from one micro-region to another, which leads to an expansion of the phase transition. The diffusion of the transition depends on the degree of structure disorder, which, in turn, is determined by the ionic ratio Ba/Sr.

As soon as cationic vacancies are sources of quenched random electric fields (RF), SBN can be considered to be an example of a random field Ising model (RFIM) universality class [START_REF] Kleemann | Uniaxial relaxor ferroelectrics: The ferroic random-field Ising model materialized at last[END_REF].

Investigation of the domain structure of strontium barium niobate

Temperature evolution of the domain structure Arndt et al. [START_REF] Arndt | Domain-like structures in strontium barium niobate[END_REF] observed a domain structure in SBN60 and SBN75 single crystals cut at 45˚ to polar axis by a polarizing microscope [START_REF] Merz | Domain Formation and Domain Wall Motions in Ferroelectric BaTi O 3 Single Crystals[END_REF] for the first time. It has been shown that application of the electric field above threshold value to the thermally depolarized samples leads to formation of domain-like structure consisting of micron width stripes.

Evolution of topography of surface of 1.2-mm-thick SBN61 doped by Ce (SBN61:Ce) was studied by atom force microscopy (AFM) with both contact and non-contact mode in [START_REF] Lehnen | Ferroelectric nanodomains in the uniaxial relaxor system Sr 0.61 -x Ba 0.39 Nb 2 O 6 : C e x 3 +[END_REF].

Silver paste was deposed on top and bottom sides of the crystal. The small square window in top electrode was left for visualization of change of topography by AFM during application of dc voltage between the electrodes. Stable pinned domains were observed at U = 200 V.

although their depolarizing fields should be completely screened in equilibrium by surface charges. In this case, a static charge on the contacting AFM tip is believed to interact with the screening charges such as to indent the domain concerning its differently charged environment.

The temperature instability of polar macrodomains was studied by investigation of the appearance of surface irregularities at T < Tf and their temperature decay into nanoclusters at T > Tf.

Formation of domain structure close to "as-grown" (Figure 1.5) one was observed after zero field cooling (ZFC) from high-temperature relaxor phase (350 K) by piezoresponse force where rtip is the tip radius, s is the distance from the tip apex to the surface, εc and εa are the dielectric constants, the charge Qt = CtUsw, where the capacitance tip-to-crystal Ct is expressed following:

𝐶 = 𝑟 𝑠𝑖𝑛 𝛼 ∑ - (1.5.3) 𝑐𝑜𝑠ℎ 𝛼 = 1 + 𝑠/𝑟 (1.5.4)
The normal component of electric field Ez decreases dramatically with distance.

However, it was found that domain walls continue their motion under Ez << Ec.

Later, the same experiment was repeated in crystals with the same composition, but a prepolarizing procedure was carried out before recording. The area was evenly poled by the slowly scanning AFM tip with applying constant voltage. Voltage of opposite sign was used for following local polarization reversal. Formed domains had round shape. It was observed that individual domains relax faster than 1D and 2D domain ensembles [START_REF] Volk | Ferroelectric microdomains and microdomain arrays recorded in strontium-barium niobate crystals in the field of atomic force microscope[END_REF].

The dependence of domain length and width on voltage applied to the AFM was studied on nonpolar surface of SBN61. It was found that nucleation of domains starts at Ez > 200 kV/mm. However, the starting value for domain nucleation on polar cut is 40 kV/mm. This difference was attributed to back-switching effect [START_REF] Volk | Creation of domains and domain patterns on the nonpolar surface of Sr x Ba1 -x Nb2O6 crystals by atomic force microscopy[END_REF].

The blocking of domain growth by nanoscale structural heterogeneities inherent in relaxor ferroelectrics was observed on nonpolar cut of SBN61 crystal (previously cooled from 100˚C to RT at E = 30kV/mm). This blockage results from the pinning of domain boundaries by RFs [START_REF] Pertsev | Blockage of domain growth by nanoscale heterogeneities in a relaxor ferroelectric Sr 0.61 Ba 0.39 Nb 2 O 6[END_REF].

The stability of domains written by a PFM tip in SBN61, SBN61:Ce and SBN75 after ZFC has been investigated in a broad temperature range (20 -90˚C). Above the transition temperature (Tf ≈ 65 °C), the induced domains completely decay after a certain time. Below the transition temperature, only partial backswitching of the domains has been observed. The backswitching is promoted by the incompletely screened depolarization field. Diffusion of the screening charges upon heating results in further decay of the domains. The stability of the domains strongly depends on the scanning conditions. The grounded PFM tip acts as a collector of screening charges, which results in accelerated backswitching by repeated (continuous)

scanning [START_REF] Ya | Temperature Effect on the Stability of the Polarized State Created by Local Electric Fields in Strontium Barium Niobate Single Crystals[END_REF].

Domain structure evolution under uniform electric field

The domain nucleation and domain growth were observed in situ in transmission mode using electro-optic imaging microscopy [START_REF] Tian | Real-time study of domain dynamics in ferroelectric Sr0.61Ba0.39Nb2O6[END_REF]. Formation of square-like domains was observed The enlargement of the domain structure due to the merging of nanodomains formed by ZFC was observed after set of bipolar rectangular pulses with amplitude E = 330 V/mm. Full polarization reversal was observed at pulse duration equal to 10 s [START_REF] Ya | Study of the domain structure evolution in single crystals of relaxor ferroelectric Sr0.61Ba0.39Nb2O6:Ce1[END_REF].

The formation of nanodomain structures during polarization reversal in uniform electric field in SBN61:Ce was studied in [START_REF] Ya | Formation of nanodomain ensembles during polarization reversal in Sr0.61Ba0.39Nb2O6: Ce single crystals[END_REF][START_REF] Ya | Nanodomain structures formation during polarization reversal in uniform electric field in strontium barium niobate single crystals[END_REF]. The single domain state was formed by cooling from 180˚C to RT with cooling rate 5 ˚C/min at electric field E = 700 V/mm. The square-like domains were formed at low fields (Figure 1. LN belongs to oxygen octahedra ferroelectrics with C3v crystal symmetry in ferroelectric state [START_REF] Ya | Nano-and Microdomain Engineering of Lithium Niobate and Lithium Tantalate for Piezoelectric Applications[END_REF], i.e. there is unique rotation axis and three vertical symmetry planes. At room temperature, the trigonal unit cell can be described by hexagonal lattice parameters [START_REF] Prochorov | minov, Ferroelectric Crystals for Laser Radiation Control, The Adam Hilger series on optics and optoelectronicsHilger[END_REF].

A unit cell is formed by six octahedral cages stacked with shared plane (Figure 1.9).

The unit cell directions can be defined in a right-handed orthogonal notation system (x, y, z), where z ≡ c, three equivalent y axes (perpendicular to z) lie in the mirror planes m, and three equivalent x axes are determined by the unit vector cross-product x = y × z.

The transition between high-temperature paraelectric phase (trigonal 3 𝑚, centrosymmetric) and ferroelectric (trigonal 3m, polar) phase accurse at temperature ∼ 1210˚C, which is only several tens of degrees below the melting point (~ 1260˚C) [START_REF] Gopalan | Observation of internal field in LiTaO 3 single crystals: Its origin and time-temperature dependence[END_REF].

During the transition from non-polar to polar phase cations of the niobium and the lithium slightly shift from its positions in symmetrical structure (non-polar) to asymmetric position along Z-axis. The direction of movement of the cations determine direction of spontaneous polarization Ps (Figure 1.9 a, b). Only two directions of spontaneous polarization Ps in LN crystal are possible. Domain reversal from +Ps to -Ps can be considered as a twofold rotation operation of the unit cell about one of the X -axes. In this way, LN crystal has one polar Zaxis and 6 non-polar axes (3 X-axis and 3 Y-axis).

Some dialectical features of lithium niobate

As mentioned earlier, the direction of spontaneous polarization in ferroelectrics can be changed by application of an electric field. Therefore, further it is necessary to determine the magnitude of the electric field to be applied to the LN crystal to reverse the polarization. This value is called threshold field and depends on temperature, field rate (dE/dt) and composition stoichiometry. The threshold field (Eth) at room temperature and dE/dt = 0 for congruent LN (CLN) is about 21 kV/mm [START_REF] Ya | Domain Kinetics in Congruent and Stoichiometric Lithium Niobate[END_REF]. Increase in temperature leads to a decrease in threshold field [START_REF] Ya | In situ investigation of formation of self-assembled nanodomain structure in lithium niobate after pulse laser irradiation[END_REF].

Exceptionally high values of threshold fields in single crystals of lithium niobate of a congruent composition are usually associated with a high concentration of nonstoichiometric defects in these materials [START_REF] Gopalan | The role of nonstoichiometry in 180° domain switching of LiNbO3 crystals[END_REF].

In the ideal structure of lithium niobate single crystals, spontaneous polarization occurs due to the displacement of Nb and Li atoms along the polar axis (Figure 1.9 a,b). The value of spontaneous polarization of LN is about 78 µC/cm 2 and this value decreases with [START_REF] Camlibel | Spontaneous Polarization Measurements in Several Ferroelectric Oxides Using a Pulsed-Field Method[END_REF].

The first study of domain kinetics was performed by incomplete polarization reversal with following chemical etching for domain shape revealing [START_REF] Evlanova | Domain structure of lithium niobate single crystals grown by the Czochralski method[END_REF]. The main stages of domain growth were defined: 1) nucleation on Z + surface, 2) fast forward domain growth in direction of applied field, 3) growth of through domains by side domain wall motion, or 4) process termination near Z -surface with formation of non-through wedged domains. The formation of hexagonal domains at the edges of the electrodes occurred in the case of applying a field below the threshold or close to it.

The domain kinetics during periodical poling in LN was studied by G. Miller [START_REF] Miller | Periodically poled lithium niobate: modeling, fabrication, and nonlinearoptical performance[END_REF]. The dependence of nucleation site density (NSD) on electrode/insulator configuration and the choice of electrode material was revealed. The highest values of NSD were observed when using sputtered nichrome stripes over-coated with spin-on-glass.

The backswitching of domains after fast decrease of applied field was investigated as one more stage of domain growth [START_REF] Batchko | Backswitch poling in lithium niobate for high-fidelity domain patterning and efficient blue light generation[END_REF]. After the pulse stops, which leads to a sharp drop in voltage to zero, a large current of a negative sign was observed. The negative current is the charge current from the sample back to the substrate, so that the domains that were switched during the voltage pulse switch to their original orientation. Using of additional step in switching pulse with magnitude slightly above 50% of switching field during 50 ms stabilized domain structure. Another approach that prevents backswitching is to introduce a series of diodes in the circuit to block the reverse current.

A detailed study of the kinetics of the domain structure in CLN was done in [START_REF] Shishkin | Investigation of the formation of micro-and nanodomain structures in an electric field in lithium niobate and lithium tantalate[END_REF]. For complete screening (R << 1) observed with liquid electrodes, the walls of growing isolated domains are oriented along Y directions according to the crystal symmetry. Nucleation is localized at the edges of the electrodes and surface defects. Lateral growth of domains occurs due to non-monotonous, jumping motion of domain walls [START_REF] Ya | Barkhausen Jumps During Domain Wall Motion in Ferroelectrics[END_REF]. Switching with metal electrodes in the CLN leads to the formation of a stable domain structure containing nonthrough domains with charged domain walls.

The dependence of domain wall velocity on magnitude of applied electric field was determined in CLN [START_REF] Nakamura | Periodic poling of magnesium-oxide-doped lithium niobate[END_REF]. It is established that the indicated parameter exponentially depends on excess of the switching field (Es) above the threshold value (Eth) defined as ΔEex = Es -Eth:

𝑉 = 𝑉 𝑒𝑥𝑝(∆𝐸 ) (1.6.7)
Anisotropy of the velocity of the merged domain front was discovered in lithium tantalate (isomorph of LN). The velocity was at least twice faster in the Y + direction than in the Y -one [START_REF] Ya | Polarization reversal in congruent and stoichiometric lithium tantalate[END_REF].

The fast motion of the walls that are deviated from the Y direction in LN single crystals was discussed with respect to the "shape stability effect" (fast restoration of the hexagonal domain shape after merging of two hexagonal domains), which was related to the formation of the short-lived fast X oriented walls. The abnormally high velocity of X walls compared to the Y ones was attributed to the maximal possible density of the elementary steps on the wall [START_REF] Ya | Shape of isolated domains in lithium tantalate single crystals at elevated temperatures[END_REF][START_REF] Lobov | Field Induced Evolution of Regular and Random 2D Domain Structures and Shape of Isolated Domains in LiNbO 3 and LiTaO 3[END_REF][START_REF] Esin | Superfast domain wall motion in lithium niobate single crystals. Analogy with crystal growth[END_REF].

The study of the domain merging process during polarization reversal in CLN single crystals by in situ optical visualization with a high temporal resolution was reported in [START_REF] Esin | Superfast domain wall motion in lithium niobate single crystals. Analogy with crystal growth[END_REF].

The convex growth of isolated hexagonal domains is governed by the slowest domain walls, while the concave growth after domain merging-by superfast walls. The velocities of superfast walls obtained during concave growth were more than three orders of magnitude higher than those of Y-walls.

Investigation of local polarization reversal by focused electron beam

The investigation of local polarization reversal opens new possibilities for precise formation of domain structure required for such practical applications as high-density data storage, nonlinear optical devices and ferroelectric lithography [START_REF] Kalinin | Atomic Polarization and Local Reactivity on Ferroelectric Surfaces: A New Route toward Complex Nanostructures[END_REF][START_REF] Terabe | Microscale to nanoscale ferroelectric domain and surface engineering of a nearstoichiometric LiNbO3 crystal[END_REF][START_REF] Rodriguez | Domain growth kinetics in lithium niobate single crystals studied by piezoresponse force microscopy[END_REF].

One of the most promising methods of local polarization reversal is irradiation by focused electron beam (e-beam poling), which was demonstrated for the first time in LN in 1986 [START_REF] Haycock | A method of poling LiNbO3 and LiTaO3 below Tc[END_REF]. Domain structure was formed at 600˚C with external field equal to 10 V/cm by highenergy beam (1.8 MeV).

Later, the first results of periodical domain structure formation in LN were demonstrated in works [START_REF] Keys | Fabrication of domain reversed gratings for SHG in LiNbO3 by electron beam bombardment[END_REF][START_REF] Ito | Fabrication of periodic domain grating in LiNbO3 by electron beam writing for application of nonlinear optical processes[END_REF][START_REF] Nutt | Domain inversion in LiNbO 3 using direct electron-beam writing[END_REF]. Two approaches were demonstrated: 1) long exposition (1 h) with large aperture (9 mm) electron beam [START_REF] Keys | Fabrication of domain reversed gratings for SHG in LiNbO3 by electron beam bombardment[END_REF], 2) scanning by focused electron beam [START_REF] Ito | Fabrication of periodic domain grating in LiNbO3 by electron beam writing for application of nonlinear optical processes[END_REF][START_REF] Nutt | Domain inversion in LiNbO 3 using direct electron-beam writing[END_REF].

The long exposition with large aperture electron beam was performed on Z -surface covered by metal (Au) mask to avoid penetration of electrons into the crystal. Polarization reversal was made at 580˚C in external electric field equal to 10 B/cm.

The second approach, scanning by focused electron beam was performed by two ways:

1) continuous scanning along a line at a constant speed, 2) dashed line scan. Electron beam scanning was performed on Z -surface with thin metal grounded electrode deposed on Z + surface [START_REF] Ito | Fabrication of periodic domain grating in LiNbO3 by electron beam writing for application of nonlinear optical processes[END_REF][START_REF] Kurimura | Domain Inversion by an Electron-Beam-Induced Electric Field in $\bf MgO:LiNbO_{3}$, $\bf LiNbO_{3}$ and $\bf LiTaO_{3}$[END_REF][START_REF] Restoin | Ferroelectric domain inversion by electron beam on LiNbO3 and Ti:LiNbO3[END_REF].

Through periodical domain structure was formed in 0.5-mm-thick Z-cut LN with accelerating voltage 25 kV and current 320 pA at room temperature without external electric field [START_REF] Ito | Fabrication of periodic domain grating in LiNbO3 by electron beam writing for application of nonlinear optical processes[END_REF]. The polarization reversal process begins with the formation of new domains on the surface. Then, the domains rapidly grow through the crystal in the polar direction. Domain broadening occurs due to lateral motion of domain walls. The sizes of domains on the polar surfaces of the crystal increase with decreasing scanning speed.

Possibility of creation of through domain structure in 1-mm-thick Z-cut LN by exposition of 4 µm x 6 µm area during 3 minutes at 25 kV was demonstrated in Ref. [START_REF] Yamada | Fabrication of periodically reversed domain structure for SHG in LiNbO 3 , by direct electron beam lithography at room temperature[END_REF].

Minimal dose of charge for polarization reversal in LN was estimated equal to 130 µC/cm 2 . Minimal accelerating voltage is 10 kV [START_REF] Restoin | Ferroelectric domain inversion by electron beam on LiNbO3 and Ti:LiNbO3[END_REF]. The new method of polarization reversal by e-beam with Z -surface covered by 2 µmthick dielectric layer was proposed by Glickman [START_REF] Glickman | Electron-beam-induced domain poling in LiNbO3 for two-dimensional nonlinear frequency conversion[END_REF]. Using of dielectric layer allows to localize injected charge. The charge trapped in the surface dielectric layer created a field for polarization reversal. In this case, a lower accelerating voltage was used than in previously published works. Domain structure was represented by ensembles of submicron size domains with depth up to 350 µm.

Dependence of the single domain length and width on the irradiation dose (charge) was studied in nonpolar Y-cut CLN (Figure 1.11) [START_REF] Kokhanchik | Electron beam recording of microdomains on the nonpolar LiNbO3 crystal surface at different SEM accelerating voltages[END_REF][START_REF] Chezganov | Influence of the artificial surface dielectric layer on domain patterning by ion beam in MgO-doped lithium niobate single crystals[END_REF]. Forward domain growth has always occurred in the Z + direction.

Polarization reversal on Z+ surface of CLN was performed by Emalin [START_REF] Emelin | Recording of domains by an electron beam on the surface of +Z cuts of lithium niobate[END_REF]. Domains with size ranged from 100 to 200 nm were formed in a thin surface layer, the thickness of which depended on the energy of primary electrons. The sizes of the areas on which submicron domains were formed exceeded the size of the irradiation region.

It is assumed that the field of the double layer of charges, directed against the spontaneous polarization vector of the Z + surface LN, switches the polarization in the surface layer (Figure 1.12). The growth of domains in depth limits the thickness of the formed double layer of charges. The area of the crystal, which is affected by electron irradiation and in which the submicron domains appear, depends both on the intrinsic defective structure LN, and on the conditions and time of irradiation.

Estimation of local electric field induced under an electron beam with a diameter of 0.5 µm was made in [START_REF] Nutt | Domain inversion in LiNbO 3 using direct electron-beam writing[END_REF]. Scanning at a speed of 300 μm/s gives a field value of E = 10 6 V/cm, which satisfies the conditions necessary for the formation and further growth of domains. The experimental and by computer simulation studying of the dependences of the periodic domain patterns quality on the thickness of resist layer and electron energy allowed to reveal that the most uniform domain patterns corresponded to space charge location close to resist/LN interface slightly touching LN [START_REF] Ya | Domain patterning by electron beam of MgO doped lithium niobate covered by resist[END_REF].

Application of ferroelectric crystals for femtosecond lasers

Nonlinear optics is a branch of physics which studies phenomena of interaction between light and matter, which flow differently depending on the intensity of the light. In this section of physics, substances that have a nonlinear dependence of the polarization vector on the electric field intensity vector of the light wave are considered. For most substances, such nonlinearity can be observed only at very high light intensities. Such intensities are achieved by the lasers.

An interaction process is called linear if it is proportional to the first degree of radiation intensity. If this degree is greater than one, they are called non-linear [START_REF] Slabko | Nonlinear Optics[END_REF].

It is widely assumed that nonlinear optics dates back to the first demonstration of the second harmonic generation in quartz crystal pumped by a ruby laser by P.A. Franken et al. in 1961 [79]. The foundational work in nonlinear optics including quantum-mechanical perturbation theory and Maxwell equations was performed by Armstrong et al. in 1962 [80].

However, some nonlinear effects like Kerr effect [START_REF] Kerr | A new relation between electricity and light: Dielectrified media birefringent[END_REF] (1875) or electro-optic effect [82] (1894) was discovered much earlier than the creation of the first laser source by Theodore

Maiman [83] (1960).

The Nobel Prize in Physics 1981 was divided, one half jointly to Nicolas Bloembergen and Arthur Leonard Schawlow "for their contribution to the development of laser spectroscopy" and the other half to Kai M. Siegbahn "for his contribution to the development of high-resolution electron spectroscopy" [START_REF]The Nobel Prize in Physics[END_REF]. Since its beginning, nonlinear optics keeps being an active field of research and technological development with an ever-increasing number of applications.

A special place in modern nonlinear optics is occupied by femtosecond lasers due to their ability to produce short pulses with high energies [START_REF] Fork | Generation of optical pulses shorter than 0.1 psec by colliding pulse mode locking[END_REF][START_REF] Moulton | Spectroscopic and laser characteristics of Ti:Al_2O_3[END_REF][START_REF] Strickland | Compression of amplified chirped optical pulses[END_REF]. High-power ultrafast lasers found their applications in material processing, laser-surgery, astrophysics, high-energy density physics and laser nuclear physics [START_REF] Izawa | High Power Lasers and Their New Applications[END_REF][START_REF] Kalaycioglu | High-Repetition-Rate Ultrafast Fiber Lasers for Material Processing[END_REF].

Practical application of high-power lasers involves the ability to convert the wavelength of laser radiation without significant loss of energy. To solve this problem the conception of large-aperture frequency mixers based on MgO-doped lithium niobate crystals was proposed by Ishizuki and Taira [START_REF] Ishizuki | Large-aperture, axis-slant quasi-phase matching device using Mg-doped congruent LiNbO_3[END_REF]. This technique was named "slanted poling" (axis-slant quasi-phase matching).

Further, the concepts on which this technique relies, will be briefly described.

Refractive index in uniaxial nonlinear crystal

The refractive index in uniaxial nonlinear crystal depends on polarization and propagation direction. This phenomenon is called birefringence. If the electric field has the direction of the optical axis, one obtains the extraordinary index ne (propagation along X-axis or Y-axis). One obtains the ordinary index no in case of propagation along the optical axis, the electric field can be only perpendicular to that axis.

Thus, one can find two linear polarization directions exhibiting different refractive indices for an arbitrary angle q between propagation direction and optical axis: (1) ordinary,

(2) extraordinary. The refractive index corresponding to the second case can be calculated with Fresnel equation:

𝑛(𝜃, 𝜆) = ( ) ( ) (1.7.1) 
The value of the ordinary index is independent on the direction of propagation. The indicatrix for no is a sphere (Figure 1.13). On the contrary, the value of extraordinary index depends on q. The indicatrix for extraordinary index is an ellipsoid. The direction of an optical axis is defined by the point of intersection of these two indicatrices.

Direction of propagation and polarization

The direction of propagation of electromagnetic monochromatic planer wave with frequency 𝜔 in uniaxial nonlinear crystal is defined by wave vector 𝑘 ⃗ = 𝑢 ⃗, where 𝑢 ⃗ is unit vector collinear to 𝑘 ⃗ , n is refractive index of anisotropic media depending on direction of 𝑢 ⃗ in optic frame (X,Y,Z), c is speed of light in vacuum.

As known, electric displacement field is:

𝐷 ⃗ (𝜔) = 𝜀 𝜀 ⃖ ⃗(𝜔)𝐸 ⃗ (𝜔) (1.7.2)
where the relative permittivity is:

𝜀 = 𝐼𝑑 + 𝜒 ( ) (1.7.3)
On the other hand,

𝑑𝑖𝑣 𝐷 ⃗ = -𝑖𝑘 ⃗ • 𝐷 ⃗ = 0 (1.7.4)
The magnetic induction vector 𝐵 ⃗ , Poynting vector 𝑆 ⃗ (direction of the light energy propagation) and electric field 𝐸 ⃗ are connected as:

𝑆 ⃗ = 𝐸 ⃗ ⋀𝐵 ⃗ (1.7.5) 𝑅𝑜𝑡 ⃗ 𝐸 ⃗ = - ⃗ = -𝑖𝜔𝐵 ⃗ = -𝑖𝑘 ⃗ ∧ 𝐸 ⃗ (1.7.6)
The magnetic field vector 𝐻 ⃗ and magnetic induction 𝐵 ⃗ in nonmagnetic media are connected as:

𝐵 ⃗ = µ 𝐻 ⃗ (1.7.7)
where µ0 is the vacuum magnetic permittivity.

From the above it follows that E and D vectors are coplanar, but they are not collinear in general case. An angle between this tow vectors is called double refraction angle (r).

On the other hand, the vectors of magnetic field 𝐻 ⃗ and magnetic induction 𝐵 ⃗ are collinear. The 𝑘 ⃗ vector is perpendicular to both previous vectors and to the vector 𝐷 ⃗ . The Poynting vector 𝑆 ⃗ is perpendicular to vector 𝐸 ⃗ . Therefore, the angle between 𝑆 ⃗ and 𝑘 ⃗ is equal to r. Angle r is called double refraction angle or walk-off angle.

Thereby, the four vectors 𝑆 ⃗ , 𝑘 ⃗ , 𝐸 ⃗ and 𝐷 ⃗ belong to one plane, which is perpendicular to the magnetic field. The orientation of the indicated vectors is shown in Figure 1.14 a.

Note that the extraordinary walk-off angle is nil for a propagation along the optic axis and everywhere in the XY-plane.

Equations of propagation for three-wave interaction

Consider interaction of three electromagnetic monochromatic waves with frequencies 𝜔1, 𝜔2 and 𝜔3, which fulfill energy conservation condition:

ℏ𝜔 + ℏ𝜔 = ℏ𝜔 (1.7.11)
The polarization of a dielectric irradiated by electromagnetic wave in generic form can be described as:

𝑃(𝜔) = 𝜖 𝜒 ( ) (𝜔)𝐸(𝜔) + 𝜖 (𝜒 ( ) (𝜔)𝐸 (𝜔) + 𝜒 ( ) (𝜔)𝐸 (𝜔)+. . . ) = 𝑃 + 𝑃 (1.7.12)
The term P L is linear polarization and is responsible for refraction, dispersion, and diffraction. The second term P NL including high order electric susceptibility is responsible for generation of new frequencies. In this work, the second order nonlinear susceptibility 𝜒 (2) only is discussed.

The interaction of three photons is associated with three possible processes:

1) Spontaneous parametric down conversion (SPDC). The photon with energy ℏ𝜔 converts in two photons with energies ℏ𝜔 and ℏ𝜔 . 𝜔 = 𝜔 + 𝜔

2) Sum frequency generation (SFG). Two incident photons with energies ℏ𝜔 and ℏ𝜔 create new photon with higher energy ℏ𝜔 . 𝜔 + 𝜔 = 𝜔 . The special case of SFG with 𝜔 = 𝜔 = 𝜔 and 𝜔 = 2𝜔 is named second harmonic generation (SHG).

3) Difference frequency generation (DFG). Two incident photons with energies ℏ𝜔 and ℏ𝜔 create new photon with lower energy ℏ𝜔 . 𝜔 -𝜔 = 𝜔 . The presence of photon with energy ℏ𝜔 leads to generation of the new photon with energy ℏ𝜔 and vise versa. In a such way energies of both waves exponentially growth as the waves propagate in nonlinear media. DFG with 𝜔 >> 𝜔 is named optical parametric amplification (OPA).

The propagation equation of each interacting wave 𝜔i is:

∇ ⃗ × ∇ ⃗ × 𝐸 ⃗ (𝜔 ) = 𝜀 ⃡ ( ) (𝜔 )𝐸 ⃡ (𝜔 ) + 𝜔 𝜇 𝑃 ⃗ ( ) (𝜔 ) (1.7.13) with 𝑃 ⃗ ( ) (𝜔 ) = 𝜀 𝜒 ⃡ ( ) (𝜔 = 𝜔 -𝜔 ) ∶ 𝐸 ⃗ (𝜔 )⨂𝐸 * ⃗ (𝜔 ) (1.7.14) 𝑃 ⃗ ( ) (𝜔 ) = 𝜀 𝜒 ⃡ ( ) (𝜔 = 𝜔 -𝜔 ) ∶ 𝐸 ⃗ (𝜔 )⨂𝐸 * ⃗ (𝜔 ) (1.7.15) 𝑃 ⃗ ( ) (𝜔 ) = 𝜀 𝜒 ⃡ ( ) (𝜔 = 𝜔 + 𝜔 ) ∶ 𝐸 ⃗ (𝜔 )⨂𝐸 * ⃗ (𝜔 ) (1.7.16)
where 𝐸 * ⃗ (𝜔 ) is complex conjugates coming from 𝐸 * ⃗ (𝜔 ) = E ⃗ (-𝜔 ).

We assumed that all tree waves are collinear and propagate at the same mathematical direction Ⲝ.

The wave equation (1.7.14) for a forward propagation of three-interacting plane wave leads to: with 𝜅 = (𝜇 𝜔 ) /[2𝑘(𝜔 )𝑐𝑜𝑠 𝜌(𝜔 )], ∆𝑘 = 𝑘(𝜔 )-[𝑘(𝜔 ) + 𝑘(𝜔 )] which is called phase-mismatch. 𝜒 ( ) is the nonlinear effective coefficient defined for difference frequency generation (DFG) for 𝜔1 and 𝜔2, and for sum frequency generation (SFG) for 𝜔3. These processes of new wave generation will be described in next section.

( ) Ⲝ = 𝑖𝜅 𝜀 𝜒 ( ) (𝜔 )𝐸 𝐸 * 𝑒𝑥𝑝(𝑗∆𝑘Ⲝ) (1.7.17) ( ) Ⲝ = 𝑖𝜅 𝜀 𝜒 ( ) (𝜔 )𝐸 𝐸 * 𝑒𝑥𝑝(𝑗∆𝑘Ⲝ) (1.7.18) 
Nonlinear effective coefficient is:

𝜒 ( ) = 𝐹 ( ) ∴ 𝜒 ( ) (1.7.20)
where F (2) is a field tensor and c (2) is the tensor of nonlinear susceptibility. Each of the tensors is a three-rank tensor with 27 components.

Field tensor matrix F (2) depends on the configuration of polarization of the interacting waves. F (2) could be found as tensor product of three unit vectors corresponding to configuration of polarization of each of the interacting waves. Order of the vectors in the tensor product depends on the type of the three-wave interaction. where (q,𝜙) are angles of spherical coordinates of the wave vector, and ei is unit vector of electric field equal to equation (1.7.9) or (1.7.10) depending on polarization.

Phase matching

The transfer of energy between the waves is maximum for Δk = 0, which defines birefringence phase matching (BPM): the energy flow does not alternate in sign and the generated field grows continuously.

From a corpuscular point of view, the condition of BPM corresponds to momentum conservation law:

∆𝑝 ⃗ = ℏ∆𝑘 ⃗ = ℏ𝑘 ⃗ -ℏ𝑘 ⃗ -ℏ𝑘 ⃗ = 0 (1.7.24)
where 𝑘 ⃗ (𝜃 , 𝜔 ) = ( , ) , i = 1, 2, 3, with 𝜔i obeying to energy conservation law (1.7.12).

However, only 3 from 2 3 = 8 possible polarization configurations allow to realize BPM condition in real nonlinear crystals. Also, available nonlinear effective coefficient depends on circular frequencies of interacting waves, what makes some possible interactions non effective.

Quasi-phase matching

There is a technique known as quasi-phase matching (QPM) that can be used when BPM cannot be implemented [START_REF] Boyd | Nonlinear Optics[END_REF]. The idea of QPM is to use periodical poled nonlinear crystal (Figure 1.15). Inversion of spontaneous polarization direction leads to inversion of the

∆𝑘 ⃗ = 𝑘 ⃗ -𝑘 ⃗ -𝑘 ⃗ -𝐾 ⃗ = 0 ⃗ (1.7.25)
where grating vector is:

𝐾 ⃗ = 𝑢 ⃗ (1.7.26)
with period:

Λ = 2𝐿 (1.7.27)

Angular quasi-phase matching for collinear propagating waves

In general case, three interacting waves could propagate out of principal axis of the periodical poled crystal. This generalized form of QPM is called angular quasi-phase matching (AQPM).

A direction of propagation of interacting waves could be defined by spherical coordinates (𝛳,𝜙). Note that grating vector depends on effective period Λeff, period of domain structure measured along direction of propagation of interacting waves [START_REF] Brand | Angular quasiphase-matching: theory and first experiments[END_REF]. Momentum conservation can be written as [START_REF] Petit | Nouvelles approches en optique cristalline: distributions angulaires de l'absorption et de l'émission, auto-doublage, quasi-accord de phase angulaire[END_REF]:

( , ) - ( , ) - ( , ) - ( , ) = 0 (1.7.28)
where effective period Λeff is:

Λ (𝜃, 𝜙) = ( ) ( ) (1.7.29)
All 8 types of polarization configurations are allowed for AQPM and QPM.

Slanted axes quasi-phase matching

Photorefraction and laser-induced damage are limitations on the usefulness of nonlinear optical materials. Photorefraction is light-induced refractive index change preventing efficient conversion of frequency mixers. Photorefraction grows with light intensity, but this effect decreases at elevated temperature. Laser-induced damage is irreversible, and it strictly limit a maximum peak power for a given aperture [START_REF] Hum | Frequency conversion in near-stoichiometric lithium tantalate fabricated by vapor transport equilibration[END_REF].

Standard Z-cut periodical poled lithium niobate (PPLN) has thickness ≈ 0.5 mm (Figure 1.15). This device permits to use average pump power up to 10 W. However, following increase in average pump power requires a growth of the aperture of PPLN which makes standard poling more complicated due to the high threshold field of polarization reversal in congruent lithium niobate (about 21 kV/mm). Using of MgO-doped lithium niobate (MgO:LN) or MgO-doped lithium tantalate (MgO:LT) which possess of the lower threshold field in combination with elevated temperature allows to fabricate periodical poled crystal with thickness up to 5 mm [START_REF] Ishizuki | High-energy quasi-phase-matched optical parametric oscillation in a periodically poled MgO:LiNbO_3 device with a 5?mm×5?mm aperture[END_REF][START_REF] Ishizuki | High energy quasi-phase matched optical parametric oscillation using Mg-doped congruent LiTaO_3 crystal[END_REF]. Also, possibility to fabricate large-aperture PPLN by direct bonding of two 1-mm-thick PPLN was demonstrated [START_REF] Kim | Fabrication of Thick Periodically-poled Lithium Niobate Crystals by Standard Electric Field Poling and Direct Bonding[END_REF].

Further scaling of thick periodical poled crystal has significant limitations due to high threshold field and it required a new arrangement of the periodical domain structure. The new concept named "slanted poling" or axis-slant QPM involving the use of a substrate with an inclined polar axis was proposed (Figure 1.18). The first attempt to make periodical poling in 128˚ X-cut congruent lithium niobate with slanted polar axis were described in [START_REF] Hum | FREQUENCY CONVERSION IN NEAR-STOICHIOMETRIC LITHIUM TANTALATE FABRICATED BY VAPOR TRANSPORT EQUILIBRATION[END_REF]. These substrates cracked before domain inversion because the piezoelectric strain (estimated to be on the order of 10 -3 ) exceed the fracture strain. SHG at 532 nm was demonstrated in 0.5-mm-thick periodical poled 25˚ X-cut vapor-transport-equilibrated, near-stoichiometric lithium tantalate (VLT) with an 8 µm period. The maximum generated SHG power was a factor of 3.5 below theoretical. The discrepancy was explained by poling errors (mostly merged domains) and domains that did not propagate the full thickness of the wafer [START_REF] Hum | Quasi-phase-matched second-harmonic generation of 532 nm radiation in 25°-rotated, x-cut, near-stoichiometric, lithium tantalate fabricated by vapor transport equilibration[END_REF].

A 1.67-mm-thick periodical poled 25˚ X-cut MgO:LN with 75-μm surface period and 15 mm x 9 mm aperture was fabricated by Ishizuki and Taira [START_REF] Ishizuki | Large-aperture, axis-slant quasi-phase matching device using Mg-doped congruent LiNbO_3[END_REF]. 5th-order QPM-SHG at slightly non-collinear set up with 5.5 % conversion efficiency was realized. The main reason of low efficiency was merging of the domain structure on Z + surface. Red arrow is incident beam. Λsurf is surface period of domain structure.

Periodical poling in crystals with slanted polar axis is promising technology of large aperture frequency mixers fabrication, which can be scaled up to full wafer size. One of the ways to make this technology chipper is to use slanted CLN wafers, which commonly used for acoustic devises.

Periodical poling in congruent lithium niobate

The first controlled formation of periodical domain structure was performed by

Feng [START_REF] Feng | Enhancement of secondharmonic generation in LiNbO 3 crystals with periodic laminar ferroelectric domains[END_REF] and Ming [START_REF] Ming | The growth striations and ferroelectric domain structures in Czochralski-grown LiNbO3 single crystals[END_REF] in 1980. They used ferroelectric domains connected with rotational growth striations. The domain width about 3.4 µm was reached. The period instability become significant after 50 domains. The possibility of producing PPLN during crystal growth by applying a modulated current was also demonstrated [START_REF] Feisst | Current induced periodic ferroelectric domain structures in LiNbO 3 applied for efficient nonlinear optical frequency mixing[END_REF]. However, these techniques do not allow the production of long periodic structures.

The most widely used technique of periodical poling is electric field (e-field) poling.

This method was demonstrated for the first time by Yamada in 1993 [START_REF] Yamada | First-order quasi-phase matched LiNbO3 waveguide periodically poled by applying an external field for efficient blue second-harmonic generation[END_REF]. Metal electrodes (200-nm-thick Al layer) were deposed on both Z + and Z -surfaces. Electrode at Z + surface was patterned to form the interconnected periodical stripes by conventional photolithography and wet etching (Figure 1.19 a). The field pulses were applied between electrodes. The period of the obtained structure was 2.8 μm, which made it possible to obtain SHG of blue light in proton-exchange waveguides. thick PPLN with a 15.5 µm period and a 2.2 mm interaction length was fabricated. Poling times ranged from 0.36 to 1.9 s. The poling circuit consisted of a high-voltage amplifier with a series resistor to regulate the current. A current of 13 to 33 mA was used. The pulse duration was choosing so the total supplied charge was equal to 2PsA, where A is poled area [START_REF] Myers | Quasi-phase-matched 1064-μm-pumped optical parametric oscillator in bulk periodically poled LiNbO_3[END_REF].

Liquid electrodes with photoresist mask made by photolithography (Figure 1.19 d) is the most popular configuration for LN patterning [START_REF] Nakamura | Periodic poling of magnesium-oxide-doped lithium niobate[END_REF][START_REF] Myers | Quasi-phase-matched optical parametric oscillators in bulk periodically poled LiNbO_3[END_REF][START_REF] Minakata | Very-Deep Nanometer-Size Domain Inversion in LiNbO 3 : Proposal for Circular Form Full Cover Electrodes[END_REF][START_REF] Minakata | Nanometer size periodic domain inversion in LiNbO3 substrate using circular form full cover electrodes[END_REF][START_REF] Nagano | Study on Formation of Small Polarization Domain Inversion for High-Efficiency Quasi-Phase-Matched Second-Harmonic Generation Device[END_REF][START_REF] Webjörn | Quasi-phasematched blue light generation in bulk lithium niobate, electrically poled via periodic liquid electrodes[END_REF]. It was shown that parameters of photolithography strongly affect on poling process. Threshold field was found to increase linearly with the resist thickness [START_REF] Akhmatkhanov | Domain Kinetics in Lithium Niobate Single Crystals with Photoresist Dielectric Layer[END_REF]. The importance of a high-temperature (≈ 150˚C) post develop bake of photoresist layer was demonstrated by Chou [START_REF] Chou | Optical Frequency Mixers Using Three-Wave Mixing for Optical Fiber Communications[END_REF] and Kurz [START_REF] Kurz | Integrated Optical-Frequency Mixers[END_REF].

Miller proposed poling regime based on the self-termination effect due to lower electric field underneath the resist layer. It was demonstrated at E = 20.75 kV/mm [START_REF] Miller | Periodically poled lithium niobate: modeling, fabrication, and nonlinearoptical performance[END_REF]. The need to smoothly decrease the field for about 50 ms to stabilize the domain structure was mentioned.

A stamper periodical electrode (Figure 1.19 e) for poling of a 150-µm-thick LN substrates was proposed by Kintaka et al. [START_REF] Kintaka | High-efficiency LiNbO/sub 3/ waveguide second-harmonic generation devices with ferroelectric-domain-inverted gratings fabricated by applying voltage[END_REF]. A uniform periodical domain structure with a 3 µm period was formed by a pulse of -20 kV/mm with pulse duration of 1 ms.

Backswitching effect was exploited for formation of a 4 mm period in 0.5-mm-thick CLN [START_REF] Batchko | Backswitch poling in lithium niobate for high-fidelity domain patterning and efficient blue light generation[END_REF][START_REF] Ya | Regular ferroelectric domain array in lithium niobate crystals for nonlinear optic applications[END_REF].

Conclusion

Investigation of domain structure evolution is an important issue from the point of view of both fundamental science and practical applications.

Strontium barium niobate is a relaxor uniaxial ferroelectric single crystal with a low coercive field and high refractive coefficient (r33 = 245 pm/V [START_REF] Ivleva | Growth and physical properties of photorefractive SBN single crystals, doped with Co, Cr[END_REF]). Its fascinating properties stimulate studies of controllable formation of domain structure. However, there are still many white spots in understanding of domain structure evolution in SBN single crystals. One of them is the influence of initial domain state on following process of polarization reversal. Kinetics of the domain structure in SBN crystals can be explained by approach developed for lithium niobate and lithium tantalate crystals.

Forward domain growth is one of the poorly studied processes of domain kinetics.

In situ observation of domain growth in CLN crystals with slanted polar axis could be used for investigation of velocity of forward domain growth.

Moreover, the development of laser technology requires modeling and the creation of new optical frequency mixers adapted for high power lasers. Slanted-axis quasi-phase matching, the technique for creation of such frequency mixers was practically realized in VLT and MgO:LN crystals. The use of a widespread type of CLN crystals with the slanted polar axis as 36˚ or 64˚ Y-cut CLN can significantly decrease the final price of such optical elements.

Mid-infrared (mid-IR) spectral range is used for many practical applications as medicine, astronomy, metal cutting, spectroscopy, telecommunication, night vision, and etc.

The OPA is widely used process for amplification of mid-IR. The parameters of a new optical devise could be determined based on the theory of angular quasi-phase matching.

The most stable method of periodical domain structure formation is e-field poling with liquid electrodes which allow control poling process between poling pulses by analysis of images filmed during polarization reversal.

The alternative method of periodical domain structure formation is local polarization reversal by focused electron beam of scanning electron microscope. However, application of this method in slanted CLN crystals requires a study of the forward domain growth in the field of charges introduced into the photoresist layer by e-beam.

At dark-field mode, the sample is illuminated by the hollow cone of light with the aperture, which is larger than the lens aperture. Thus, the entrance lens of the microscope is in the field of the geometric shadow, and the light passing without refraction doesn't enter the lens. The sample inhomogeneities of the relief scatter light. This diffused light forms an image of the sample.

The in situ method of visualization of the domain structure during polarization reversal is based on the electro-optical effect [START_REF] Bass | Optical Society of America[END_REF][START_REF] Iizuka | Free Space and Special Media, Wiley series in pure and applied opticsWiley[END_REF]. The change in the refractive index induced by the external field linearly depends on Ps in uniaxial ferroelectrics in the ferroelectric phase.

One can obtain a contrast of domains of different sigh or only domain walls contrast.

The polarization plane rotates in a different direction in domains of the different sign when linearly polarized light passes through the polar axis of an optically active crystal [START_REF] Burfoot | Polar Dielectrics and Their Applications[END_REF]. The contrast of the domain walls appears in cross-polarized light. If the position of the analyzer corresponds to the rotational ability of the crystal, one can obtain the contrast of the domains.

Switching between the modes is done by rotation of the analyzer.

CLN crystals are characterized by the presence of long-lived internal fields due to the slow compensation of residual depolarizing fields (bias fields) that are formed in the polarization reversal process [START_REF] Gopalan | In situ video observation of 180° domain kinetics in congruent LiNbO3 crystals[END_REF]. These internal fields are sufficient so that 180˚ domain structures can be observed without an additional electric field applied to the CLN crystal.

It is important to note that the line observed in an optical microscope, the position of which is associated with the presence of a domain wall, has a width of the order of microns.

This value is not the exact width of the domain wall (the transition region where Ps is changing).

It characterizes the size of the region near the domain wall with uncompensated electric fields, whose width is determined by the characteristic compensation length of the residual depolarizing field at compensation by bulk screening [START_REF] Ya | Complex study of bulk screening processes in single crystals of lithium niobate and lithium tantalate family[END_REF]. The exact width of the domain wall can be measured by structural methods or high-resolution transmission electron microscopy.

The Köhler illumination is used to reduce optical image artifacts, to enhance contrast, and to make sample illumination uniform [START_REF] Chaves | Introduction to Nonimaging Optics[END_REF]. The tuning of the Köhler illumination is done by focusing the aperture edges of the field diaphragm by the movement of the condenser lens.

This method can be used for both transmitted and reflected light. Optical microscope Olympus BX51 was used for visualization of static domain structure.

Piezoresponse force microscopy

Piezoresponse force microscopy (PFM) is the technique allowing visualize domain structure of ferroelectric crystals with high resolution. PFM bases on the converse piezoelectric effect, the essence of which is the compression or tension of the piezoelectric under the action of an electric field.

The scheme of the piezoresponse force microscope is shown in Figure 2.1. The electric field is applied between the bottom electrode located on one side of the sample and the conductive tip of the scanning probe microscope (upper electrode). The variable potential difference (modulating voltage) is generated between the electrodes using an electric signal generator:

U = Umod cos(wt) (2.2.1)
The surface of a ferroelectric material undergoes mechanical vibrations as a result of the inverse piezoelectric effect. For a homogeneously polarized (in the z-direction), stress-free ferroelectric material, its vertical (Z) displacement can be expressed as follows:

Dz = 𝑑 U + 𝑈 , (2.2.2)
where d33 and M333 are the piezoelectric and electrostrictive constants, respectively [START_REF] Kalinin | Scanning Probe Microscopy: Electrical and Electromechanical Phenomena at the Nanoscale[END_REF]. The second term of the equation above is significantly smaller than the first one.

The SPM probe, which is in direct mechanical contact with the surface of the sample, also oscillates. The cantilever deflection registered by the photodetector contains two signals:

the topography of the surface and the piezoresponse of the sample. A lock-in amplifier is used to separate these two signals. One of the signals from the photodetector is used as the input signal, and the modulating voltage applied to the SPM probe is used as the reference signal.

The lock-in amplifier extracts a harmonic component from the sum signal at a frequency equal to the frequency of the reference signal, thereby dividing the signal from the photodetector into two components. The lock-in amplifier allows one to determine the phase difference between the reference signal and the resulting harmonic (phase PFM signal) and its amplitude (amplitude PFM signal).

The obtained amplitude signal is proportional to the projection of the spontaneous polarization vector. The phase difference signal shows the direction of the spontaneous polarization vector.

The intensity of CSHG is greatly enhanced in the vicinity of domain walls. Two explanations of this effect are presented in the literature:

1) the existing of broad spectra of reciprocal vectors in a nonlinear crystal that contributes to the Cherenkov-type phase matching [START_REF] Saltiel | Cerenkov-Type Second-Harmonic Generation in Two-Dimensional Nonlinear Photonic Structures[END_REF][START_REF] Tunyagi | Noncollinear Optical Frequency Doubling in Strontium Barium Niobate[END_REF],

2) the enhancement of the 2 nd order susceptibility (𝜒 (2) ) at the inverted domains boundaries due to strong local electric fields [START_REF] Fragemann | Second-order nonlinearities in the domain walls of periodically poled KTiOPO4[END_REF].

CSHG was used for non-destructive domain imaging in bulk with a spatial resolution of about 500 nm. The measurement setup was realized on the base of Ntegra Spectra (NT-MDT, Russia) using Yb fiber laser (1064 nm, 40 mW).

An objective lens with magnification 20x focused the fundamental laser beam. The position of the sample can be changed by the scanning stage in three dimensions. The second harmonic signal generated in the sample is collected by a condenser lens, and its intensity measured, by a photomultiplier tube, as a function of the sample position.

The 3D visualization of domain structure was performed by multiple scanning in the XY-plane with the sift along Z-axis in the laboratory frame. The obtained layers were assembled in a 3D model by Wolfram Mathematica built-in algorithms.

Methods of polarization reversal 2.3.4. Setup for electric field poling

The experimental setup shown in Figure 2 focused on a resist film to create a pattern by exposing a dot by dot [START_REF] Pimpin | Review on Micro-and Nanolithography Techniques and their Applications[END_REF].

A pressure of about 10 -7 mbar is created in the SEM vacuum chamber. The image adjustment method for objects of known shape and size (silicone balls) was used for accurate focusing and astigmatism correction. The silicon balls were deposed near the arear of irradiation on the top of the photoresist layer. The design of the poling pattern was specified by Raith Nanosuite software.

Conclusion

Optical microscopy is a fast and easy method of domain structure visualization. It can be used for both the static and in situ domain structure visualization. However, optical microscopy cannot be used for the investigation of nanosized domain structure.

The piezoresponse force microscopy is the most precise method of domain structure visualization (~ 20 nm). At the same time, PFM is a less productive method. The quality of the image significantly depends on the topography of the sample and the speed of the scanning.

Also, scan options are vary depending on the studied sample and the probe used. Thus, the method has high requirements for sample preparation and operator qualification.

Cherenkov second harmonic generation microscopy has a resolution about 500 nm, but less sensitive to the imperfections on the surface of a crystal than PFM. Also, CSHG provides contrast images of domain structure in the bulk of the studied crystal. CSHG can be used for the study of the domain structure in 3D.

Electric field poling is the most popular method of periodical domain structure formation. E-field poling can be used for polarization reversal in both a small sample and 3 or 4-inch wafers. Change in the period of the domain structure requires the creation of the new poling mask used during the photolithography process. Using of e-beam poling allows overcoming this problem. The movements of the focused electron beam are controlled by the e-beam lithography system. The design of the poling pattern can be changed by software.

Chapter 3

Study of the domain structure evolution in SBN crystals

Introduction

This chapter is dedicated to the investigation of the domain structure evolution in the relaxor ferroelectric crystal SBN. It is well known that the dielectric properties of relaxors significantly depends on prehistory, but the influence of the initial domain state on polarization reversal was not properly studied.

As it was mentioned before, the nanoscale chemical inhomogeneity (compositional disorder) of relaxor ferroelectrics leads to diffused phase transition and formation of the nanoscale as-grown domain structure with charged domain walls. These features present a problem for the creation of the single-domain state, which is necessary for periodical domain patterning. Moreover, it was shown that the partial reconstruction of the initial domain state (spontaneous backswitching) is obtained after the external electric field switch-off. Therefore, the study of this effect is of particular interest.

In this chapter, the experimental study of the creation of the single-domain state and spontaneous backswitching in SBN61 are presented. The formation of the single domain state was achieved by cyclic switching at elevated temperature and by cooling from the relaxor phase to room temperature in DC field. The domain structure appeared as a result of spontaneous backswitching after the fast external field switch-off has been revealed and analyzed.

Furthermore, particular attention is paid to the possibility of creating domains of arbitrary shape. Three different initial states were formed in SBN crystals: 1) single-domain state, 2) nanodomain state, 3) as-grown state. The polarization reversal was performed by electric field poling by the biased tip of the scanning probe microscope and by the electron beam of the scanning electron microscope.

Formation of as-grown domain state and nanodomain state

The as-grown structure appeared after sample polishing without application of the electric field. Also, the as-grown domain could be reconstructed by thermal depolarization which is carried out by slow (dT/dt ≤ 5 K/min) Zero Field Cooling from the paraelectric phase to room temperature. Since the end of thermal depolarization, domain structure can change with time for one day. Within a few first hours, the domain structure is in the nanodomain state, which self-organizes in complex quasi-regular self-similar nanodomain maze overtime. As-grown domain structure visualized on the polar and non-polar cuts of SBN61:Ni single crystal is shown in Figure 3.2.

Formation of single-domain state

It is known that two alternative methods can realize rearrangement of the as-grown domain structure with charged domain walls:

1) cyclic switching by AC field at elevated temperature,

2) cooling from the relaxor phase in the constant field (Field Cooling)

The application of AC field below freezing temperature leads to the disappearance spontaneous reverse switching phenomenon of the charged walls (annihilation). The decay process accelerated at the elevated temperatures. But the most popular method of creation of the single-domain state is the cooling from the paraelectric phase in constant field. It is necessary to point out that after the termination of cooling to room temperature, it is essential to diminish the field gradually to avoid the backswitching.

Cycling switching

The application of AC field to the SBN plate revealed that partial decay was obtained even after about 100 cycles at 50 °C. The resulting static domain structure visualized by PFM is shown in Figure 3.3.

Cycling switching by AC field leads to the consolidation of the domain structure. This process could be compared with rocking a mathematical pendulum under the influence of an external force. Cycling switching leads to increase of the switched charge, so-called formation process [START_REF] Baturin | Kinetics of the domain structure during cyclic polarization reversal in ferroelectrics[END_REF]. The following parameters determine the change of the switched charge:

1) number of cycles,

2) the screening completeness.

The screening completeness is determined as Eb0/Erd, where Eb0 is the internal bias field corresponding to initial domain state, and Erd is the residual depolarization field. In completely screened state Eb0/Erd = 1.

in relaxor phase (above freezing temperature) makes ineffective the formation single domain state by cycling switching. So, the freezing temperature is the upper temperature limit for this task.

Screening of the depolarization field in single-domain leads to creation of a uniform internal bias field Eb. which makes the backswitching easer. The external switching field should gradually decrease at the end of the cycling process to preserve the formed single domain state.

The maximal number of cycles is limited by fatigue (decreasing of the switched charge) observed for cycles number above 10 5 .

Cooling in field

Cooling from the paraelectric phase in the constant field is a commonly used method Cooling was performed in the constant field ranged from 350 to 800 V/mm from temperatures 300 or 200 °C with a cooling rate 5 K/min. The field was diminished gradually with a rate about 2 V/s after termination of the cooling process.

Nevertheless, the produced single-domain state is unstable, and the reversed domains appeared as a result of scanning even for low amplitude of AC field. The backswitching is more pronounced for high fields applied during the formation of the single-domain state. It is necessary to point out that the formed complicated (dendrite) domain shape (Figure 3. 

3.4.

Backswitching during electric field poling

Polar Z-cut SBN61

The polarization reversal at room temperature was realized in Z-cut SBN61 by application of the single rectangular field pulse with varied duration using liquid electrodes in the fixture presented in Chapter 2. The electrode diameter was about 2 mm.

The fast removal of the external field just after complete switching has been used for investigation of the backswitching effect. In this case, the duration of the field pulse exceed the switching time. The recording of the switching current during polarization reversal has been used for measuring the switching time (Figure 3.6 a).

The observed partial backswitching produced the domains with the initial orientation of spontaneous polarization in the freshly switched areas. In our experiments, the total area of backswitched domains was about 3-5% of the electrode area. The domain growth by the sideways wall motion was attributed to merging with isolated nanodomains arising in front of the moving domain wall. The similar domain kinetics has been observed in lithium niobate crystals under highly non-equilibrium switching conditions [START_REF] Ya | Domain Nanotechnology in Lithium Niobate and Lithium Tantalate Crystals[END_REF] It is important to point out that the ensemble shape in SBN is determined by the crystal symmetry. The same effect was observed in lithium niobate [START_REF] Shur | Formation of self-assembled micro-and nano-domain structures in uniaxial ferroelectrics[END_REF]. The similar domain structures have been revealed in SBN single crystals covered by dielectric layer after partial polarization reversal.

Analysis of the PFM image (Figure 3. The studied sample represented a 500-µm-thick plate cut perpendicular polar Z-axis.

The silver paste was deposited on both polar surfaces. The Field Cooling was realized in following conditions: E = 550 V/mm, Tmax = 200 ˚C, dT/dt = 5 K/min. The external field was switched-off smoothly in the end of the process. Silver electrodes were removed by standard chemical cleaning. The bar was cut from the sample in such a way that the length of the sample along the nonpolar X-axis was 500 µm and both X surfaces were polished. The domain structure was visualized on X-cut by PFM.

Three types of domains structures were revealed: (1) "head-to-head" and "tail-to-tail" microdomains (Figure 3.9 b), (2) quasi-periodic submicron domains (Figure 3.10) and (3) zigzag nanodomains (Figure 3.9 a). Self-organized quasi-periodic needle-like domains had an average period of 300 µm. It was revealed that the crystal deformation at the domain wall dependent on the type of the wall. We can assume that this fact is similar to the deformations on negatively charged "tail-to-tail" domain walls in CLN [START_REF] Irzhak | Study of the features of lithium niobate crystals near domain walls[END_REF]. In contrast, such domain walls in CLN had the zigzag shape, which is favorable for decreasing of the the surface charge density. The following main properties of the domain structure appeared as a result of spontaneous backswitching were revealed in SBN61 single crystal:

1) discrete switching;

2) growth of nanodomain ensembles;

3) "head-to-head" and "tail-to-tail" charged domain walls; 4) quasi-periodic stripe domain structure; 5) zig-zag domain walls.

All observed types of the domain structures can co-exist in one sample. The spatial inhomogeneity of domain structure can be attributed to chemical inhomogeneities of SBN.

Local polarization reversal by the tip of scanning probe microscope

The local polarization reversal was studied in Z-cut samples of SBN61:Ce and SBN61:Ni crystals. The 0.5 and 1.0-mm-thick Z-cut plates were polished. In the studied samples the freezing temperatures T f corresponding to transition from ferroelectric to relaxor phase was from 66 to 79 ∘ C, and Burns temperatures TB corresponding to transition from paraelectric to relaxor phase were from 81 to 85 ∘ C. The polarization reversal was performed at room temperature in the ferroelectric phase (T<T f ).

Three types of the initial domain structures have been studied:

1) as-grown state with 3D maze nano-domain structure,

2) nanodomain state with randomly distributed nano-domains,

3) almost single-domain state with uniform polarity over about 98% of the area.

Nanodomain structure was created by thermal depolarization using zero-field cooling from 200 ∘ C (T > TB). Single domain state was created by slow heating in DC external field ranged from 400 to 500 V/mm. Samples were slowly heated, annealed at 200 ∘ C for 2 hours, slowly cooled, and left at room temperature under DC field for 10 h. The heating and cooling rates were about 5 K/min.

For all initial domain structures, the polarization reversal has been done by application of rectangular voltage pulses with amplitudes ranged from 1 to 150 V and duration -from 0.1 s to 1024 s via conductive SPM tip. Resulting static domain structure was visualized by PFM using scanning probe microscope Asylum MFP-3D (Oxford Instruments, UK) using silicon NSC-18 tips (MikroMash, Estonia) with platinum coating and radius of curvature about 25 nm.

Two ways of pulse application for polarization reversal were performed:

1) "with withdrawal", when the voltage pulse ends simultaneously with tip withdrawal from the sample surface, 2) "without withdrawal", when the pulse ends in about 0.1 s before the tip withdrawal.

It should be mentioned that the sizes of the formed domains depend on the relative humidity of the environment. It could be explained by the presence of the water layer at the surface and appearance of the water meniscus in the vicinity of the tip. Our experiments were performed at the relative humidity of 35±5 %.

One more parameter, which influences the domain size, is a distance between isolated domains in the created array. We considered the case when the field produced by the first domain did not affect the polarization reversal of the neighboring one. This distance was measured experimentally by adjusting the distance between subsequent positions of the tip, for which all domains in array produced with the same switching parameters have approximately the same size. The 10-𝜇m-distance was chosen for low voltage pulses (10-50 V), and the 15-𝜇m-distance was selected for high voltage amplitudes (60-150 V). Afterward, the stability of the produced domain structures was studied by serial PFM scanning of the array.

As-Grown domain state

Application of rectangular pulses with Usw= 50 V and t = 1 s with tip withdrawal led to the formation of irregular shape domains (Figure 3.12 b). It should be noted that the first domain (lower left) is more extensive than its neighbors due to interaction between domains produced at the distance 5 𝜇m from each other. It is known that the depolarization field produced by the existing domain decreases the applied field value in its vicinity. 

Nanodomain state

The formation of circular domains was attempted for the nanodomain state (Figure 3.13 a). We hypothesized that the domain wall shape (Figure 3.13 b) was determined by the presence of nanodomains, which merged with the moving wall driven by the applied field. We stress that the random position of the steps at the domain wall generated by merging (Figure 3.13 b) is equivalent to stochastic nucleation. 

Tip-induced domain growth in the non-polar cuts

Local polarization reversal by the conductive tip of the scanning probe microscope on the nonpolar cut of SBN61:Ce was studied. The domain structure was created by the application of dc voltage pulses perpendicular to the nonpolar axis with amplitudes from 10 to 30 V and duration from 0.5 to 16 s via conductive SPM tip. The tip had a platinum conductive coating and a typical curvature radius of about 25 nm. The domains were formed at room temperature, which was below freezing temperature for the studied crystal composition.

The domains formed by local switching (amplitude 20 V, duration from 0.5 to 16 s) on the nonpolar surface of the SBN are presented in Figure 3.18 a. All created domains possessed the egg-shaped head and wedge-like tail.

caused by periodic structures with small periods (less than 10 µm).

The series of stripe periodic domain structures were produced on the surface of SBN61:Ce crystal by irradiation using pattern shown in Figure 3 It is important to note that direction along which periodical stripes were formed doesn't match with any crystallographic axis of SBN crystal. In this way, the possibility of arbitrary shape domains creation was shown.

The following experiment was performed to study polarization reversal on SBN61 with a single domain state. The silver paste was deposed on both polar surfaces of the sample. Then We used the same exposition patterns as in the experiment described above, but the range of the dose for dotes pattern was from 5 to 50 pC and for stripes -from 50 to 500 µC/cm 2 .

The surface of the sample was controlled by optical microscopy (reflected light, darkfield mode) after electrode and resist removal (Figure 3.26). We see surface dielectric breakdown represented by cracks on the optical image. Directions of the cracks correlated with SBN crystal symmetry C4V. This fact is obvious evidence of the anisotropy of dielectric properties of SBN61 in conditions of switching by the electron beam.

Conclusion

The evolution of domain structure in uniform and the nonuniform electric field was studied in relaxor uniaxial ferroelectric strontium-barium niobate SrxBa1-xNb2O6 with x = 0.61.

The formation of the single domain state and spontaneous backswitching (flip-back)

effect have been studied in SBN61. Piezoresponse Force Microscopy has been used for visualization of obtained domain structure. Two methods of creation of the single domain state were used. The first method consists of cyclic switching below freezing temperature. It leads to decay of the initial domain structure with charged domain walls by coarsening of the nanoscale domains and annihilation of the charged domain walls. In the second method, the creation of the single-domain state was achieved by cooling from the temperature corresponding to the relaxor phase to room temperature in the constant field using optimal parameters. It was shown that the produced state was unstable, and the formation of the reversed domains was stimulated by scanning. The domain structure appearing as a result of spontaneous backswitching after fast removal of the external field has also been revealed and analyzed. The growth of the individual nanodomains in front of the moving domain walls and the formation of the ensemble of isolated nanodomains have been demonstrated. It has been shown that the observed nanodomain structures are similar to the ones revealed in lithium niobate under highly nonequilibrium switching conditions [START_REF] Kolchina | Formation of single domain state and spontaneous backswitching in SBN single crystal[END_REF].

The influence of the initial domain state on the parameters of isolated domains created by local polarization reversal by the conductive tip of the scanning probe microscope was studied in SBN single crystals doped with Ce and Ni. It was demonstrated that the domain shape strongly depended on the initial domain structure and domain radius increased with increasing amplitude and duration of the voltage pulse. Circular domains of the opposite sign were found to appear due to polarization backswitching [START_REF] Neradovskaya | Polarization reversal by tip of scanning probe microscope in SBN[END_REF].

Also, we studied the local switching by the conductive tip of the scanning probe microscope on the non-polar surface of SBN61:Ce after the creation of the single-domain state.

It was found that created domains consisted of egg-shaped heads and wedge-like tails. The shape of the domain head correlated with the spatial distribution of the polar component of the electric field, produced by SPM tip in contact with the non-polar surface of SBN61:Ce single crystals. The dependences of domain sizes (lengths of the domain head and tail and width of the domain head) on the voltage and pulse duration were derived. The linear dependence of domain sizes on time logarithm and linear voltage dependence were observed. The start voltage was revealed for the growth of the domain tail. The fast relaxation of the domain head and slow relaxation of the domain tail were revealed [START_REF] Shikhova | Tip-induced domain growth in the non-polar cuts of SBN:Ce single crystals[END_REF].

The domain patterning by electron beam irradiation was studied in SBN61:Ce with the surface covered by the resist layer. The circular shape of isolated domains was attributed to isotropic domain growth with step generation at the wall by merging with isolated residual nanodomains existed in the initial state.

The obtained knowledge can be applied for the improvement of the domain engineering methods in SBN crystals.

The magnitude of the applied external electric field ranged from 30 to 35.2 kV/mm. In situ imaging of the domain structure was made by polarizing microscope with magnification 3.2x and recorded by the high-speed CMOS camera with rate varied from 50 to 250 fps.

Resulting videos were analyzed by methods of image processing realized in Wolfram Mathematica software.

Two types of the switching experiments were realized by application of the single pulses of the external field of different waveforms: switching in the rising field and constant field.

The key parameter of polarization reversal in any ferroelectric is excess of the switching field (Es) above the threshold value (Eth) defined as ΔEex = Es -Eth. It is known that the threshold field in Z-cut CLN is about 21 kV/mm [START_REF] Ya | Domain Kinetics in Congruent and Stoichiometric Lithium Niobate[END_REF]. Hence, the estimated threshold field of the 36˚ Y-cut CLN should be Eth N = Eth Z /Sin 36˚ ≈ 35.7 kV/mm.

Switching in the rising field

To measure the dependence of Eth on the field rise rate (dE/dt) (Figure 4.1 a), several samples were switched by pulses with the rising field (Figure 4.1 b) with dE/dt ranged from 0.2 to 1.3 kV/mm•s -1 . The maximum applied field was 35.2 kV/mm. The application of the pulses with higher field amplitude led to a breakdown. The threshold field was estimated as a field value, at which the first domain became visible. Linear fitting shows that the threshold field for quasi-static switching along the normal to the sample Eth N = 32.8 ± 0.3 kV/mm, which is lower than the predicted value. This fact can be attributed to the formation of the first domains at the electrode edges with higher field value due to a fringe effect.

The kinetic maps [START_REF] Ya | Superfast domain walls in KTP single crystals[END_REF] shown in (pinning centers). The walls restarted when the applied field overcame the local threshold field value [START_REF] Ya | Barkhausen Jumps During Domain Wall Motion in Ferroelectrics[END_REF].

It is known that the domain walls orientations in Z-cut CLN are defined by C3V crystal symmetry. For equilibrium switching conditions characterized by the effective screening of the depolarization field, the domain walls are strictly oriented along Y-axis [START_REF] Ya | Kinetics of ferroelectric domains: Application of general approach to LiNbO3 and LiTaO3[END_REF][START_REF] Ya | Domain Engineering in Lithium Niobate and Lithium Tantalate: Domain Wall Motion[END_REF]. In our experiment, domain walls were oriented along with projections of Y-axes at low fields (ΔEex ≤ 0.8 kV/mm), and their orientation on Zs + and Zs -surfaces tended to X-axis with increasing of ΔEex. The obtained deviation from crystallographic directions is caused by increasing of the kink concentration at the wall [START_REF] Lobov | Field Induced Evolution of Regular and Random 2D Domain Structures and Shape of Isolated Domains in LiNbO 3 and LiTaO 3[END_REF][START_REF] Ya | Micro-and nano-domain engineering in lithium niobate[END_REF].

Switching in a constant field

The domain kinetics was studied in 36˚ Y-cut CLN in the constant fields ranged from 34 to 35.2 kV/mm.

The stabilization steps Est = 30 kV/mm were added to the waveform before and after the switching step (Figure 4.3 b). The first stabilization step allowed preventing the crystal dielectric breakdown, and the second one allowed minimizing the backswitching [START_REF] Batchko | Backswitch poling in lithium niobate for high-fidelity domain patterning and efficient blue light generation[END_REF].

Dependence of the switched area growth rate on the excess of the switching field above the threshold value (ΔEex) is shown in Figure 4.3 a. It is seen that the relative increase of the external electrical field in 0.035 accelerated the polarization reversal three times.

Two short low-field pre-pulses (with the magnitudes 20 and 30 kV/mm and the durations 0.4 and 0.5 s, correspondingly) were applied to the sample before the polarization reversal. The switching pulse had the magnitude of 33 kV/mm and duration 10 ms. To prevent dielectric breakdown and to increase the effectiveness of the bulk screening of residual depolarization field after polarization reversal [START_REF] Ya | Complex study of bulk screening processes in single crystals of lithium niobate and lithium tantalate family[END_REF], the stabilization step with the electric field below the threshold value Estab = 30 kV/mm was added to the waveform after the switching step (Figure 4.5 a).

Switching current

The waveform of the applied switching field pulse and typical switching current are shown in Figure 4.5. From the video record of the domain structure evolution, it is seen that the first domain started to grow from Zs + surface in the constant field at 151 ms from the beginning of the switching pulse. The start of the switching process is manifested as a switching current peak (line A in It is worth noting that the polarization reversal starts at the field value, which is lower than the threshold (32.8 kV/mm) reported earlier [START_REF] Neradovskaia | Domain kinetics during polarization reversal in 36° Y-cut congruent lithium niobate[END_REF]. The polarization reversal started from the small electrodes with the diameter about 30-40 µm.

Thereby, polarization reversal starts at the constant field (30 kV/mm). The time dependence of the fraction of the switched electrodes is shown in Figure 4.6. Considering each electrode as one macroscopic nucleus, we can calculate the field dependence of the nucleation probability:

𝑝 = 𝑒𝑥𝑝 (-) (4.3.1)
where Eac is the activation field, and E is applied field.

In this case, it is easy to show that the fraction of the switched electrodes n increases with time according to the following formula:

From Figure 4.7, one can see that the formed needle-like domain structure started to grow from Zs + surface. The fact that the largest electrodes (with diameter 300 µm) did not switch can be attributed to a sufficient role of the fringe fields at the electrode edges. Reducing the electrode size leads to an increase in the local switching field, i.e. the smaller the electrodethe higher the local field.

Velocity of the forward domain growth

It is shown that the average velocity of the forward domain growth at the constant field E = 30 kV/mm is equal to 0.1±0.02 m/s without any significant dependence on the electrode size.

The velocity of the forward domain growth at the rising field is calculated as the ratio of 

Charge dependence of the domain length

The charge dependence of the domain length was measured for the 10-µm-period (Figure 4.13). The minimal charge dose for polarization reversal was about 3 pC. The domain length increased with charge dose. The threshold dose value depended linearly on the period. The variation of the e-beam current from 0.2 to 4 nA did not change the character of the dependence.

Conclusion

The domain kinetics in 36˚ Y-cut CLN during polarization reversal by rising external electric field using liquid electrodes has been studied. The polarization reversal in the tilted cut of CLN crystal gives information, which accelerates significantly the in situ study of 3D domain kinetics due to a possibility to observe domain walls motion on the Zs + and Zs -polar surfaces of the crystal simultaneously. The kinetic maps containing complete information about wall motion have been used for the analysis of data obtained during polarization reversal in the rising field. The observed deviation of the domain walls from the crystallographic axis is attributed to the increase of the kink concentration at the wall. The measured linear dependence of the threshold field on the field rate allows estimating the threshold field in low field rate limit as Eth N = 32.8 ± 0.3 kV/mm, which is lower than predicted value due to the fringe effect.

The increase of the external electrical field above threshold leads to a dramatic acceleration of the switching process for polarization reversal in the constant field [START_REF] Neradovskaia | Domain kinetics during polarization reversal in 36° Y-cut congruent lithium niobate[END_REF].

The forward domain growth during polarization reversal under the electric field was studied in 36˚ Y-cut CLN with a photoresist mask. The switching pulse shape and parameters were chosen to study the switching response of the crystal both in constant and rising fields.

The polarization reversal in the constant field was studied by analyzing the evolution of the switched fraction with time, from which we extracted the domain nucleation probability and the activation field (42 kV/mm). The study of the polarization reversal in the rising field allowed extracting the linear field dependence of the forward domain growth velocity with a threshold of 30.3± 0.3 kV/mm and domain wall mobility of 2.3・10 -4 m 2 /(kV・s). The analysis of the domain structure after the termination of the applied field pulse demonstrated prevailing needlelike non-through domains with average length 0.48mm (about 0.6 of the length of through domain). It was shown that the domain length depended linearly on the electrode diameter with an aspect ratio of 23 and a minimum electrode diameter was about 13 ± 5 µm.

Moreover, the domain formation was never observed for the diameter below 17 µm [START_REF] Neradovskaia | Forward domain growth in 36° Y-cut congruent lithium niobate[END_REF].

We studied forward domain growth after local polarization reversal with the focused electron beam in 36 ˚ Y-cut CLN. The inhomogeneity of the lengths of domains in blocks of ten domains was attributed to the domain-domain interaction. The maximum domain length was about 500 µm at D = 30 pC and the 1-µm-period. The threshold value of charge dose for discharge decreased with growth in charge density, which was inversely proportional to the distance between neighboring domains.

The obtained results are important for developing the slanted periodical poling methods in lithium niobate single crystals.

where Ip(0) is the intensity of pump beam; nj with j = s, i, p is the refractive index for signal (λs), pump (λp) and idler (λi) wavelengths respectively; Δk is the phase mismatch.

Orientation of the crystals

Investigated slanted CLN crystals represent a 0.5-mm-thick plate cut in such a way that the angle between normal to the surface and X-axis (for rotated X-cut, Figure 5. The orientation of domain structure on the surface of a rotated Y-cut CLN crystal is defined by an angle d, the angle between the line corresponding to the intersection of the YZplane at which domain wall is located and X-axis.

This angle can be found as:

𝑘 ⃗ * = -cos 𝜃 cos 𝜃 -sin 𝛼 sin 𝜃 sin 𝜃 -cos 𝛼 sin 𝜃 sin 𝛼 cos 𝜃 sin 𝜃 -cos 𝜃 sin 𝜃 (5.4.10) Finally, solving the system of equations obtained by equalization of (5.5.1) and

(5.6.2), we get the following expression for q and f: Finally, the equation for the period of domain structure along X * -axis is:

Λ = 𝑙 * = | -Λ (sin 𝛿 + √3 cos 𝛿 sin 𝜃 )| (5.5.3)
The periodical mask is aligned with Y-axis on the surface of the rotated X-cut CLN eee 2p -1 (d33 sin(q + r1) sin(q + r2) sin(q + r3) +d31 cos(q + r2) sin(2q + r1 + r3)

+ cos(q + r1) cos(q + r3) (d31 sin(q + r2)+d22 cos(q + r2) sin(3f)) eeo 2p -1 d22 cos(q + r1) cos(q + r3) cosf (1 -2 cos(2f)) eoe 2p -1 d22 cos(q + r2) cos(q + r3) cosf (1 -2 cos(2f)) oee 2p -1 d22 cos(q + r1) cos(q + r2) cosf (1 -2 cos(2f)) eoo 2p -1 (d31 sin(q + r3) -d22 cos(q + r3) sin(3f)) oeo 2p -1 (d31 sin(q + r1) -d22 cos(q + r1) sin(3f)) ooe 2p -1 (d31 sin(q + r2) -d22 cos(q + r2) sin(3f)) ooo 2p -1 d22 cos(3f)

The value of deff coincide for eeo, eoe and oee, as well as deff coincide for eoo, oeo and ooe polarization configurations, because of r1 ≈ r2 ≈ r3, where ri is walk-off angle (see chapter 1) corresponding 𝜔i. The maximum of OPA effective coefficient is reached at eee polarization with q = 90˚ and any f. These sphere coordinates correspond to propagation in the Y * X * -plane. This direction of propagation is available only for 25˚ X-cut CLN (for the considered cuts). It is also worth noting that deff only slightly changes with f for eee configuration and strongly depends on it for all other configurations. This is attributed to significant anisotropy of nonlinear susceptibility (d33 ≈ 13d22, d33 ≈ 7|d31|). The deff(ooo) does not depend on q. It is maximum at

f = 0˚ (propagation in X * Z-plane).
The direction of propagation along the X * -axis is not available in a rotated Y-cut CLN The gain of OPA is maximum at Δk(a=270˚, qi, Lmask) = 0 with eee polarization configuration for rotated Y-cut CLN crystals, and at Δk(a=90˚, qi, Lmask) = 0 for 25˚ X-cut There are no solutions for oeo and ooe polarization configurations. The degeneracy point for all other polarization configuration is 𝜆s = 𝜆i ≈ 2.060 µm at 𝛼 = 270˚. The pump beam incident angles corresponding to the degeneracy point for different polarization configurations are shown in Table 3.

Table 3. The incident angles corresponding to the degeneration point. 

Conclusion

The 3D model of the collinear optical parametric amplification process in periodical poled rotated Y-cut and rotated X-cut CLN was proposed. The following assumptions were made:

1) pump, signal and idler beams are collinear inside the crystal, 2) there is not temporal walk-off for the interacting beams,

3) the periodic domain structure is through the entire thickness and has a 0.5 duty cycle, 4) there is no parasitic nonlinear process.

The efficiency of an optical parametric amplifier significantly depends on the nonlinear effective coefficient d 2 eff. The maximum of d 2 eff can be limited by the slant angle 𝛳s. At the same time, the decrease of the slant angle makes the periodical poling fabrication more difficult due to the increase of the required switching voltage. Thinning of the device can solve this problem, but the interaction length decrease leads to the reduction of gain. The optimal slant angle is 25˚ for eee polarization configuration. In this case, light can propagate along X * -axis.

The modeling of d 2 eff for the set of rotated Y-cut CLN shown that the most efficient case is 36˚ Y-cut CLN. However, the process of periodical poling is more straightforward in 64˚ Y-cut CLN. That is why the performance of this cut was studied more precisely.

It was shown that the growth of the period of poling mask up to 21.7 µm leads to a decrease in the range of the signal wavelengths and the increase of the gain. Tuning of the angular coordinates (𝛳i, 𝛼) of the pump beam at the fixed period of the domain structure allows amplifying a wide range of the signal wavelengths.

The simplicity of manufacture and the broad gain band make this crystal promising for practical application.

The shift between the delay corresponding to the maximum amplification and the delay corresponding to the maximum attenuation is 430 fs. Thus, we observe situation at which we can at the same time amplify one part of the spectrum and attenuate the other part of the spectrum for a given delay.

In order to verify the origin of the attenuation we stretched the seed pulse more by adding a second 2-mm-thick Si window and measured the dependence of the gain on the delay in the same way as described above. The two cases, for one and two silicon windows, are shown on Figure 6. bandwidth, dependences of gain on incident angle and position of incident plane were measured.

The delay between pump and seed pulses was fixed during the measurement of angular dependence. Thus, we could amplify only part of the broadband seed (1640±30 nm).

The used setup (Figure 6.2) limited the incident angle by 62˚±2˚.

The dependence of maximum gain on the incident angle 𝛳i is shown on Figure 6.7 a.

The maximum value of gain was reached at 𝛳i = 52˚±2˚ for 𝜆seed = (1642±3) nm, 𝛼 = 270˚±10˚.

FWHM is 12˚. Full bandwidth is 46 nm (Figure 6.7 b). The model presented in the chapter 5 predicted Δk(λs=1642 nm) = 0 for 𝛳i=54˚ and 𝛼 = 280˚. These values of 𝛳i and 𝛼 are within the error of the angle measurements. We consider that the temporal walk-off between λs=(1642±3) nm and λp=(1030±5) nm is minimum for delay used in the experiment. The decrease of the dependence of the gain on the incident angle above 52˚±2˚ could be explained by the temporal walk-off between λp=(1030±5) nm and seed wavelengths which correspond to Δk(λs) = 0 for 𝛳i > 52˚±2˚ and 𝛼 = 270˚±10˚. The wavelengths corresponding to the maximum gain at 𝛳i < 52˚±2˚ are below wavelengths predicted by the model. This also could be explained by significant temporal walk-off between λp=(1030±5) nm and optimal seed wavelengths (Δk(λs,opt) = 0). Thus, the amplification is observed for seed wavelength at which Δk(λs) ≈ 0 and they temporally coincide with the pump pulse. The dependence of normalized gain on the position of incident planed at 𝛳i = 50˚±2˚

for one and two silicon windows is shown on Figure 6.8 a. The position of the maximum of amplification does not depend on the pulse duration of the seed and is located at 𝛼 = 270˚±10˚.

Such direction of propagation of pump and seed beams corresponds to propagation in one of the principal ZY-planes of CLN crystal with maximum 𝛳, angle between optical axis and propagation direction.

One more local maximum was observed at 𝛼 = 355˚±10˚ which can be attributed to the maximization of the nonlinear effective coefficient deff for (𝜆 , 𝜆 , 𝜆 ), polarization configuration which is significantly smaller than deff for (𝜆 , 𝜆 , 𝜆 ) polarization configuration having maximum at 𝛼 = 270˚±10˚.

Also, amplification with gain less than 1.15 observed for 𝛼 in range from 0˚ to 250˚ was attributed to interactions with type II (𝜆 , 𝜆 , , 𝜆 , ) polarization, a configuration that has negligibly small deff.

The FWHM equal to 10˚ and bandwidth equal to 245 nm (Figure 6.8 b) for one silicon window. The value of maximum gain decreases by 25%, FWHM decreases by 50% and bandwidth decreases by 30% for more stretched seed pulse. The seed wavelength was not detected for gain value comparable noise level (20% of maximum gain for one Si window and 10% of maximum gain for two Si windows).

Dependence of gain on pump intensity

The measured dependence of the gain on pump beam intensity is shown on Figure 6.9, where we can see that the equation (5.1.1) correctly fits experimental data for Ipump < 12.5・10 11 W/cm 2 . The maximum reached gain is 158 at Ipump = 13.8・10 11 W/cm 2 . The dependence has become saturated at Ipump above 12.5・10 11 W/cm 2 . This phenomenon can be explained by photorefraction. We stopped measurement at Ipump = 13.8・10 11 W/cm 2 to avoid laser-induced damage of the crystal. Also, intensity of the pump beam was measured before the delay line (Figure 6.1).

A part of energy was lost before crystal. The parasitic processes (SHG and SFG) also decrease intensity of the pump beam for OPA process.

The delay between pump and seed pulses was fixed during measurement of the angular dependences of the gain. Thus, only the part with (1642±30) nm of the broadband seed could be amplified. A change in the delay will change position of the maximum of the dependence of the gain with the incident angle.

Finally, the pump and seed beams were fixed so that the gain was maximum at 𝛳i = 50˚±2˚ and 𝛼 = 270˚±10˚. However, angle between the pump and seed beams inside the crystal was changing with rotation of the crystal due to dispersion. Thus, the OPA was slightly noncollinear.

Conclusion

The concept of large-aperture optical parametric chirped-pulse amplifier on the base of periodically poled 64˚ Y-cut CLN with 4 x 4 mm 2 (slanted PPLN) poled area was proposed.

Measured angular dependences demonstrated wide tunability of the device. The maximum of the dependence of the gain on the incident angle was observed for 𝛳i = 52˚±2˚, 𝛼 = 270˚±10˚, λs = (1642±3) nm. These parameters correspond to the Δk(λs, 𝛳i, 𝛼) = 0 (see Chapter 5) within measurements error. However, the theoretical model presented in the Chapter 5 does not take onto account the temporal walk-off between the chirped seed pulse and the pump pulse.

The maximum measured gain was 158 for 𝜆s = (1715±3) nm, 𝛳i = 50˚±2˚, 𝛼 = 270˚±10˚, 𝜆p = (1030±5) nm and Ipump = 13.8・10 11 W/cm 2 . The observed gain was 4 order smaller than the maximum gain we measured using the commercial fan-out 3-mm-long Z-cut PPLN (with X-axis as propagation direction) for the same size of the pump and seed beams.

The main factor affecting the difference of performances of the slanted PPLN and the Z-cut PPLN is difference of interaction lengths (L64˚Y-cut ≈ 0.53 mm and LZ-cut = 3 mm). According to equation (5.1.1) the gain dramatically growth with interaction length. In this situation, it is reasonable to compare the effective nonlinear coefficients of these devices. The deff estimated for the slanted PPLN was 2 pm/V, however, the theoretical deff for Z-cut PPLN with 0.5 duty cycle was about 21 pm/V. The cut of the slanted PPLN limited available propagation directions due to refraction phenomena. The use of the slanted CLN crystals with 𝛳s ≤ 25˚ would be allowed to propagate light along the X-axis (the propagation direction corresponding to the maximum deff). At the same time, the use of the slanted CLN crystals with 𝛳s ≤ 25˚ will increase requirements to the poling process. The limitation of the poling setup described in Chapter 5 (switching voltage) will oblige us to reduce the thickness of the crystal, which in its turn will reduce efficiency. The compromise is the use of 36˚ or 41˚ Y-cut CLN. Theses slanted CLN crystals have significantly larger deff than 64˚ Y-cut CLN (see Chapter 5). At the same time, the 0.5-mm-thick 36˚ and 41˚ Y-cut CLN crystals have threshold field below the limit of the using setup.

The value of observed nonlinear effective coefficient was 1.7 times smaller than theoretically predicted value for 𝛳i = 50˚, 𝛼 = 270˚, λs = 1715 nm and λp = 1030 nm. This discrepancy was attributed to the defects of the domain structure.

The following domain structure defects were identified using CSHG maps:

1) non-through domain structure,

2) fringed domain structure,

3) non-poled areas.

The comparison of the CSHG maps and OPA maps showed that areas with nonthrough domain structure has gain almost 5 times smaller than areas with periodical domain structure. Fringed domain structure does not affect gain. The duty cycle of periodical domain structure was 0.45.

Observed green light was attributed to SHG at 𝜆pump = (1030±5) nm. Observed red light at 𝜆 = (585±3) nm was attributed to SFG for 𝜆p = (1030±5) nm and 𝜆s = (1354±25) nm.

The main reasons for reducing the effectiveness of the device were:

1) inhomogeneity of domain structure,

2) parasitic processes (SHG and SFG), 
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 4 Investigate forward domain growth in slanted CLN crystals locally poled by focused electron beam. 5) Develop the model of the optical parametric amplifier with large aperture on base of the slanted CLN crystals. 6) Investigate the formation of periodical domain structure in slanted CLN crystals by electric field poling with liquid electrodes. 7) Investigate the OPA in the periodical poled slanted CLN crystals.

  capacitor (a ferroelectric plate in single domain state with polar facets completely coated by electrodes) shown on Figure 1.1 b. Polarization is discontinuous at the edges of the ferroelectric capacitor, what leads to occurrence of the bounded charges. These charges produce depolarization field (Edep), which is maximum at single domain state and can reach value about 10 8 V/m.

Figure 1 . 2 .

 12 Figure 1.2. Result of the computer modeling of the domain shape depending on the screening inefficiency R [3].

Figure 1 . 3 .

 13 Figure 1.3. A conceptual illustration of diffuse phase transition model that assumes the broad dielectric permittivity curve is a consequence of a distribution in the Curie point of polar nanoregions of different sizes [10].

Figure 1 . 4 .

 14 Figure 1.4. View of the structure of strontium barium niobate in the plane (a, b) [13].

  in pure SBN61 with applied field 225 V/mm. No backswitching was observed in SBN:61 using both direct domain imaging and transient current measurements. Authors postulated that backswitching process is faster than 1.25 ms (time between frames in the experiment) or does not exist at all.

Figure 1 . 7 .

 17 Figure 1.7. PFM images of the domain structure formed in SBN as a result of polarization reversal in a uniform electric field by pulses with amplitude (a) Eex = 340 V/mm; (b) Eex = 680 V/mm [33].

  7 a). Discrete switching in front of the moving domain wall was observed at high fields (Figure 1.7 b).

Figure 1 . 9 .

 19 Figure 1.9. Crystal structure of LiNbO 3 . (a,b) The unit cell for +P s and -P s domains. (c) A schematic of the relationship between hexagonal (c,a) and orthogonal (x,y,z) unit cell vectors. (d) Schematic of the unit cell along the (0001) zone axis (Z-cut) [38].

Formation of 1 D

 1 and 2 D nanodomain structures was studied in[START_REF] Restoin | Fabrication of 1D and 2D structures at submicrometer scale on lithium niobate by electron beam bombardment[END_REF]. The deposition of thin metal layer on Z + surface led to decrease of domain diameter measured on Z -surface in comparison with noncovered sample. An increase in the charge density leads to an increase in the size of domains on the Z + surface[START_REF] He | Two-dimensional structures of ferroelectric domain inversion in LiNbO3 by direct electron beam lithography[END_REF].

Figure 1 . 11 .

 111 Figure 1.11. Dependence of length of domain formed by e-beam in Y-cut CLN on charge [72].

Figure 1 . 12 .

 112 Figure 1.12. Scheme of the formation of a two-layer charge and internal electric fields Ei1 and Ei2 in the irradiation zone of the Z + surface. a is the width of the irradiated region, IRIC is the

Figure 1 . 13 .

 113 Figure 1.13. Optical indicatrices of negative uniaxial crystal (ne < no) in optical frame XYZ defined by direction of propagation: the indicatrix for ordinary index shown by red color. and the indicatrix for extraordinary index shown by blue color.

  𝐸 𝐸 * 𝑒𝑥𝑝(-𝑗∆𝑘Ⲝ) (1.7.19)

Field

  tensor for DFG (OPA): 𝐹 ⃡ ( ) (𝜔 -𝜔 = 𝜔 , 𝜃, 𝜙) = 𝑒 ⃗(𝜃, 𝜑) ⊗ 𝑒 ⃗(𝜃, 𝜙) ⊗ 𝑒 ⃗(𝜃, 𝜙) (1.7.21) or 𝐹 ⃡ ( ) (𝜔 -𝜔 = 𝜔 , 𝜃, 𝜙) = 𝑒 ⃗(𝜃, 𝜑) ⊗ 𝑒 ⃗(𝜃, 𝜙) ⊗ 𝑒 ⃗(𝜃, 𝜙) (1.7.22) Field tensor for SFG: 𝐹 ⃡ ( ) (𝜔 + 𝜔 = 𝜔 , 𝜃, 𝜙) = 𝑒 ⃗(𝜃, 𝜑) ⊗ 𝑒 ⃗(𝜃, 𝜙) ⊗ 𝑒 ⃗(𝜃, 𝜙) (1.7.23)
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 1 Figure 1.17. a) Scheme of AQPM in a periodical poled nonlinear crystal. 𝑢 ⃗ is the unit wave vector corresponding to propagation direction of the interacting waves with the coordinates (𝛳, 𝜙) in the dielectric frame (X * , Y * , Z). b) Vector diagram of AQPM.

Figure 1 . 18 .

 118 Figure 1.18. Scheme of periodical poled nonlinear crystal with slanted polar axis.

Figure 1 . 19 .

 119 Figure 1.19. Electrode configurations used for the electric field poling of LN [3].

  .3 b was used for the investigation of domain kinetics during polarization reversal in the uniform electric field (e-field poling).A sample was glued by UV glue to the plastic Petri dish with a round hole in the center, as shown in Figure2.3 a. The hole was filled by a liquid electrolyte (aqueous solution of lithium chloride). A drop of the liquid electrode was deposed on the glass with a thin layer of the transparent metal electrode (a 200-nm-thick layer of indium tin oxide, ITO). The sample with liquid electrodes was sandwiched between two glasses with the conductive layer. The metal contacts were connected with the ITO layers.An external electric field pulse was formed using the NI PCI-6251 I/O board (National Instruments, USA), and amplified 2000 times using the TREK 20/20C high-voltage amplifier (TREK Inc., USA). The amplified electric field pulse was applied to a sample. The current through the sample was determined by the voltage drop at the series-connected precision

Figure 2 . 4 .

 24 Figure 2.4. Schematic illustration of electron beam lithography system. The electron beam is

Figure 3 . 1 .

 31 Figure 3.1. PFM images of as-grown domain structure on the polar surface of SBN61:Ce.

Figure 3 . 2 .

 32 Figure 3.2. PFM images of as-grown domain structure at (a) polar and (b) non-polar surfaces of SBN61:Ni. Orientation of polar Z-axis: (a) normal to the image, and (b) vertical.

  of single-domain state formation. It allows creating the large domains, but the domain structure can be destroyed easily by backswitching during PFM scanning. The PFM images of the domain structures appeared after Field Cooling for various maximal temperatures and fields are presented in Figure 3.4. The analysis of the typical domain images allows revealing the residual domains, remaining as a result of the low value of the constant field (Figure 3.4 b,c) and domains, which resulted on backswitching (Figure 3.4 a). The obtained results demonstrate that the most critical parameter for the formation of the single-domain state is the value of the applied field.

Figure 3 . 4 .

 34 Figure 3.4. PFM images of the static domain structures appeared after cooling in the constant field: (a) E = 800 V/mm, Tmax = 200˚C; (b) E = 350 V/mm, Tmax = 200˚C; (c) E = 500 V/mm, Tmax = 300˚C [135].

  4 a) is typical for backswitching after the fast external field switch-off. The most stable state has been achieved after cooling in field with subsequent exposure to the electric field of 500 V/mm during 12 -16 hrs (Figure 3.5).

Figure 3 . 5 .

 35 Figure 3.5. Diagram of the process which creates the highest degree of unipolarity in SBN61:Ce. Tr is room temperature, Tm is the temperature of dielectric maximum, Em is the external electric field.

  Two types of domain structures have been revealed: (1) isolated micro-and nanodomains (Figure 3.6 b) and (2) the ensemble of isolated nanodomains (Figure 3.7 a). The square-like shape of the micron-scale domains correlates with crystal symmetry С4v. The formation of rough domain boundaries was attributed to the appearance of isolated nanodomains in front of the moving domain wall caused by correlated nucleation effect.

Figure 3 . 6 .

 36 Figure 3.6. (a) Typical switching current in Z-cut SBN61for switching by rectangular pulse with Emax = 400 V/mm. (b) PFM image of the domain structure appeared as a result of backswitching.

  7 a) allowed us to estimate the sizes of nanodomains (Figure 3.7 b). The analysis performed by SIAMS image analyzer software (SIAMS Ltd., Russia) included the following steps: 1) Binarization of image, 2) Component measurement by build-in algorithm, which calculates effective diameter of each component (domain), i.e. the algorithm finds the diameter of a circle circumscribing a domain.

Figure 3 . 7 .

 37 Figure 3.7. (a) PFM image of the domain structure at the border of the switched area after polarization reversal with liquid electrodes in Z-cut SBN61; (b) distribution of domain sizes fitted by Gaussian.

3. 4 . 4 .

 44 Domain structure in the bulk of SBN61 single crystalInvestigation of domain structure formed by spontaneous backswitching in the bulk was performed in SBN61:Ce crystal. The measurement of domains by depth is possible in a section parallel to the direction of spontaneous polarization. In this case, the method of lateral PFM can be used for domain imaging, in which the longitudinal component of polarization is measured using the piezoelectric coefficient d15.

Figure 3 . 8 .

 38 Figure 3.8. Scheme of non-polar section of SBN61:Ce single crystal: a) application of external electric field on Z-cut of the 0.5-mm-thick sample, electrodes are not shown; b) Xcut. The domain structure was visualized on the blue surfaces.

Figure 3 . 9 .

 39 Figure 3.9. PFM images of domain structure on X-cut SBN61:Ce a) zig-zag nanodomains and macrodomains, b) "head-to-head" and "tail-to-tail" domain walls. The polar axis is horizontal. Some macro-domains had flat domain walls oriented along Y-axis with the depression of about 400 nm measured in the topography images (Figure 3.11 a).

Figure 3 .

 3 Figure 3.10. Quasi-periodic self-organized domain structure visualized by PFM on X-cut SBN61:Ce. The polar axis is horizontal.

Figure 3 .

 3 Figure 3.11. PFM images of the flat domain walls on X-cut SBN61:Ce visualized by: (a) height, (b) amplitude signal. The polar axis is vertical.
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 1393 Figure 3.12. (a) As-grown domain structure; (b) domains formed by voltage pulse with tip withdrawal in as-grown structure. SBN61:Ni. U𝑠𝑤 = 50 V, t = 1 s.

Figure 3 . 13 .

 313 Figure 3.13. Typical circular shape of the domain formed by voltage pulse with tip withdrawal in SBN61:Ce in nanodomain state. U𝑠𝑤 = 100 V, t = 1 s.

Figure 3 . 17 .

 317 Figure 3.17. Backswitching of the domain formed by application dc voltage without tip withdrawal in SBN61:Ce in single domain state: (a) domain shape for U𝑠𝑤 = 50 V and t𝑠𝑤 = 1 s; (b) voltage dependence of the averaged domain radius for U𝑠𝑤 = 100 V and t𝑠𝑤 = 32 s (blue squares) and averaged radius of backswitched domain (orange circles).

  .22 b with the variation of irradiation dose (area dose) in the range from 1 to 40 µC/cm 2 . The period of stripes inside each batch was 7 µm. The irradiation doses for grating exposure (Figure 3.22 b) is defined as: DA = (I * t)/A (3.6.1) where t is exposure (dwell) time, and A is the area step size (40 nm 2 ). The resulting static domain structure was visualized by PFM (Figure 3.25). The formed domain structure has broad domain boundary (BDB), which presented by the color gradient between the switched domain (solid light area) and the initial domain state of the sample (dark area). The presence of the gradient on the phase signal of PFM due to the resolution of PFM doesn't allow us to resolve nanodomains on the BDB. The gradient that we see on the image is a mixed signal from nanodomains of both signs. The ratio between nanodomains of different sign defines the shade of gradient.

Figure 3 .

 3 Figure 3.25. PFM images of the periodical domain structure formed by the focused electron beam in SBN61:Ce: a) DA = 16 µC/cm 2 , b) DA = 30 µC/cm 2 , c) DA = 40 µC/cm 2 . Light stripes are switched domains; dark stripes are the initial domain state.

  the sample was heated up to 200˚C, and it was keeping at this temperature and the external constant field EDC = 400 V/mm during 4 h. The sample was cooled down to room temperature for 40 min and was in the field another 16 h. Silver electrodes were removed by petrol and HNO3. Formed single domain state was controlled by PFM. The plasma cleaning was skipped in this experiment to prevent the dissipation of the single-domain state. Parameters of the resist and of the bottom electrode were the same as written above.

Figure 3 . 26 .

 326 Figure 3.26. Optical image (darkfield mode) of dielectric breakdown occurred during polarization reversal by the focused electron beam in pure SBN61.

Figure 4 .

 4 2 were obtained by successive overlapping the domain wall positions recorded with frequency 5 Hz during polarization reversal by rising field pulse with dE/dt = 0.2 kV/mm•s -1 . The domain wall positions were detected by the consistent application of an edge detection pipeline to the video frames. The edge detection pipeline included the following steps: 1) digital noise reduction by subtraction of the first frame (the image of the sample in the initial single domain state) and application of a curvature flow filter [148], 2) application of Canny Edge algorithm [149] to obtain the image with domain wall contrast only. The color of each wall corresponds to the value of the applied external field and the time at which the wall was recorded. The final kinetic map represents a sum of the frames processed by the edge detection pipeline mentioned above. The maps demonstrate the Dependence of the domain wall velocity along positive and negative projections of the Y-axis on Zs + surface on applied external electric field is shown in Figure 4.2 c. The switching process always starts with the appearance of isolated domains at the electrode edges. Two mechanisms are observed later: (1) slow jump-like domain growth and (2) anisotropic wall motion after domain merging. For applied field just above the threshold (ΔEex ranged from 0.3 to 0.8 kV/mm), the walls stopped at the defects with local increasing of the threshold field

Figure 4 .

 4 5 b). Line B in Figure 4.5 b marked the moment when the first domain reached Zs -the opposite polar surface of the sample.

  the length of the blurred domain end on each frame to the exposure time. The obtained values range from 0.1 to 0.3 m/s and increase significantly with the rise of the applied field (Figure 4.8).

Figure 4 . 8 .

 48 Figure 4.8. The field dependence of the forward domain growth velocity in the rising field. Experimental dots were fitted by Eq. (4.2.3).

Figure 4 .

 4 Figure 4.14. (a) Dose dependence of the domain length (along Z-axis) for the 10-µm-period. (b) Dependence of the threshold charge dose for the breakdown on the period in a block of ten domains.

  1 a) or Yaxis (for rotated Y-cut, Figure 5.1 b) is 𝛳s. Here, we define the coordinate system that is used to identify the orientation of the crystal as the XYZ frame.

Figure 5 . 1 .

 51 Figure 5.1. Orientation scheme of a) rotated X-cut and b) rotated Y-cut CLN crystal. d is the thickness of a sample. L is the thickness of the sample along the polar Z-axis. 𝛳s is the slant angle.

Figure 5 . 2 .

 52 Figure 5.2. YZ-planes (red, green, yellow) in a rotated Y-cut CLN crystal (light blue).

Figure 5 . 3 .

 53 Figure 5.3. The sketch of a large-aperture frequency mixer on the base of a slanted SAW CLN crystal. Lmask is a period of the photoresist mask. d is an angle between X-axis and orientation of the periodical structure on the surface of the device.

  𝜃 = arccos(sin 𝛼 cos 𝜃 sin 𝜃 -cos 𝜃 sin 𝜃 )The period of the photoresist mask on the surface of the rotated Y-cut CLN sample (Lmask) is shown in Figure5.3. Consider the vector 𝑙 ⃗ which matches with orientation and length of the period of the mask. This vector has the following coordinates in the frame XYZ for rotated Y-cut CLN crystal: d is an angle between domain structure orientation on the surface of the sample and X-axis (Figure5.3).The period of structure (L) measured along the X * -axis is 𝑙 * component of 𝑙 ⃗ in X * Y * Z frame connected with domain walls orientation (see chapter 1). The transition from XYZ to X * Y * Z frame is carried out by turning 120˚ counterclockwise around Z-axis. The vector 𝑙 ⃗ has the following coordinates in the X * Y * Z frame:

Figures 10 -Figure 5 . 10 .

 10510  shows the dependence of the square of the effective coefficient of OPA on the angle q for different f for different polarization configurations with lp= 1.03 µm, ls = 1.542 µm and li = 3.1 µm (wavelength that will be used experimantally). The angular dependences are shown in polar coordinates (𝑑 , 𝜃).

Figure 5 . 11 .Figure 5 . 13 .

 511513 Figure 5.11. Dependence of the square of the effective coefficient of OPA on the angle q for different f for polarization eeo, eoe and oee with lp = 1.03 µm, ls = 3.1 µm and li = 1.542 µm.

  due to refraction phenomena. The dependences of the square of the effective coefficient of OPA on the angle a for (q, f) available in rotated Y-cut CLN crystals with a fixed incident angle of pump beam qi = qB = 65˚ are shown on Figure 5.14. The maximum value of 𝑑 is reached at 25˚ X-cut CLN with eee polarization configuration at 𝛼 = 90˚ (Figure 5.15). The largest 𝑑 reached at 𝛼 = 270˚ and eee polarization configuration in rotated Y-cut CLN crystals is about 20% less than maximum 𝑑 calculated at 25˚ X-cut CLN. The worst scenario is realized in rotated Y-cut CLN with ooo polarization configuration. The 𝑑 for polarization configurations of the type II (eeo, eoe, oee, eoo, oeo, ooe) reached its maximum at 64˚ Y-cut CLN. These polarization configurations are interesting for quantum applications, where quantum entanglement is used. This kind of device will not be considered in this work. Fluctuations in the 𝑑 for 64˚ Y-cut CLN near a = 90˚ are caused by the intersection of the X * Z-plane by the beams near the optical axis. Although 36˚ Y-cut CLN has the square of the effective coefficient of OPA less than 25˚ X-cut CLN (the difference is about 16 %), 36˚ Y-cut CLN has smaller switching voltage for the same thickness of the sample (Usw(qs=36˚) is 25% less than Usw(qs=25˚)), that makes poling process simpler. The effective nonlinear coefficient grows with the incident angle for all cuts and polarization configurations (Figure 5.16 and Figure 5.17) except eeo, eoe, oee, ooo polarizations in 64˚ Y-cut CLN (Figure 5.16 b, d) and ooo polarization in 25˚ X-cut (Figure 5.17 d).

  up, the gain depends on nonlinear effective coefficient d 2 eff, the intensity of pump beam Ip(0), phase mismatching Δk, the interaction length L, the values of interacting wavelengths, and their refractive indices. All these parameters depend on the incident angle and position of the incident plane. The d 2 eff is maximum at eee polarization configuration with 𝛼 = 270˚, and it increases with incident angle. The intensity of the pump beam is maximum at 𝛳i = 𝛳B ≈ 65˚ and 𝛼 = 270˚. The gain is maximum at Δk = 0 at other parameters being equal. The AQPM condition full files for incident angle above 42˚ and signal wavelength in the range from 1321 nm to 4677 nm at 𝛼 = 270˚. The interaction length (L) slightly increases with the incident angle. The variation of L with 𝛼 is negligibly small. The angular dependences of maximum gain shown in Figure 5.25 a,b were calculated for the fixed wavelength of the pump beam λp = 1030 nm and pairs of signal and idler for which AQPM condition is fulfilled for particular 𝛳i and 𝛼 (Figure 5.25 c,d). The position of the maximum (𝛳i) of the dependence of gain on the incident angle of pump beam does not depends on the position of incident plane (Figure 5.25 a) and slightly shifts with the period of the mask (Figure 5.25 b). Growth of the 𝛼 or growth of the Λmask leads to increase the effective period of domain structure (Λeff). The curves of the AQPM solutions (Figure 5.25 c, d) shrinks to the right top corner of the graph. The refractive index n(λs) decreases with the growth of λs. Although the idler wavelength λi falls with increase of λs, the refractive index n(λi) cannot More clear representation of the gain dependence on the signal wavelength corresponding to AQPM solutions (Figure 5.25 d) is shown in Figure 5.26. The period of the mask 20 µm produces good compromise between signal wavelength range and gain.

  5 so the delays corresponding to the maximum amplification coincide. The FWHM of the maximum gain peak increased not significantly up to 270 fs, but bandwidth increased almost 3 times to 319 nm (yellow points on Figure 6.5 b). The maximum value of the gain decreased to 1.44 and position of the maximum shifted on 5 nm to (1637±3) nm.

Figure 6 . 5 .

 65 Figure 6.5. Dependence of the gain with the delay in the pump line. a) Dependence of the maximum gain and maximum attenuation with the delay for one (dSi = 2 mm) and two (dSi = 4 mm) Si windows. c) Dependence of the signal wavelength at which gain is maximum or minimum with the delay. 𝛳i = 50˚±2˚, 𝛼 = 270˚±10˚. Ipump = 3.9・10 9 W/cm 2 .

Figure 6 .

 6 Figure 6.7. a) Dependence of the normalized gain on the incident angle (𝛳i) of pump and seed beams. b) Dependence of the signal wavelength at which gain is maximum on the incident angle. 𝛼 = 270˚±10˚. Ipump = 2.3・10 11 W/cm 2 . dSi = 4 mm.

Figure 6 .

 6 Figure 6.8. a) Dependence of the normalized gain on the position of the incident plane 𝛼 for seed pulses stretched by one or two silicon windows. b) Dependence of the signal wavelength at which gain is maximum on 𝛼. 𝛳i = 50˚±2˚. Ipump = 3.9・10 9 W/cm 2 .

The dependence was fitted by equation ( 5 . 1 . 1 )

 511 with Δk = 0. The parameters ns(λs), ni(λi), np(λp), λs = 1715 nm, λi = 2579 nm, λp = 1030 nm and L were fixed. The parameter deff obtained from the fitting 𝑑 = 2 𝑝𝑚/𝑉 is smaller than the value of the theoretically predicted effective coefficient 𝑑 = 3.4 𝑝𝑚/𝑉 for 𝛳i = 50˚, 𝛼 = 270˚. This discrepancy could be explained by imperfections of domain structure and presence of other parametric nonlinear processes, which decrease efficiency of OPA. The factors affecting gain will be discussed in the next two paragraphs of this chapter. 𝜂 = [𝑠𝑖𝑛 (𝜋𝑛𝐷)][1 -] (6.8.1)where D is the average duty cycle, n is the order of QPM, 𝜎l is the variance in the domain width, and Lc is the coherence length. ƞd(D=0.45) ≈ 0.73.

Figure 6 .

 6 Figure 6.12. a) Transformed map of the gain measured at 𝛳i = 50˚±2˚, 𝛼 = 270˚±10˚, Ipump = 2.3・10 11 W/cm 2 b) and c) are maps of the poling defects visualized by Cherenkov SHG microscopy and clustered on Zs + and Zs -surfaces respectively.

3 )

 3 photoresist mask allowed to observe both area under electrodes, and area under photoresist.The threshold field was estimated as Eth N = 30.3± 0.3 kV/mm. Nucleation of domains started on the edge of electrodes due to the fringe effect. Also, it was shown that the domain length depended linearly on the electrode diameter with an aspect ratio of 23. It is shown that the average velocity of the forward domain growth at the constant field E = 30 kV/mm is equal to 0.1±0.02 m/s without any significant dependence on the electrode size. The additional research is needed to study the parameters at which switching occurs on electrodes with a diameter of less than 17 µm.We studied forward domain growth after local polarization reversal with the focused electron beam in 36 ˚ Y-cut CLN. The maximum domain length was about 500 µm (along Zaxis) at D = 30 pC and the 1-µm-period. The threshold value of charge dose for discharge decreased with growth in charge density, which was inversely proportional to the distance

  

  

  

1.6. Lithium niobate crystals 1.6.5. Crystal structure

  They were designed for the first time in the Bell laboratory[START_REF] Nassau | Early History Of Lithium Niobate: Personal Reminiscences[END_REF]. Ferroelectric features of LN were reported for the first time in 1949 by Matthias and Remaika[START_REF] Matthias | Ferroelectricity in the Ilmenite Structure[END_REF]. Now amount of LN produced during each year is measured by tons.

	Lithium niobate (LiNbO3, LN) is a classical model ferroelectric. The crystals of lithium
	niobate are widely use our days due to their remarkable elastic, photoelastic, acoustic,
	photovoltaic, pyroelectric, piezoelectric and electro-optic properties. Crystals of LN don't exist
	in nature.

1.6.8. Investigation of domain kinetics in lithium niobate Domain structure evolution under uniform electric field

  

	CLN have long been considered "frozen" ferroelectric for a long time due to high
	threshold field [48]. Camlibel made full polarization reversal in 30-µm-thick LN with liquid
	electrodes for a first time in 1969

Table 2 .

 2 AQPM OPA effective coefficients of PPLN for different configurations of polarization.

	Type (wp, ws, wi)	AQPM OPA effective coefficients 𝑑	(𝜃, 𝜙)
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Chapter 2

Experimental methods of domain structure investigation

Introduction

The chapter contains a description of the experimental methods used in this work. The methods of domain structure visualization include optical microscopy, piezoresponse force microscopy (PFM), and Cherenkov second harmonic generation microscopy (CSHG).

Polarization reversal methods include electric field (e-field) poling and local polarization reversal by the focused electron beam of the scanning electron microscope (e-beam poling).

Methods of domain structure visualization 2.2.1. Optical microscopy

Visualization of the domain structure by optical microscopy is the most common method used to study the switching of spontaneous polarization in ferroelectrics. Optical microscopy is a non-contact non-destructive method with high time resolution. The crystal is not under additional mechanical and electrical stresses, which could lead to a change in the observed domain structure. This method can be used for high-temperature experiments. Optical methods are local and allow observing the features of the evolution of domains in a selected limited area.

Two modes of optical microscopy are widely used for domain visualization: 1) darkfield microscopy for visualization of the relief of the sample after selective chemical etching, and 2) visualization in crossed-polarized light illumination [START_REF] Murphy | Fundamentals of Light Microscopy and Electronic Imaging[END_REF]. The first mode can be used only for visualization of a static domain structure; however, the second mode allows to visualize both a static domain structure and a domain structure during the polarization reversal process.

Chapter 4

Domain kinetics in 36˚ Y-cut CLN crystal

Introduction

The slanted poling is the new conception of the domain structure arrangement described in chapter 1, which allows fabricating large-aperture frequency mixers adjusted for high-power laser sources. The use of the rotated Y-cut CLN crystals typically used for acoustic applications is one of the perspectives of the development of the slant poling. The main advantage of these crystals is low price and a great offer on the market.

The comparison of the properties of different rotated Y-cut CLN is given in chapter 5.

This chapter is devoted to the investigation of the domain kinetics in 36˚ Y-cut CLN, which is the most promising rotated Y-cut CLN for practical application. The side domain wall motion and forward domain growth were studied in the uniform electric field. Domain interaction and the dependence of the domain length on the charge were studied for local polarization reversal by the focused electron beam of the scanning electron microscope.

The studied samples represented CLN plates cut in such a way that the angle between normal to the crystal surface and Y-axis was 36˚. The 0.5-mm-thick 3-inch wafers were polished from both sides to optical quality and cut on samples with sizes 10 mm x 15 mm x 0.5 mm. All experiments were performed at room temperature. 

Side domain wall motion in the uniform electric field

Chapter 5

Modeling of large aperture frequency mixers

Introduction

As was discussed in Chapter 1, the new conception of domain structure arrangement is required to produce large-aperture frequency mixers adjusted for high-power ultra-short pulse lasers. In this chapter, the 3D model of the optical parametric amplification process in periodical poled slanted CLN is discussed. Two cuts of slanted CLN are used:

1) Rotated X-cut;

2) Rotated Y-cut.

The slant angle equal to 25˚ is set for rotated X-cut CLN. This configuration allows propagating light perpendicularly to domain walls to maximize nonlinear effective coefficient deff. However, CLN wafers with such orientation are not presented on the market.

Rotated Y-cut CLN wafers typically used for acoustical applications have a set of standard slant angles: 36˚, 41˚, 64˚ and 128˚. As far as the attempts to pole 128˚ Y-cut CLN were unsuccessful [START_REF] Hum | FREQUENCY CONVERSION IN NEAR-STOICHIOMETRIC LITHIUM TANTALATE FABRICATED BY VAPOR TRANSPORT EQUILIBRATION[END_REF], we limited the set of used angles by the first three ones.

In general case, the gain of the parametric amplifier can be found as the ratio of amplified intensity Is(L) to intensity of incident signal beam Is(0): 𝑘 ⃗ can be translated to the X * Y * Z coordinate system by two consecutive turns:

1) the rotation through 120˚ around the Z-axis counterclockwise,

2) the rotation through (90˚qs) around the X-axis counterclockwise.

Rotation matrices for these two rotations are:

The direction of the pump beam in the frame X * Y * Z is given by: The efficiency of wavelength conversion strongly depends on the direction of light propagation in an anisotropic medium. We can limit the number of solutions of the system of equations by adding a condition under which the conversion efficiency will be maximum.

Effective coefficient of the quadratic interaction

The expressions of the effective coefficients of OPA for different configurations of polarizations shown in Table 2 are calculated from:

where dijk are components of extended d tensor. The factor 2/π is the specific contribution of first-order quasi-phase-matching at duty cycle D = 0.5 [START_REF] Boulanger | Nonlinear optical properties[END_REF][START_REF] Brand | Angular quasiphase-matching: theory and first experiments[END_REF][START_REF] Fejer | Quasi-phase-matched second harmonic generation: tuning and tolerances[END_REF].

From expression (5.6.1), the tensor 𝜒 (2) and tensor reduction rule (chapter 1) follows:

where es,k, ei,i, and ep,j are components of unit vector of the electric field (equation 1.7.9 or 1.7.10). For example, 𝐹 ( )

Refraction coefficient for a linearly polarized beam with polarization located in an incident plane and propagated from air to LN is:

where n = n(𝛳i, 𝛼).

According to Malus' law intensity of transmitted beam equals to the sum of the intensity of extraordinary wave and intensity of ordinary wave:

where 𝜑 is the angle between the polarization direction 𝑒 ⃗ of incident pump beam and the optical axis of the crystal.

A unit vector of polarization in the frame XY s Z s connected with the surface of the sample is:

Optical axis in the frame XY s Z s is:

The angle 𝜑 can be found as:

The intensities of extraordinary and ordinary polarized beams significantly depend on the incident angle and position of the incident plane (Figure 5. [START_REF] Terabe | Imaging and engineering the nanoscale-domain structure of a Sr0.61Ba0.39Nb2O6 crystal using a scanning force microscope[END_REF]). The intensity of the extraordinary beam 𝐼 is maximum at 𝛳i = 45˚and 𝛼 = 270˚ for the rotated Y-cut CLN.

Chapter 6

Large-aperture optical parametric chirpedpulse amplifier on the base of slanted PPLN

Introduction

Periodically Poled Lithium Niobate (PPLN) laser devices are widely used for frequency conversion in a wide range of wavelengths since 1990s [START_REF] Myers | Quasi-phase-matched optical parametric oscillators in bulk periodically poled LiNbO_3[END_REF]. The principle of operation of such devices is based on Quasi-Phase Matching (QPM) that compensates phase mismatch by a periodical change of nonlinear coefficient in the nonlinear crystal [START_REF] Armstrong | Interactions between Light Waves in a Nonlinear Dielectric[END_REF]. Lithium Niobate (LN) is interesting for implementing this approach due to its high nonlinear coefficients (d33 = 25.2 pV/mm versus d33 = 14.6 pV/mm for KTiOPO4, KTP and d33 = 13.8 pV/mm for LiTaO3, LT at 532 nm) [START_REF] Shoji | Absolute scale of second-order nonlinear-optical coefficients[END_REF].

For a long time PPLN has been used for optical parametric amplification (OPA) [START_REF] Zayhowski | Periodically poled lithium niobate optical parametric amplifiers pumped by high-power passively Q-switched microchip lasers[END_REF].

At the same time, development of strong-field physics requires more optical damage resistant device, which could be used for high-power ultrashort pulse laser sources.

One of the most important concepts for producing high-intensity, ultrashort laser pulses is known as chirped-pulse amplification (CPA) [START_REF] Dubietis | Powerful femtosecond pulse generation by chirped and stretched pulse parametric amplification in BBO crystal[END_REF].

In this chapter, we propose the concept of the OPCPA based on the 0.5-mm-thick periodically poled 64˚ Y-cut congruent lithium niobate (slanted PPLN) with 4 mm x 4 mm aperture and 18.3 µm surface period for ultrashort pulse laser sources.

Periodically poled 64˚ Y-cut CLN fabrication

The sample is a 0.5-mm-thick 10 mm x 15 mm plate cut in such a way that the angle between surface normal and Y-axis is 64˚ (Roditi, UK). X-axis is in plane of the sample. The 4 mm x 4 mm photoresist mask with period 18.3 µm was deposited on the surface corresponding to positive direction of the slanted polar Z-axis (Zs + ) by standard photolithography [START_REF] Madou | Fundamentals of Microfabrication: The Science of Miniaturization[END_REF].

Photoresist mask was oriented so the angle between X-axis and direction of the periodic structure was 𝛿 ≈ 33˚. In this position the photoresist mask was oriented along one of the projections of ferroelectric Y-axis of the crystal on the surface of the sample and formed domain walls would be located in inclined YZ-plane.

Polarization reversal was performed by electric field poling [START_REF] Neradovskaia | Forward domain growth in 36° Y-cut congruent lithium niobate[END_REF] using liquid (saturated aqueous solution of LiCl) and metal electrodes combination. The instantaneous domain images during poling visualized by optical microscopy were recorded by high-speed CMOS camera (Photron Mini UX100, Japan) with frame rate up to 1000 fps. The set of field pulses with duration ranged from 10 ms to 50 ms was applied. The poling state was controlled after each pulse by analysis of filmed poling process. The field pulses with magnitude ranged from 21.5 to 23.5 kV/mm were applied. The poling process was stopped after almost full polarization reversal under electrodes on the Zs + surface.

After polarization reversal photoresist mask was removed by isopropanol and acetone baths. The metal electrodes were etched by hydrochloric acid (HCl). Resulting stable domain structure was visualized by Cherenkov SHG microscopy [START_REF] Sheng | Threedimensional ferroelectric domain visualization by Čerenkov-type second harmonic generation[END_REF] on Zs + and Zs -surfaces with high resolution. The panoramic image of each surface consisting of 11 images x 11 images was assembled and clustered using Adobe Photoshop and Wolfram Mathematica.

Experimental OPCPA setup

The scheme of the OPCPA setup is shown on Figure 6.1. The laser source at (1030±5) nm is a femtosecond laser (Tangerin, Amplified systems, France) with 100 kHz repetition rate, 300 fs pulse duration and 200 µJ energy per pulse. The pump beam is split in two parts. 20 % of its energy is sent to a YAG crystal to generate a broad band seed (1200-1750 nm, see Figure 6.4 a). 80 % passes through an attenuator and delay line, so we can variate pump average power (from 85 mW to 16 W) and delay between seed and pump beam.

The broadband seed passes through a 2-mm-thick silicon window to cut off the wavelength below 1.2 µm. The silicon window has also the effect to temporally stretch the seed beam. A second identical silicon window can be used to obtain a larger stretching. Both pump and seed beams are focused and have FWHM equals to 170 µm and 127 µm respectively. The beams are collinear before and after slanted PPLN and had vertical polarization. The sample are fixed in two rotating frames, so we can rotate sample around Y L -axis (changing incident angle) and X L -axis (changing position of the incident plane) of X L Y L Z L laboratory frame. The rotating

The pattern of the green light observed on a plane fixed 15 cm far from the sample for the pump beam passing through the non-poled slanted PPLN constituted of a single small spot.

The pump beam was located inside this spot.

The image of the output visible light for the case when pump and seed beam pass through periodical domain structure in slanted PPLN is shown in Figure 6.10. The pattern represents two crossing arcs consisting of bright dots. It was found that both arches have the same polarization, except one dot located on the vertical arc below cross of the arches. Such pattern could be explained by noncollinear SHG and diffraction on the domain walls. There is a change in the refractive index due to the presence of an uncompensated charge (electrooptical effect) in the vicinity of static domain walls [START_REF] Ya | Kinetics of ferroelectric domains: Application of general approach to LiNbO3 and LiTaO3[END_REF]. The orientation of the both arcs were changing when varying position of incident plane. The vertical arc was also observed when illuminating the sample with a red laser.

The brightness of the green light generated by periodical domain structure (QPM) was significant higher, than one generated by pure substrate (birefringence phase matching).

Presence of green light in slanted PPLN is the reason of green-induced infrared absorption (GRIIRA), which in turn decreases the efficiency of the device. Using of 5 mol.% MgO-doped CLN as substrate can reduce GRIIRA [START_REF] Furukawa | Green-induced infrared absorption in MgO doped LiNbO3[END_REF].

Defects of domain structure and their influence on the gain

The homogeneity of the periodical domain structure was studied by panoramic visualization of domain structure on both Zs + and Zs -surfaces of the sample using SHG Cherenkov microscopy. Three types of defects were observed: (1) incomplete poling (Figure The possible reasons of incomplete poling could be defect of the photoresist mask (remaining dielectric layer under electrode) or insufficient switching time. Incomplete poling occupies less than 0.5% of the total area of the periodic structure.

The border between through and non-through domain structures corresponds to the border of area poled during the first switching pulse during fabrication of the sample.

Polarization reversal by one long pulse could increase the quality of poling.

Chapter 7 General conclusion and perspectives

The formation of domain structure in uniaxial ferroelectrics and its application to high- Two methods of single domain state in SBN crystals were investigated:

1) cyclic switching below freezing temperature,

2) cooling from the temperature corresponding to the relaxor phase to room temperature in the constant field.

Produced state was unstable and formation of reversed domain structure was stimulated by PFM scanning for both methods.

Spontaneous backswitching phenomenon, the growth of the individual nanodomains in front of the moving domain walls and the formation of the ensemble of isolated nanodomains were observed. These structures are similar to the ones revealed in lithium niobate under highly nonequilibrium switching conditions. between neighboring domains.

All attempts to create a periodic domain structure in 36˚ Y-cut CLN led to the destruction of the crystal due to dielectric breakdown. The study of the formation of periodical domain structures by e-field and e-beam poling in 36˚ Y-cut and 41˚ Y-cut CLN crystals is promising direction of investigation.

Application to high-aperture optical parametric amplification

The 3D model of the collinear optical parametric amplification process in periodically poled rotated Y-cut and rotated X-cut CLN was proposed in chapter 5. This model allowed us to study the gain as function of different experimental parameters. The modeling of d 2 eff for the set of rotated Y-cut CLN shown that the most efficient case is 36˚ Y-cut CLN. However, the process of periodical poling is more straightforward in 64˚ Y-cut CLN, so the performance of this cut was studied more precisely.

The model gave us a general view of the processes we observed experimentally in periodically poled 64˚ Y-cut CLN crystal with 4 x 4 mm 2 aperture. The measured parameters at which amplification was observed coincide with the theoretical predictions in case of zero temporal walk-off. We measured an amplification gain as high as 158 for 𝜆s = (1715±3) nm, 𝛳i = 50˚±2˚, 𝛼 = 270˚±10˚, 𝜆p = (1030±5) nm and Ipump = 13.8・10 11 W/cm 2 . The value of nonlinear effective coefficient was 1.7 times smaller than theoretically predicted value. The gain was limited mainly due to imperfections in the domain structure. We also observed parasitic nonlinear effects like SHG and SFG. Also, the observed maximum gain for 64˚ Y-cut CLN is 4 order smaller than the maximum gain we observed in commercial Z-cut PPLN (with X-axis as propagation direction).

The maximum refraction angle in 64˚ Y-cut CLN is about 27˚, so the light can not propagate along X-axis where deff is maximum. This propagation direction is available in slanted CLN crystals with 𝛳s ≤ 25˚. The theoretical gain in 0.