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The intensive search for alternative noncuprate high-transition-temperature (T c ) superconductors has taken a positive turn recently with the discovery of superconductivity in infinite-layer nickelates. This discovery is expected to be the basis for disentangling the puzzle behind the physics of high T c values in oxides. In the unsolved quest for the physical conditions necessary for inducing superconductivity, we report on a broad-band optical study of a Nd 0.8 Sr 0.2 NiO 2 film measured using optical and terahertz spectroscopy at temperatures above and below the critical temperature T c ∼ 13 K. The normal-state electrodynamics of Nd 0.8 Sr 0.2 NiO 2 can be described by a scattering time at room temperature (τ ≃ 1.3 × 10 -14 s) and a plasma frequency ω p ≃ 5500 cm -1 in combination with an absorption band in the mid-infrared (MIR), characteristics of transition metal oxides, located around ω 0 ∼ 2500 cm -1 and with an amplitude ω p MIR of about 8000 cm -1 . The degree of electronic correlation can be estimated using the ratio ω p 2 /(ω p 2 + (ω p MIR ) 2 ). In the present system, the determined value of 0.32 ± 0.06 indicates a strong electron correlation in the NiO 2 plane with similar strength as cuprates. From 300 to 20 K, we observe a spectral weight transfer between the Drude and MIR band, together with a strong increase in the Drude scattering time, in agreement with DC resistivity measurements. Below T c , a superconducting energy gap 2Δ ∼ 3.3 meV can be extracted from the terahertz reflectivity using the Mattis-Bardeen model.

Titre: Étude Spectroscopique dans l'Infrarouge d'Oxydes Métalliques Fonctionnels Mots clés: Supraconductivité, Piézoélectricité, Ferroélectricité, Spectroscopie Infrarouge et THz, Théorie de la Fonctionnelle de la Densité Résumé: Les oxydes métalliques fonctionnels font aujourd'hui partie intégrante des technologies avancées et constituent la base de l'innovation dans les dispositifs optiques et électroniques. Des propriétés fonctionnelles telles que la ferroélectricité, la piézoélectricité et la supraconductivité sont obtenues grâce à différentes stoechiométries, structures et formes physiques.

Les oxydes métalliques déposés sous forme de films minces nanométriques jouent un rôle clé dans la microélectronique car ils permettent la miniaturisation des plusieurs dispositifs. Les propriétés physico-chimiques des couches minces peuvent différer considérablement de celles des matériaux massifs, en raison des contraintes épitaxiales, des effets de surface spécifiques, de la composition chimique et du confinement nanométrique, d'où l'importance de les sonder en tant que films minces. Comprendre les implications de telles différences est essentiel au fonctionnement de ces systèmes. La présente thèse sur articles vise à coupler la spectroscopie infrarouge (IR) et les simulations de la théorie de la fonctionnelle de la densité (DFT) pour sonder les différentes phases dans les couches minces et déterminer les différences avec leurs homologues massifs. Trois familles de composés en films minces sont étudiées. (1) Nd 0.8 Sr 0.2 NiO 2 : la famille de supraconducteurs Nickelates est actuellement un défi pour la communauté scientifique en raison de son mécanisme de couplage des paires de Cooper non expliqué et de ses similitudes et différences avec les cuprates. Dans cet article, des mesures optiques sont utilisées pour caractériser l'échantillon à l'état normal à l'aide d'un modèle d'empilement multicouche. De plus, un algorithme itératif basé sur le formalisme de Mattis-Bardeen est utilisé pour extraire l'énergie du gap en dessous de la 𝑇 𝑐 ; (2) PbZr 1-𝑥 Ti 𝑥 O 3 : l'un des matériaux piézoélectriques les plus importants à ce jour fait l'objet d'une investigation de sa transition de phase tétragonale vers cubique dans cet article publié. Une attention particulière est accordée à la mesure des signatures de phonons pour différentes épaisseurs et compositions. En utilisant des simulations DFT adaptées pour reproduire la complexité des solutions solides, les modes polaires responsables de la perte de la ferroélectricité dans la phase cubique paraélectrique sont identifiés ; (3) Hf 0.5 Zr 0.5 O 2 , un nouveau matériau ferroélectrique, sans plomb et ultra-mince, pour lequel nous avons effectué la première mesure optique des films de différentes épaisseurs et phases. Les indices optiques pour différentes épaisseurs de film et phases ont étés extraits et la perte graduelle de la phase ferroélectrique avec l'augmentation de l'épaisseur est vérifiée.

Abstract: Functional metal oxides are an integral part of advanced technologies today and they are the basis for innovation in optical and electronic devices. Functional properties such as ferroelectricity, piezoelectricity and superconductivity are obtained through different compositions, structures and physical forms. Metal oxides deposited as nanometer thin films may play a key role in microelectronics as they allow the miniaturization of the devices. The physico-chemical properties of thin layers can differ greatly from those of bulk, due to epitaxial stress, specific surface effects, chemical composition and confinement, hence the importance of probing them as nanometer thin films. Understanding the implications of such differences is essential to the operation of these systems. The present article thesis aims to couple infrared (IR) spectroscopy and Density Functional Theory (DFT) simulations to probe the various phases in thin layers and to determine the differences with their bulk counterparts. Three families of thin films compounds are studied. (1) Nd 0.8 Sr 0.2 NiO 2 : the Nickelate family of superconductors, a current challenge to the scientific community due to its unexplained pairing mech-anism and its similarities and differences to the Cuprates. In this paper, optical measurements are used to characterize the sample in the normal state using a multilayer stacking model. In addition, an iterative algorithm based on the Mattis-Bardeen formalism is used to extract the gap energy below 𝑇 𝑐 ; (2) PbZr 1-𝑥 Ti 𝑥 O 3 : one of the most relevant piezoelectric materials to this date has its tetragonal to cubic phase transition investigated in this published article. A special emphasis is placed on probing phonon signatures for various thicknesses. Using DFT simulations adapted to reproduce the complexity of solid solutions, the polar modes responsible for the loss of ferroelectricity in the paraelectric cubic phase are identified; (3) Hf 0.5 Zr 0.5 O 2 , a promising ultra thin lead-free ferroelectric material for which we performed the first optical investigation on films of various thickness and phases. The optical index for different film thickness and phases were extracted and we verified the gradual loss of the ferroelectric phase as thickness increases. The various phonon structures, assigned using DFT calculations, provide possible IR signatures for ferroelectric and non ferroelectric samples.

I am indebted to all my colleagues at the AILES beamline, who have provided a supportive and intellectually stimulating environment. I particularly appreciate the fruitful discussions and collaborations with Kelly Rader and Laurent Manceron, whose expertise and feedback have greatly enriched my research. I would also like to thank the many research collaborators who generously gave their time and energy to participate in my studies. Their contributions have been essential to the success of this project. I am grateful to the University Paris-Saclay and the Synchrotron SOLEIL for providing financial support that enabled me to carry out this research. Without their support, this project would not have been possible. 2 (N in blue and O in red) ions causes ferroelectricity (modified from [4]). . I-10 (a) 1 𝑠𝑡 -order transitions present a discontinuous change of the spontaneous polarization 𝑃 𝑠 , implying a sharp change of the saturation polarization at 𝑇 𝑐 (black curve) [4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 < 𝑇 𝑐 (Eq. I.36) [2], and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared. At 𝑇 𝑐 , the free energy potential of the paraelectric and ferroelectric phases are equal, resulting in two equal minima at 𝑃 𝑠 = 0 and at a finite 𝑃 𝑠 value indicated by the black arrow [2]. For 𝑇 < 𝑇 𝑐 the absolute minimum is at larger values of 𝑃 𝑠 . For 𝑇 > 𝑇 𝑐 , there is a discontinuous change in the position of the absolute minimum. . . . . . . . . . . . . . . . . . I-11 (a) 2 𝑛𝑑 -order transitions present a continuous change of the spontaneous polarization 𝑃 𝑠 (black curve) [4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 = 𝑇 𝑐 (Eq. I.36), and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared [5]. At 𝑇 = 𝑇 𝑐 , the free energy potential becomes flat and evolves to a parabolic profile as 𝑇 > 𝑇 𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I-12 Optical response as a function of frequency of a superconductor material being described by the Mattis-Bardeen model. (a) Real part of the conductivity 𝜎 𝑠𝑐 1 (𝜔). For each 𝑇 , the local minimum of 𝜎 𝑠𝑐 1 corresponds to 2∆. At 𝑇 = 0 K, 𝜎 𝑠𝑐 1 = 0 for 0 < 𝜔 < 2∆. (b) Imaginary part of the conductivity 𝜎 𝑠𝑐 2 (𝜔), that diverges as 1/𝜔 approaches in the 𝑇 = 0 K limit. (c) Reflectivity 𝑅(𝜔) at different temperatures by using the parameters 𝜎 𝑑𝑐 = 10 5 Ω -1 cm -1 , 𝜈 𝑝 = 𝜔 𝑝 /(2𝜋𝑐) = 10 4 cm -1

and 𝑇 𝑐 = 1 K. For 𝜔 < 2∆ the reflectivity goes to unity, implying that superconductors are perfect mirrors in the range 𝜔 < 2∆/ℏ.

(Modified from [1]). . . . . . . . . . . . . . . . . . . . . . . . . . . . .

II-1

The electromagnetic spectrum obtained at the Synchrotron SOLEIL facility. The range extending from the THz (5 -50 cm -1 , 0.0006 -0.0037 eV) to the Hard X-rays (100 000 eV). The AILES beamline exploits the lowest energy range, from 5 to 12500 cm -1 [6]. . . . . . . II-2 Radiation pattern of charged particles moving in a circular path: (i) purple sphere represents the isotropic emission of a charged particle in a circular path with particle speed 𝑣 lower than the speed of light 𝑐 (𝛽 << 𝑣/𝑐); (ii) red tangential cone depicts the emission for particle speed 𝑣 close to speed of light 𝑐 (𝛽 ≈ 1) [7,8]. . . . . . . . . . . . . . II-3 Synchrotron emission spectrum, characterized by its brilliance as a function of frequency, generated by a bending magnet. The critical frequency 𝜔 𝑐 = 3𝑐𝛾 3 4𝜋𝑅 , in which the brilliance is maximum, is indicated by a dotted line [6] strate and the layer [13] ; (b) filtered absorbance data. The residual fringing is removed using the macro by Faggin & Hines [14], developed for the software IGOR Pro from Wavemetrics. This process does not distort spectral features or the spectral baseline [14]. (c) baseline removed data, obtained by subtracting spline type baselines in IGOR Pro. A spline is a polynomial continuous curve that passes through points ("nodes") selected by the user [15] (i) experimental values for 𝑎 Ref [18], 𝑐 Ref [19,20], 𝑑 Ref [19,21,22,23],

note that in 𝑒 Ref [24] the HZO band gap is for a mix of polar o-and m-phase; (ii) theoretical values for 𝑏 Ref [25] as the band gaps for HfO 2 and ZrO 2 in the polar o-phase are only obtained by DFT. . . . . . . . IV.3 High-frequency (𝜀 ∞ ) and static (𝜀 𝑠 ) dielectric constants for t-, polar o-and m-phases using different simulation methods. Literature references are: 𝑎 Ref [26], 𝑏 Ref [27,28], 𝑐 Ref [29], 𝑑 Ref [30,31], 𝑒 Ref [32],

𝑓 Ref [33,30,31], 𝑔 Ref [34], ℎ Ref [30], 𝑖 Ref [35]). Note that DFT calculations are performed at zero temperature and pressure. . . . . . . . . IV.4 Simulated lattice parameters for the t-phase using different simulation methods. The distances a, b and c are in Å; the angles are in degrees and the volumes in Å 3 . Literature references: (i) experimental values for 𝑎 Ref [36] and 𝑐 Ref [37]; (ii) theoretical values for the cell volumes and HZO parameters from 𝑏 Ref [30]. mental values for 𝑎 Ref [38], 𝑑 Ref [36]; (ii) theoretical values for 𝑏 Ref [30] and 𝑐 Ref [30,39,40,41] 

General Introduction

Scientific Context and Challenges

Ranging from high-temperature superconductivity to ferroelectricity, complex functional metal oxides manifest a plurality of physical properties, making them some of the most interesting classes of compounds. A delicate equilibrium between lattice, orbital, charge and spin interactions dictates the resulting macroscopic properties in such correlated electron systems [43]. In functional transition metal oxides, the exceptional properties arise mostly from the localized nature of the outer 𝑑-orbitals, that differs for example from the isotropic 𝑠-orbitals. This is responsible for different types of metal-oxygen bonding observed, varying from nearly ionic to highly covalent or metallic [44], and therefore highlight the role of carrier density in determining the physical properties. Indeed, the density is greatest at the center of the nucleus and decreases steadily with increasing distance from the center. One evidence of this phenomenon is that a change of the order of 0. For instance, when comparing functional metal oxides to the standard semiconductors family (e.g. Si, GaAs), the higher variety of orders observed in the oxides is noticeable, such as structural, orbital, spin and charges [43]. All these orders can be tuned by external parameters such as electric field, magnetic field, strain and temperature [45,46]. This diversity gives rise to a heterogeneity of physical properties in these materials, such as ferroelectricity, piezoelectricity and superconductivity. One example of such structure order is the distortion in the perovskite octahedra, leading to pronounced changes in properties, such as the well-known polarization-depolarization switch [45]. Their functional behavior is, therefore, strongly related to structure and composition. For example, ferroelectric transition metal oxides have been studied intensively owing to their nonvolatile characteristics, implying the retain of stored information after electrical power is removed [45].

In order to probe the large variety of crystal structures and phase transitions ex- ) and a band-gap of ∼ 3.5 eV [47]. In nanometric thin films, this material still challenges researchers due to its heterogeneous phase diagram and large range of possible compositions.

• Hf 1-𝑥 Zr 𝑥 O 2 is a newly-discovered [36] ferrroelectric material that displays its highest polarization properties in thin films below 25 nm. Allowing the coexistency of multiple crystal phases as a function of the composition and temperature, Hf 1-𝑥 Zr 𝑥 O 2 is exemplar of the variety of structural order in the transition metal oxide family. For this ultra-thin lead-free ferroelectric material composed of a mix of crystal phases and very high retention time 1 of the polarization, the origin of ferroelectricity is still an open debate.

• Nd 1-𝑥 Sr 𝑥 NiO 2 , is a recently discovered [48] class of unconventional superconductors puzzling the scientific community due to its unexplained pairing mechanism and its many similarities and differences to the cuprate family, once again highlighting the diversity inside functional metal oxides.

Regarding the type of solid, the three studied families of metal oxide compounds are solid solutions, a homogeneous mixture of two or more species at a same atomic site of a single crystal structure, designated as the mixed atomic sites [49]. Being equivalent to a mixture in liquid or gas phases, these systems are common in nature and their composition can be varied within a limit without any natural separation To shed light on such issues, Density Functional Theory (DFT) is an important ab initio method for simulating physical properties. Its formalism proves that the ground state and futher properties of a many electrons system in an external field can be determined from the knowledge of the electron density distribution [51].

The DFT method allows the calculation of the optimized ground state structure of a system and many related properties, without using too many parametric inputs.

This differs from other calculation methods, such as Molecular Dynamics and Monte Carlo simulations, that often require classical approaches and (semi)empirical force fields to simulate large systems (> 500 atoms). Accurate ab initio calculations of a system entire energy surface are also possible with traditional wave function based methods. Such approaches are, however, only possible for a few atoms due to computational capacity. DFT stands, therefore, as the chosen approach for simulating IR spectra with high accuracy.

Two different approaches for simulating solid solutions systems with DFT are used in the present thesis. The first one is to simulate all the possible configurations of the mixed atomic sites inside the system, i.e. all possible combinations of atomic species at the mixed atomic site, and to calculate their properties. The second one is to use statistical methods such as Monte Carlo calculations to represent the most "random" mix of the atomic sites system and further calculate its properties using DFT. In the present work, these two theoretical methods (Sections Moreover, the far-infrared response of solid solutions fall mainly in two categories.

There are systems in which the features composing the phonon spectrum (such as absorption or reflection), results from a superposition of the features of the pure "parent" crystals (HfO 2 + ZrO 2 , PbTiO 3 + PbZrO 3 or NdNiO 2 + SrNiO 2 in Fig.

A

). In other systems, these features look similar to the ones in pure crystals except for a continuous frequency shift with composition, arising from the new combination of different phonon modes and to the randomness [52] of the solid solution mix. The phonon modes in the mixed crystals are all disturbed by the mixed atomic sites configuration, and a cooperation of several of these modes gives rise to the total spectroscopic features. In any case, the interpretation of IR results is, clearly, not always straight-forward. Assignment of measured vibration bands in solids, i.e.

phonons, can be challenging due to large band width and band overlapping. The intensity of the infrared bands coming from nanometric thin films are also very weak.

Therefore understanding the IR response, using both measurements and theoretical calculations, is one of the goals of the present thesis. Therefore, besides being dedicated to the investigation of nanometer thin films by optical techniques, this thesis explores the limits of DFT for the simulations used for the assignment of IR spectra of different solid solutions.

Each one of the three studies has generated an individual article, which is presented integrally -as article format -inside the body of the manuscript. This article thesis is divided as follows:

Chapter 1 provides the most relevant theoretical models required to understand the optical response of functional transition metal oxides thin films in the IR domain.

The most pertinent physical phenomena found in the studied families, i.e.

piezoelectricity, ferroelectricity and superconductivity are examined.

Chapter 2 is dedicated to the main techniques and methods, both experimental and computational, used to study thin films in the IR energy range. It is divided into

Experimental Techniques and Computational Tools.

Chapter 3 focus on the PbZr 1-𝑥 Ti 𝑥 O 3 study, in which IR absorption spectroscopy was coupled with a DFT method adapted for the calculation of solid solutions using 2×2×2 supercells. This allowed the understanding of the evolution of spectra with temperature (during the tetragonal to cubic phase transition) and with compositions 𝑥.

Chapter 4 reports the IR measurements of Hf 0.5 Zr 0.5 O 2 films from 10 to 52 nm, inside and outside the system's ferroelectric range, together with DFT simulations for both the parent compounds ZrO 2 and HfO 2 , and the solid solution Hf 0.5 Zr 0.5 O 2 .

The study allowed identification of various optical functions and a possible IR signature of the loss of ferrroelectricity in thicker films, as well as a quantitative analysis of the different crystallographic phases present in the films, a first obtained by IR spectroscopy. Chapter I. Optical Properties of Functional Materials

Dielectric Response of Solids

In a classical theory of solids, the static lattice model is only valid at 0 K [53]. At non-zero temperatures, each ion possess some thermal energy, implying a certain amount of oscillation in the vicinity of its equilibrium position, i.e. the static crystal structure. In quantum theory, the static model remains incomplete at 0 K, resulting from the uncertainty principle that requires localized ions to possess some non-vanishing mean square momentum [53]. The quantified normal modes of the collective lattice vibrations in solids are called phonons, being the quasi-particles associated to the wave description of such vibrations.

Phonons play a key role in a diversity of physical phenomena such as heat capacity, electron-phonon scattering, thermal and electrical conductivity, light-matter interactions [53] and the pairing of electrons forming the Cooper pairs in conventional superconductivity. For example, to obtain a complete description of the thermal and electrical conductivity in metals, phonons need to be considered. Limitations of a static lattice model are also particularly severe in the theory of insulators, in which localized electrons occupy the filled bands. Taking phonons into account causes the Bravais lattice to become, therefore, an average of the ionic configuration instead of the instantaneous one.

As a consequence, an harmonic oscillator approximation can be used to model lattice vibrations, from which the quantum normal form1 arises, together with precise quantitative results [53]. In the undulatory description, vibrating normal modes are the collective motions in which all parts of the system move sinusoidally with the same frequency and with a fixed phase relation. Besides convenience, the harmonic oscillator representation yields quantified normal modes that is a good approximation to model not only phonons, but many equivalent oscillating systems (i.e. electron + nucleus).

When an electromagnetic wave interacts with a crystal, the photon of light couples with the phonon which modifies the propagation of light, contributing to the dielectric response function of the system. The photons are the quanta of the 1. Dielectric Response of Solids radiation field, and the phonons are the quanta of the ionic displacement field present in matter. The light-matter interaction is characterized by the dielectric function of the solid describing the response of the system to an external electric field. Since the optical response is, in general, frequency-and wavevector-dependent, it is convenient to model such light-matter interactions using harmonic oscillator functions. In the following sections, selected models for the optical response description of solids are examined, which are some of the most relevant theories for the present study. Various dielectric functions are reviewed, helping to describe the response in different types of solids (metal, insulator, ferroelectric).

The Drude-Lorentz Model of Dielectric Function

Describing the light-matter interaction in an insulating system involves modeling the lattice vibrations. A simple but useful dielectric function model can be derived for a set of damped harmonic oscillators, representing the normal modes [55].

The system's motion equation becomes

𝑚 d 2 r d𝑡 2 + 𝑚Γ dr d𝑡 + 𝑚𝜔 2 𝑇 r = -𝑒E 𝑙𝑜𝑐 , (I.1)
in which 𝑚 is the oscillator mass, 𝑒 is the charge, E 𝑙𝑜𝑐 is the local electric field acting on the oscillator as a driving force, 𝑚Γ dr d𝑡 is the viscous damping of energy loss, and 𝑚𝜔 2 𝑇 r is the restoring force. 𝜔 𝑇 is the transverse oscillator frequency, since only for such modes a coupling to the transverse E is possible. The model in Eq. I.1 is general and it can describe the collective lattice modes, but also the individual atom + nucleus system, electronic transitions, and even free carriers in the limit of 𝜔 𝑇 → 0 (addressed further in this section, p. 44) [56,55]. Knowing that the local field is variant in time with exp{-𝑖𝜔𝑡}, the displacement r can be written

r = -𝑒E 𝑙𝑜𝑐 /𝑚 (𝜔 2 𝑇 -𝜔 2 ) -𝑖Γ𝜔 (I.2)
and it is possible then to define the induced dipole moment p as

p = 𝑒 2 E 𝑙𝑜𝑐 𝑚 1 (𝜔 2 𝑇 -𝜔 2 ) -𝑖Γ𝜔 = 𝛼(𝜔)E 𝑙𝑜𝑐 , (I.3)
Chapter I. Optical Properties of Functional Materials with 𝛼(𝜔) the polarizability, i.e. the tendency of matter to acquire an electric dipole moment [56]. To obtain the macroscopic polarization P, the total number 𝑁 of oscillators per unit volume needs to be considered, such that

P = 𝑁 < 𝑝 >= 𝑁 𝛼(𝜔) < E 𝑙𝑜𝑐 >= 𝜒(𝜔)E, (I.4)
in which the electric field becomes the macroscopic field E and 𝜒(𝜔) is the susceptibility. The polarization, however, does not describe completely the system. The oscillators react to the effect of such internal polarization P = 𝜒(𝜔)E, but also respond to the macroscopic electric field itself 𝜀 0 E, with 𝜀 0 the free space permittivity.

Using Eq. I.4, one can then define the electric flux D inside the solid as [56] 

D = 𝜀 0 E + P = 𝜀 0 E + 𝜒(𝜔)E = 𝜀 0 E(1 + 𝜒(𝜔)) = 𝜀 0 ε𝑟 (𝜔)E (I.5) ε𝑟 (𝜔) = 1 + 𝜒(𝜔). (I.6)
The complex relative dielectric function (or permittivity), defined as ε𝑟 (𝜔) = 1 + 𝜒(𝜔), denotes how optical properties of a material are dependent on the incident frequency 𝜔 [2]. Note that ε𝑟 (𝜔) is second-rank tensor, but normally treated as scalar for simplicity. The complex ε𝑟 (𝜔) can be extended to its real and imaginary parts following this

ε𝑟 (𝜔) = 1 + 𝑁 𝑒 2 𝜀 0 𝑚 1 (𝜔 2 𝑇 -𝜔 2 ) -𝑖Γ𝜔 , (I.7) 𝜀 1 (𝜔) = 𝑛 2 -𝑘 2 = 1 + 𝑁 𝑒 2 𝜀 0 𝑚 (𝜔 2 𝑇 -𝜔 2 ) (𝜔 2 𝑇 -𝜔 2 ) 2 -Γ 2 𝜔 2 , (I.8) 𝜀 2 (𝜔) = 2𝑛𝑘 = 𝑁 𝑒 2 𝜀 0 𝑚 Γ𝜔 (𝜔 2 𝑇 -𝜔 2 ) 2 -Γ 2 𝜔 2 , (I.9)
in which the scattering rate Γ denotes the damping of the oscillator [1]. 𝜀 1 (𝜔), named inductive part, describes a material's ability to interact with an electric field (store and remit energy) without absorbing it. 𝜀 2 (𝜔), named oscillatory part, describes the ability to permanently absorb energy from a time-varying electric field [57]. The oscillator strength is defined by the plasma frequency, written

𝜔 𝑝 = (𝑁 𝑒 2 /𝑚𝜀 0 ) 1/2
. The optical indexes 𝑛 and 𝑘 are the real and imaginary parts of the complex refractive index ñ(𝜔) = 𝑛(𝜔) + 𝑖𝑘(𝜔). 𝑛(𝜔) is also called the increases with 𝜔 and this behaviour is defined as normal dispersion. In the narrow region around 𝜔 𝑇 , however, 𝜀 1 decreases with 𝜔, being called the anomalous dispersion [58,59].

The optical function ε𝑟 (𝜔) = 𝜀 1 (𝜔) + 𝑖𝜀 2 (𝜔) can be related to the complex optical conductivity σ(𝜔) = 𝜎 1 (𝜔) + 𝑖𝜎 2 (𝜔) in response to the same time-varying electric field such that

ε𝑟 (𝜔) = 1 + 4𝜋𝑖 𝜔 σ(𝜔), (I.10) 𝜀 1 (𝜔) = 1 - 4𝜋 𝜔 𝜎 2 (𝜔), (I.11) 𝜀 2 (𝜔) = 4𝜋 𝜔 𝜎 1 (𝜔). (I.12)
Further relations can be obtained from 𝜎 1 (𝜔). The spectral weight SW of an optical excitation is the integral of the real part of the conductivity over some frequency range [60], in Ω -1 cm -1 units. Therefore, it can be obtained via the area underneath the 𝜎 1 (𝜔) curve [57]. In addition, the square of the plasma frequency 𝜔 2 𝑝 = 𝑁 𝑒 2 /𝑚𝜀 0 , which is a measure of the strength of a mode [57], is also directly related to the 𝑆𝑊 by

𝑆𝑊 = ∫︁ ∞ 0 𝜎 1 (𝜔)d𝜔 = 𝜋 2 𝑍 0 𝜔 2 𝑝 , (I.13)
with 𝑍 0 = √︀ 𝜇 0 /𝜀 0 the vacuum impedance, 𝜇 0 the permeability and 𝜀 0 the permittivity of free space [57]. The SW associated with the excitations is conserved by going from the normal to the broken symmetry states [1], which is particularly relevant for the optical studies of superconductors (Section 2.3.3, p. 63).

Moreover, to describe a realistic system, another contribution coming from the deformation of the ion cores by the electric field E must be added to the dielectric response function (Eq. I.7). While the contributions of the phonons dominate the ε𝑟 in a frequency range 𝜔 close to 𝜔 𝑇 , the polarization from the ion cores dominate at high optical frequencies. The corresponding dielectric response is assigned as 𝜀 ∞ . 

Dielectric Response of Solids

The total response ε𝑟 (𝜔) can be written then as function of 𝜔 𝑝 , 𝜏 and 𝜀 ∞ such that

ε𝑟 (𝜔) = 𝜀 ∞ + 𝜔 2 𝑝 (𝜔 2 𝑇 -𝜔 2 ) -𝑖𝜔/𝜏 , (I.14) 𝜀 1 (𝜔) = 𝜀 ∞ + 𝜔 2 𝑝 (𝜔 2 𝑇 -𝜔 2 ) (𝜔 2 𝑇 -𝜔 2 ) 2 -𝜔 2 /𝜏 2 , (I.15) 𝜀 2 (𝜔) = 𝜔 2 𝑝 𝜔/𝜏 (𝜔 2 𝑇 -𝜔 2 ) 2 -𝜔 2 /𝜏 2 .
(I.16)

In the case of a mechanical oscillator such as a phonon, 𝜔 𝑝 is the ion plasma frequency (or amplitude) and 𝑒 and 𝑚 are the effective charge and the reduced mass of the oscillator. Eq. I.14 can be generalized to a number of multiple oscillators 𝑗, as for a set of polar lattice modes, by the sum of each oscillator's contribution to ε𝑟 (𝜔) (Eq. I.17) [55]. In addition, an important further generalization of the dielectric function ε𝑟 (𝜔) is obtained by introducing a generalized oscillator strength 𝑆 𝑗 .

The plasma frequency 𝜔 𝑝 , which represents the strength of the response of the system to an electric field, is replaced by a sum of the generalized strength of the response

𝑆 𝑗 = 𝜔 2 𝑗𝑝 /𝜔 2 𝑗𝑇 .
The resulting ε𝑟 (𝜔) including the oscillator strength 𝑆 𝑗 and the sum of multiple oscillators 𝑗 becomes 

ε𝑟 (𝜔) = 𝜀 ∞ + ∑︁ 𝑗 (︃ 𝑆 𝑗 𝜔 2 𝑗𝑇 (𝜔 2 𝑗𝑇 -𝜔 2 ) (𝜔 2 𝑗𝑇 -𝜔 2 ) 2 -𝜔 2 /𝜏 2 𝑗 + 𝑖 𝑆 𝑗 𝜔 𝜔 2 𝑗𝑇 /𝜏 𝑗 (𝜔 2 𝑗𝑇 -𝜔 2 ) 2 -𝜔 2 /𝜏
𝜔 2 𝐿𝑂 = 𝜔 2 𝑇 𝑂 + 𝜔 2 𝑝 /𝜀 ∞ , (I.18)
which is valid for a system with one phonon mode. by including 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 to the real part 𝜀 1 (𝜔) of the dielectric function (for Γ = 0), one obtains

𝜀 1 (𝜔) = 𝜀 ∞ 𝜔 2 𝐿𝑂 -𝜔 2 𝜔 2 𝑇 𝑂 -𝜔 2 .
(I.19)
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The frequencies 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 satisfy the Lyddane-Sachs-Teller relation for one phonon mode following from Eq. I.19

𝜀 𝑠 𝜀 ∞ = 𝜔 2 𝐿𝑂 𝜔 2 𝑇 𝑂 , (I.20)
in which 𝜀 𝑠 is the static dielectric constant.

Extracting the TO and LO frequency values from the complex dielectric function requires, however, certain conditions: it has been shown [START_REF]Phonons: Theory and Experiments I[END_REF] that for very small damping Γ, the TO frequencies 𝜔 𝑇 𝑂 are obtained in a good approximation by the peaks of 𝜀 2 (𝜔); and that for vanishing damping Γ the LO frequencies 𝜔 𝐿𝑂 are obtained from the condition 𝜀 𝑟 (𝜔) = 0 [START_REF]Phonons: Theory and Experiments I[END_REF]. For damped phonons, however, Chang et al. [START_REF] Chang | Longwavelength longitudinal phonons of multi-mode crystals[END_REF] showed that a better approximation for the identification of 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 are in fact the maxima and minima, respectively, of the modulus of the complex

dielectric function |𝜀| = (𝜀 2 1 + 𝜀 2 2 ) 1/2
. In a similar manner, it can also be shown that the 𝜔 𝑇 𝑂 can be obtained from the maxima of the frequency-dependent conductivity

𝜎(𝜔) = 𝜔 4𝜋 𝜀 2 (𝜔), whereas the 𝜔 𝐿𝑂 are obtained from the maxima of the dielectric loss function, -Im(1/ε 𝑟 )) = 𝜀 2 /(𝜀 2 1 + 𝜀 2 2
), as this function describes the system response to the longitudinal displacement of atoms [1]. It is important to highlight that both 𝑇 𝑂 and 𝐿𝑂 frequencies are the coupled responses coming from the same oscillator mode, and their separation into two different components is rather a classical view. Phonons are the quanta of the ionic displacement field present in matter, and are therefore a quantum phenomenon, the 𝑇 𝑂 and 𝐿𝑂 are part of the same quanta.

The extraction of optical indexes is often carried from reflection or transmission measurements. Reflectance is defined as the ratio between the flux reflected by a surface (𝐼 𝑟 ) and the amount of incident flux (𝐼 0 ). For bulk homogeneous materials, the reflectance 𝑅 can be taken as the same as reflectivity 𝜌. Thus, the reflectance 𝑅 at normal incidence can be written as a function of the complex refractive index 𝑛 and 𝑘 such that

𝑅 = 𝐼 𝑟 𝐼 0 = |𝑟| 2 = (𝑛 -1) 2 + 𝑘 2 (𝑛 + 1) 2 + 𝑘 2 , (I.21)
by taking the absolute square of the complex quantity 𝑟, the reflection coefficient. Moreover, an example of theoretical reflectivity spectrum [56] is plotted in Fig.

I-1-c [56]. The low-frequency region where 𝜔 << 𝜔 𝑇 𝑂 is characterized by high optical transparency, no absorption and very small reflectivity for insulators. The origin of such characteristic in this region comes from 𝜀 2 = 2𝑛𝑘 = 0 and

𝜀 1 = 𝑛 2 -𝑘 2 > 1,
resulting in 𝑘 = 0, 𝑛 > 1 and 𝜀 1 = 𝑛 2 . This is a generalized case, and does not include local field corrections as it would be needed for highly ionic materials. In the case of less insulating materials, some reflectivity arises from the out-of-phase oscillation of valence electrons, excited by the incident radiation.

The infrared dispersion for ionic crystals in the vicinity of the dispersion frequency undergoes selective reflection, implying that the reflectivity may reach 100%.

This selective reflection around the optical lattice mode frequencies in ionic crystals is known as the reststrahlen phenomenon [START_REF] Nudelman | Optical Properties of Solids: Papers from the NATO Advanced Study Institute on Optical[END_REF]. As frequency increases, 𝑛 increases steadily above the value 𝑛 = √ 𝜀 0 . As the frequency reaches the dispersion frequency 𝜔 𝑇 𝑂 , 𝜀 and hence 𝑛 become infinite and the crystal is perfectly reflecting with 𝑅 = 1.

For the case of thin films, as studied in the present thesis, the system consists of different multiple layers and interfaces with different refractive indexes ñ [START_REF] Heavens | Thin film physics[END_REF] (Fig.

I-4

). New exotic effects occur when reaching the nanoscale, with samples in the form of epitaxially or polycrystalline grown thin films [57]. In general, thicknesses range from a few unit cells up to hundreds of nanometers. In the present thesis all samples thickness are < 90 nm. Each stacked material and resulting interface contributes differently to the final response of the system. The reflectance 𝑅 of such multilayer system, obtained by taking the absolute value of the reflectivity 𝜌, as the reflection coefficients is now a complex function. The reflectance 𝑅 is then calculated in terms of the frequency-dependent complex refractive index ñ, the angle of incidence 𝜑, the frequency of the incoming light 𝜈 and the film thickness 𝑑 1 [START_REF] Heavens | Thin film physics[END_REF][START_REF]Optical properties of thin solid films[END_REF], using

𝜌 = 𝑟 0,1 + 𝑟 1,2 exp(-2𝑖𝛿 1 ) 1 + 𝑟 0,1 𝑟 1,2 exp(-2𝑖𝛿 1 ) with 𝛿 1 = 2𝜋ñ 1 𝜈𝑑 1 , (I.22)
where 𝑟 𝑚,𝑛 is the Fresnel coefficient describing the reflectivity from an interface.

Furthermore, the spectral region around 𝜔 𝑇 𝑂 is characterized by strong absorption [56]. Absorption by a material can be expressed in terms of the light intensity 𝐼 which is proportional to the amplitude of the electric field |E| 2 = 𝐸 • 𝐸, giving

𝐼 = 𝐼 0 exp (︂ - 2𝜔𝑘𝑧 𝑐 )︂ , (I.23)
with 𝑘 the imaginary part of the complex refractive index, 𝐼 0 the incoming light and 𝑧 the one-dimensional direction (parallel to the incident light's direction in In metals, however, the conduction electrons are now free, being described as a classical gas of electrons, having their properties governed by Maxwell-Boltzmann statistics [56,[START_REF] Misra | Physics of condensed matter[END_REF]. The dielectric function is then described by the the Drude Model, in which the restoring force in the Drude-Lorentz model becomes zero, 𝜔 𝑇 = 0 in Eq. I. 7 (p. 36). A second consequence of unbounded electrons arises:

as the wave function of a free electron is uniform throughout the metal, the electric field acting on it is just an average field (no corrections are needed for the local field E 𝑙𝑜𝑐 ). From Eq. I.7 and taking 𝜔 𝑇 = 0, one then obtains

𝜀 1 = 1 - 𝑁 𝑒 2 𝜀 0 𝑚 1 𝜔 2 + Γ 2 , (I.25) 𝜀 2 = 𝑁 𝑒 2 𝜀 0 𝑚 Γ 𝜔(𝜔 2 + Γ 2 ) , (I.26)
in which the scattering rate Γ denotes the width of the oscillator function due to the damping [1] and is related to the mean free time (scattering time Γ = 1/𝜏 ) between free electrons collisions with phonons. The Drude-Lorentz Model consisting in using a set of damped harmonic oscillators is, therefore, a powerful tool to describe the absorption and reflectance spectra in the infrared region, a spectral domain where light interacts directly with the vibrational modes. Knowing that all modes of oscillation contribute to the polarizability of the system, and consequently to the dielectric function, the contributions from the ionic movement are small at optical frequencies due to the inertia of the ions compared to the electrons. Furthermore, in the infrared region, the photon wave vector is very small compared with the shortest reciprocal lattice vector k, and therefore it is usually taken as zero. As a consequence, the previous discussion concerns only 𝜀 1 (𝜔) and 𝜀 2 (𝜔) at k = 0.

Experimentally, however, the measurement of the full complex dielectric function is not available. To counter this, a mathematical approach is frequently used in optical techniques: the use of the Kramers-Kronig relations together with its sum rules.

These equations allow to correlate real and imaginary parts of the same function,

and to obtain a full description of the system's response when direct measurements do not allow it.

Kramers-Kronig Relations and Sum Rules

The Kramers-Kronig equations relate any response function Ĝ(𝑟, 𝑟 ′ , 𝑡, 𝑡 ′ ) taken at a particular given time 𝑡 and position 𝑟, which is then submitted to an external stimulus at a different time 𝑡 ′ and location 𝑟 ′ [1]. In optical studies, it is useful to write the real and imaginary parts of the complex dielectric function 𝜀 1 and 𝜀 2 using the Kramers-Kronig relations as: The dispersion relations have interesting properties at some limit values, called the sum rules. The limit 𝜔 = 0 leads to the first sum rule,

𝜀 1 (𝜔) = 1 + 2 𝜋 𝒫 ∫︁ ∞ 0 𝜔 ′ 𝜀 2 (𝜔 ′ ) 𝜔 ′2 -𝜔 2 d(𝜔 ′ ) , (I.27) 𝜀 2 (𝜔) = - 2 𝜋𝜔 𝒫 ∫︁ ∞ 0 𝜔 ′2 [𝜀 1 (𝜔 ′ ) -1] 𝜔 ′2 -
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𝜀 𝑠 = 𝜀 1 (0) = 1 + 2 𝜋 𝒫 ∫︁ ∞ 0 𝜀 2 (𝜔) 𝜔 d(𝜔) , (I.29)
where 𝜀 𝑠 is the static dielectric constant, and represents the sum of all frequency contributions of the imaginary part 𝜀 2 (𝜔). It is a measure of absorption processes and their mode strength, being correlated to the dc conductivity, is also called 𝜎 𝑑𝑐

𝜎 𝑑𝑐 = 𝜎 1 (0) = 1 2𝜋 2 ∫︁ ∞ 0 [1 -𝜀 1 (𝜔 ′ )] d(𝜔 ′ ) .
(I.30)

The Kramers-Kronig relations together with its sum rules allow, therefore, to correlate real and imaginary parts of the same response function, and to obtain a full description of the system's response when direct measurements do not allow it.

Physical Properties of Functional Metal Oxides

In the following sections, piezoelectricity, ferroelectricity and superconductivity, the main relevant physical phenomena for the three studied families of functional metal oxides, are discussed in terms of their main properties and optical signatures. Crystals can be categorized into 32 point groups (called classes), with 11 of them displaying inversion symmetry center (Fig. I-7-a) [START_REF] Hanani | Design of flexible lead-free ceramic/biopolymer composite for energy storage and energy harvesting applications[END_REF]. Inside of the remaining 21 non-centric classes, all except one display a polarization change when subjected to mechanical stress, hence these classes are piezoelectric [START_REF] Wul | Ferroelectric switching in BaTiO 3 ceramics[END_REF]. They are characterized by a change in mechanical stress or strain when an external electric field is applied, and vice versa. Inside the 21 piezoelectric point groups, 10 possess a unique axis of symmetry and an electric polarization can exist within the structure in the absence of an applied field. Such electric polarization in these polar materials occurs in a range of temperature, making them pyroelectric. As they are noncentric, they also display piezoelectric behavior [START_REF] Kong | Fundamentals of ferroelectric materials[END_REF]. If the spontaneous polarization is reversible by an external electric field, the material is also ferroelectric. They are summarizes the relationship between piezoelectrics, pyroelectrics and ferroelectrics.

Superconductors are macroscopic manifestations of an emergent quantum phenomenon, being characterized by the lack of electrical resistance and the presence of the Meissner effect2 in a certain temperature range. The main theories behind the three phenomena are addressed, together with their consequences in optical studies.

Piezoelectricity

In general, ionic or partly ionic crystals are piezoelectric, implying the release of electric charge under the application of mechanical stress. Therefore, when submitted to stress, the material develops a polarization due to the relative displacements of positive and negative charges, as the sum of the dipole moments at each complex ion is no longer null [3]. Reversibly, application of an electric field causes a mechanical strain of the material [2]. In a one-dimensional case, the elastic strain 𝑒 caused by an electric field 𝐸 has the form

𝑒 = 𝑍𝑠 + 𝐸𝑑. (I.31)
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Likewise, the polarization 𝑃 caused by an applied stress 𝑍 is

𝑃 = 𝑍𝑑 + 𝜀 0 𝐸𝜒, (I.32)
in which 𝑑 is the piezoelectric strain constant, 𝑠 is the elastic compliance constant, 𝜒 is the dielectric susceptibility and 𝜀 0 the free space permittivity. In a 3D Inside piezoelectric materials, one finds the subclass of pyroelectric materials, in which a spontaneous polarization occurs in a specific temperature range [START_REF] Kong | Fundamentals of ferroelectric materials[END_REF],

implying a release of charge due to a material's change of temperature. This means that within a given temperature range, this group of materials is permanently polarized. Compared to the general piezoelectric polarization produced under stress, pyroelectric polarization develops spontaneously and remains as permanent dipoles in the structure [START_REF] Kong | Fundamentals of ferroelectric materials[END_REF]. Within the pyroelectric class, some materials may have their spontaneous polarization not only changed with temperature, but also reversed under an applied electric field. Therefore, ferroelectricity is defined as the presence of spontaneous polarization that is reversible by an external electric field [START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF][START_REF] Haertling | Ferroelectric ceramics: History and technology[END_REF].

Ferroelectricity

Ferroelectric materials are marked by the appearance of a spontaneous dielectric polarization, exhibiting a macroscopic electric dipole moment even in the absence of an external electric field [2], which can be reversed under an applied electric field.

With atypically high and abnormal temperature-dependent values of the dielectric constant and a strong associated piezoelectric effect, some ferroelectric materials have revolutionized the technology industry.

Ferroelectrics are characterized by the 𝑃 vs 𝐸 plot, polarization versus electric field, for which the ferroelectric state shows a hysteresis loop (Fig. Understanding the polarization effects inside the crystal is central for the comprehension of such classes of materials and elaborations are addressed in the following sections.

Polarization and Local Field

In Section 1.1 (p. 35), the lattice modes inside a solid were described by a set of damped harmonic oscillators called the Drude-Lorentz model, generally valid for dielectrics and metals (for 𝜔 𝑇 = 0). In Eq. I.4 (p. 36), the local electric field E 𝑙𝑜𝑐 was defined as the average of the macroscopic electric field E inside the following equation P = 𝑁 𝛼 < E 𝑙𝑜𝑐 >= 𝜒(𝜔)E, with P the macroscopic polarization, and 𝜒(𝜔) is the dielectric susceptibility. The parameter 𝛼 is the polarizability, defined as the tendency of matter to acquire an electric dipole moment [START_REF] Grosso | Solid state physics[END_REF].

In the case of ferroelectrics, the polarization needs to be described in a different manner when compared to simple insulators. The real effects of a local induced field E 𝑙𝑜𝑐 in ferroelectrics, rather than just averaging the macroscopic field E, were further examined by Lorentz [START_REF] Lorentz | The theory of electrons and its applications to the phenomena of light and radiant heat[END_REF][START_REF] Grosso | Solid state physics[END_REF]. The calculation of differences between E and E 𝑙𝑜𝑐 at the position of a given atom or molecule inside a solid remained a challenge during many years. Lorentz based its arguments on the extreme tight-binding limit, implying the crystal being represented by an ensemble of microscopic electric dipoles well-localized around the lattice sites. Using this approximation, the local field E 𝑙𝑜𝑐 can be obtained using a small spherical region around the site and a highly-symmetric structure such as a cubic lattice. The expression for E 𝑙𝑜𝑐 becomes E 𝑙𝑜𝑐 = E + 𝛾 4𝜋 3 P, with 𝛾 being a semiempirical parameter and the 4𝜋 3 factor coming from integration of the sphere region. For 𝛾 = 0, one obtains the same result as in Eq. I. 4 (p. 36) with no distinction between E 𝑙𝑜𝑐 and average field E, which is the case of free electrons or non-localized wave-functions systems. On the contrary, for 𝛾 = 1, one obtains strongly localized dipoles in highly symmetric crystals. The 𝛾 factor can be further separated in different parameters for different sublattices in more refined models.

In the case of a system with 𝑁 atoms in a volume 𝑉 , the average polarization Chapter I. Optical Properties of Functional Materials P due to induced fields E 𝑙𝑜𝑐 can be described as

P = 𝑁 𝑉 𝛼E 𝑙𝑜𝑐 = 𝑁 𝑉 𝛼(E + 𝛾 4𝜋 3 P), (I.34) P = (𝑁/𝑉 )𝛼 1 -𝛾(4𝜋/3)(𝑁/𝑉 )𝛼 E. (I.35)
The previous discussion about 𝛾 values can be further expanded using Eq. I. 35.

In the case where E 𝑙𝑜𝑐 and the macroscopic field E are the same, Eq. I.35 reduces to P = (𝑁/𝑉 )𝛼E, P is thus finite for any finite polarizability 𝛼, implying no divergence.

For E 𝑙𝑜𝑐 ̸ = E, P tends to diverge if 𝛾(4𝜋/3)(𝑁/𝑉 )𝛼 → 1. This condition is known as "polarization catastrophe". For ordinary dielectrics, the denominator in Eq. I.35 is far from this vanishing condition. For some other crystals, however, candidates to become ferroelectrics, the polarization catastrophe is crucial for understanding physical and structural properties near phase transitions.

Ferroelectric Phase Transitions

The ferroelectric transitions can be classified in two main types based on the nature of the phase transition occurring at the critical temperature 𝑇 𝑐 : displacive or order-disorder [2]. To understand displacive phase transitions, the concept of ferroelectric soft mode needs to be introduced. It consists on one -or severalpolar optical phonons, whose frequency tends to zero or greatly decrease near the 𝑇 𝑐 of the structural phase transition [START_REF] Kamba | Soft-mode spectroscopy of ferroelectrics and multiferroics: A review[END_REF]. If the soft mode is the dynamical origin of the structural phase transition, implying that it can be propagated inside the crystal at the transition point, then the ferroelectric is of displacive type. In most real cases, however, the soft mode never softens completely, and some finite frequency can be observed at 𝑇 𝑐 [START_REF] Kamba | Soft-mode spectroscopy of ferroelectrics and multiferroics: A review[END_REF]. An example of soft mode is represented in Fig. the transition does not involve any phonons, but only a hopping motion between the wells of the disordered atoms in equivalent positions inside order-disorder system. NaNO 2 is a typical order-disorder type ferroelectric, in which reorientation of the dipolar NO -1 2 ions generates ferroelectricity [4] (Fig. I-9-b). In this case, the soft mode is not an optical phonon, but it has a relaxational character.

The border-line between the two types of transition is often not completely clear and the two transition types are not mutually exclusive [4]. At the crossover from the displacive to order-disorder transitions, the central mode type dispersion (i.e. a dielectric relaxation) appears near 𝑇 𝑐 below the optical soft mode frequency. The dielectric relaxation and the soft mode are coupled, and the central mode is mainly responsible for the dielectric anomaly near 𝑇 𝑐 (Fig. I-8-b). Actual ferroelectric crystals often display, therefore, both displacive and order-disorder characteristics [4].
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Displacive Transitions

Two main ideas form the theory of displacive transitions: the polarization catastrophe (Section 2.2.1) where the polarization diverges, thus becoming very large and the condensation of a TO phonon [2]. The former occurs when the corresponding TO frequency vanishes at some point in the Brillouin zone. It is important to notice that LO phonons always have higher frequencies than the TO of the same wave vector, so LO phonon condensation is out of the concern. One can describe the temperature dependency of the low-frequency static dielectric constant 𝜀 𝑠 using the Curie-Weiss law,

𝜀 𝑠 = 𝐶 𝑇 -𝑇 0 , (I.36)
𝐶 and 𝑇 0 being the Curie-Weiss constant and temperature [START_REF] Kamba | Soft-mode spectroscopy of ferroelectrics and multiferroics: A review[END_REF]. In a real 3-dimensional solid, the complex dielectric function ε𝑟 = 𝜀 1 + 𝑖𝜀 2 can be written as a sum of all dielectric contributions: the high-frequency electronic polarization (𝜀 ∞ ), the polar phonons (𝜀 𝑝ℎ ), and eventually some dielectric relaxations (𝜀 𝑑𝑟 ) called Debye relaxations: with 𝜔 𝑇 𝑂𝑗 the transverse frequency, Γ the damping and ∆𝜀 𝑗 the dielectric contribution to the static permittivity of the j-th polar phonon. For the relaxator term, ∆𝜀 𝑅𝑗 is the dielectric strength and 𝜔 𝑅𝑗 the relaxation frequency of the j-th relaxation, respectively. In the case of displacive systems, the relaxation contribution 𝜀 𝑑𝑟 is null in the paraelectric phase, implying that the increase in the dielectric constant value near 𝑇 𝑐 (as in Eq. I.36) is caused by the decrease in frequency of one of the polar phonons [START_REF] Grosso | Solid state physics[END_REF]. In Eq. I.37, the TO frequency 𝜔 𝑇 𝑂 decreases with respect to the short-range value 𝜔 𝑇 in Eq. I.7 as an effect of long-range Coulomb interactions that counteract the short-range restoring forces, causing a "softening" effect. Therefore polar crystals presenting TO branches with low-frequency 𝜔 𝑇 𝑂 are great candidates to develop an extraordinary large polarization.

ε𝑟 = 𝜀 ∞ + 𝜀 𝑝ℎ + 𝜀 𝑑𝑟 = 𝜀 ∞ + 𝑛 ∑︁ 𝑗 ∆𝜀 𝑗 𝜔
Furthermore, with the phonons not coupled between them, the oscillator strengths where the mode does not soften completely, the soft mode is fully responsible for the anomalous temperature dependence of the low-frequency 𝜀 1 , although ferroelectricity is never completely reached in these systems.

𝜈 𝑗 = ∆𝜀 𝑗 𝜔

Order-Disorder Transitions

In some structures, the high-𝑇 paraelectric phase is disordered. This means that some of the elements, that occupy two or more equivalent sites with probability less then 1, become ordered below 𝑇 𝑐 only in some of the mentioned positions [START_REF] Kamba | Soft-mode spectroscopy of ferroelectrics and multiferroics: A review[END_REF].

The dynamical origin of this phase transition is the critical slowing-down of some relaxation frequency 𝜔 𝑅𝑗 (Eq. I.37). The physical meaning of this term is the hopping motion of the elements randomly distributed in the equivalent positions in the paraelectric phase. The soft relaxation frequency 𝜔 𝑅𝑠 in the disordered system corresponds to the optical soft mode in displacive transitions, having a similar linear temperature dependence above 𝑇 𝑐 :

𝜔 𝑅𝑠 = 𝒜 ′ (𝑇 -𝑇 𝑐 ). (I.39)

First and Second Order Transitions

Another classification for ferroelectric transitions is based on its order parameter [4], according to the Landau Theory [2]. As mentioned, the occurrence of the polar state in ferroelectrics leads to a structural transition from a high-𝑇 and high-symmetry paraelectric phase to a low-𝑇 and low-symmetry ferroelectric phase [4] as represented in Fig. I-9. Some symmetry elements of the high-𝑇 paraelectric phase are lost below 𝑇 𝑐 , implying a symmetry breaking. As such phenomenon occurs, order parameters may be introduced to describe the new degree of order in the system.

Generally, the order parameter is zero above 𝑇 𝑐 , and nonzero below it [4]. For [4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 < 𝑇 𝑐 (Eq. I.36) [2], and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared. At 𝑇 𝑐 , the free energy potential of the paraelectric and ferroelectric phases are equal, resulting in two equal minima at 𝑃 𝑠 = 0 and at a finite 𝑃 𝑠 value indicated by the black arrow [2].

For 𝑇 < 𝑇 𝑐 the absolute minimum is at larger values of 𝑃 𝑠 . For 𝑇 > 𝑇 𝑐 , there is a discontinuous change in the position of the absolute minimum.

Moreover, the static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 below 𝑇 𝑐 (following Eq. I.36), and its inverse 1/𝜀 𝑠 is plotted in Fig.

I-10-a (blue curve).

In addition, for 1 𝑠𝑡 -order transitions, the free energies of the paraelectric and ferroelectric phases at 𝑇 𝑐 are equal [2], resulting in the middle curve reported in Fig. [4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 = 𝑇 𝑐 (Eq. I.36), and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared [5].

At 𝑇 = 𝑇 𝑐 , the free energy potential becomes flat and evolves to a parabolic profile as 𝑇 > 𝑇 𝑐 .

Superconductivity

As seen in the Drude model description (Section 1.1, p. 35), not all electrons in the system are strongly bounded to the atom, some being able to scatter with phonons inside the solid. The electron-phonon interactions, i.e. the energy exchange between the electrons and lattice, is the cause of electrical resistance [START_REF] Misra | Physics of condensed matter[END_REF]. Although lowering the temperature of a normal metal causes the ionic vibrations and, in consequence, Chapter I. Optical Properties of Functional Materials resistance to lower, in many cases there is a residual resistivity at low-𝑇 . This residual resistance does not exist in superconductors, in which a sharp drop to zero in resistivity is observed at a transition temperature 𝑇 𝑐 [START_REF] Grosso | Solid state physics[END_REF]. Moreover, superconductors manifest the Meissner effect, implying the exclusion of a magnetic flux from inside the material [2], also called perfect diamagnetism [START_REF] Grosso | Solid state physics[END_REF]. The combination of perfect conduction and perfect expulsion of (weak) magnetic field from bulk materials is what defines unambiguously superconductivity [START_REF] Grosso | Solid state physics[END_REF] 

The Ginzburg-Landau Theory

The superconducting state can be modeled by a position-dependent order parameter Ψ(r) = |Ψ(r) exp(𝑖𝜑(r))|, which describes the macroscopic characteristics of a superfluid condensate with phase exp(𝑖𝜑(r)) [START_REF] Grosso | Solid state physics[END_REF]. In a bosonic system, at very low but finite temperatures, a large fraction of the total boson particles collapse into the ground quantum state. This phenomenon is known as the Bose-Einstein condensation. In order for electrons (fermions) to condensate, however, there should exist a cooperative condensation phenomenon in which many pairs of electrons of the normal Fermi sea are formed in order to minimize the total energy of the system. Being called the Cooper pairs, they are one of the main results of the Ginzburg-Landau Theory.

To achieve such results, one defines the superfluid density as

𝑛 𝑠 (𝑟) = |Ψ(r)| 2 ,
being strongly correlated to the wave-function Ψ(r) for a particle of effective charge for 𝑇 getting closer to 𝑇 𝑐 from below. An applied magnetic field 𝐻 𝑒𝑥𝑡 penetrates a thin film sample uniformly if the thickness is much less than 𝜆 eff , resulting in an incomplete Meissner effect [START_REF] Misra | Physics of condensed matter[END_REF]. The induced field is therefore much less than 𝐻 𝑒𝑥𝑡 , the energy density of the superconducting being practically not affected by 𝐻 𝑒𝑥𝑡 .

The scale of spacial variations of the order parameter Ψ(𝑟), in a one-dimensional situation without magnetic field, can be written as

- ℏ 2 2𝑚 * d 2 Ψ(𝑟) d𝑟 2 + 𝛽|Ψ(𝑟)| 2 Ψ(𝑟) = -𝛼(𝑇 )Ψ(𝑟). (I.44)
From the coefficient of the first term of Eq. I. The surface energy of the system has a positive slope if 𝜅 < 1/ √ 2 and a negative

one if 𝜅 > 1/ √ 2.
This result has serious implications on the type of superconductor.

If the surface energy is negative, magnetic flux can easily penetrate the superconductor forming the type II superconductors, which have interlocking regions of normal and superconducting metal. If the surface energy is positive, the flux cannot penetrate giving rise to the type I superconductors family [START_REF] Grosso | Solid state physics[END_REF]. Therefore, the type I family presents diamagnetism, i.e. Meissner effect, that grows linearly with the external magnetic field 𝐻 𝑒𝑥𝑡 until a critical value is reached, dropping sharply.

In the type II family, however, due to the negative surface energy, the diamagnetization still grows linearly with 𝐻 𝑒𝑥𝑡 but decreases "slowly" as the flux begins to penetrates the system, revealing the mixed metal/superconductor behaviour, called vortex.

In Eq. I.46, the single macroscopic particle of effective charge 𝑒 * and effective mass 𝑚 * was found to be 𝑒 * = 2𝑒 and 𝑚 * = 2𝑚, being consistent with the formation of Cooper pairs: the cooperative condensation phenomenon in which many pairs of electrons of the normal Fermi sea are formed in order to minimize the total energy 𝐹 𝑠 of the system (at 𝑇 = 0 K) [START_REF] Misra | Physics of condensed matter[END_REF].
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The BCS Theory

The driving force for the Cooper pairs formation is the occurrence of an effective attractive interaction among conduction electrons of a metal mediated by phonons.

The process involves an electron with wave vector k emitting a virtual phonon that is absorbed by a second electron k ′ . The lattice becomes polarized around the first electron, allowing the second electron near the polarized cloud to feel an attractive force [START_REF] Grosso | Solid state physics[END_REF]. This force is independent of the Coulomb interaction between the two electrons and the direction of their spins does not change during interaction. To describe this system, the variational form of the ground-state wave function for superconductors in the BCS theory becomes

|Ψ 𝑆 ⟩ = ∏︁ k (𝑢 k + 𝜈 k 𝑐 † k↑ 𝑐 † -k↓ )|0⟩, (I.47)
where |0⟩ is the vacuum state, 𝑢 k and 𝜈 k are real and even functions of k, taken so as to minimize the ground-state energy. Under the constraint of Ψ 𝑆 normalized to unity (𝑢 2 k + 𝜈 2 k = 1), 𝜈 k gives the probability amplitude that the pair (k ↑, -k ↓) is occupied and 𝑢 k gives the probability amplitude that the pair (k ↑, -k ↓) is unoccupied. After minimization of the wave function, one obtains the expectation quantity

𝑊 𝑆 = ⟨Ψ 𝑆 |𝐻 𝐵𝐶𝑆 |Ψ 𝑆 ⟩, (I.48)
where 𝐻 𝐵𝐶𝑆 is the BCS Hamiltonian. To be able to solve the minimization function for 𝑢 k and 𝜈 k , one can define an energy gap parameter ∆ k such that

∆ k = - ∑︁ k ′ 𝑈 kk ′ 𝑢 k ′ 𝜈 k ′ , (I.49)
in which 𝑈 kk ′ represents the scattering amplitudes. For every k vector, the energy gap parameter can be written in function of the single particle energy 𝜀 k measured with respect to the Fermi energy:

∆ k = - 1 2 ∑︁ k ′ 𝑈 kk ′ ∆ k ′ √︀ 𝜀 2 k ′ + ∆ 2 k ′ . (I.50)
For the normal metal state, ∆ k = 0 for every k vector and no gap opening is observed, i.e. electrons fill the Fermi sphere up to k 𝐹 . For a superconductor in the average potential approximation (𝑈 kk ′ = 𝑈 0 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) and assuming a single s-wave Cooper pair, one obtains

∆ k = ∆ 0 = ℏ𝜔 𝐷 sinh(1/𝑈 0 𝑛 0 ) , (I.51)
for the condition |𝜀 k | < ℏ𝜔 𝐷 , 𝜔 𝐷 being the Debye phonon frequency of the material and 𝑛 0 the density-of-states. One important result of Eq. I.51 is the limit in which 𝑈 0 𝑛 0 < 1 and ∆ 0 ≪ ℏ𝜔 𝐷 called the weak coupling limit that gives From the BCS theory, the spatial extent of the electrons in the Cooper pair 𝜉 0 is given by 𝜏 the scattering time. If ℓ is small (ℓ/𝜉 → 0), implying that the scattering of electrons inside the material in the normal state is high, 𝜉 ≈ (𝜉 0 ℓ) 1/2 and 𝜆 ≈ 𝜆 𝐿 (𝜉 0 ℓ) 1/2 , giving 𝜆/𝜉 ≈ 𝜆 𝐿 /ℓ. This is known as the dirty limit. In the limit where ℓ/𝜉 → ∞, called the clean limit, one can distinguish two sub-classes: the anomalous limit (𝜆 ≪ 𝜉, ℓ, for type I superconductors) and the London limit (𝜆 ≪ 𝜆 𝐿 , ℓ for type II superconductors).

∆ 0 = 2ℏ𝜔 𝐷 exp(-1/𝑈 0 𝑛 0 ). At 𝑇 ̸ = 0 K,
𝜉 0 = ℏ 2 k 𝐹 𝜋𝑚∆ 0 , (I.
Another important consequence of the relationship between 𝜉, 𝜆 𝐿 and ℓ is their implications to the energy gap. As ℓ ≈ 𝜈 𝐹 𝜏 and similarly 𝜉 = 𝜈 𝐹 ∆ 0 , the clean limit becomes 1/𝜏 < ∆ 0 and the dirty limit is now 1/𝜏 > ∆ 0 . This means that in the dirty limit, the width of the Drude response in the metallic state, just above 𝑇 𝑐 , is bigger than the frequency of the gap 2∆ 0 /ℏ. The opposite is observed for the clean limit.

Optical Response of the Superconducting State

The formalism reviewed in this section is particularly important for understanding the results presented in Chapter V. The superconducting state of Nd 0.8 Sr 0.2 NiO 2 is measured using Far-infrared spectroscopy and the Mattis-Bardeen model is exploited to infer the energy gap. Moreover, the optical conductivity of the Nickelate sample at its normal state is extracted by a fit. The following theoretical background is relevant for such results.

The current density J 𝑠 in Eq. I.41 can be expressed in function of an external electric field E such that [1] d d𝑡

𝑚 𝑛 𝑠 𝑒 2 J 𝑠 = E. (I.55)
For time-varying fields, Eq. I.55 gives a 1/𝜔 dependence of the imaginary part of the conductivity 𝜎 2 . From the London penetration depth in Eq. I.43, one can write

𝜎 2 (𝜔) = 𝑛 𝑠 𝑒 2 𝑚𝜔 = 𝑐 2 4𝜋𝜆 2 𝐿 𝜔 . (I.56)
Using the Kramers-Kronig relations (Section 1.2), the real part of the conductivity is given by

𝜎 1 (𝜔) = 𝜋 2 𝑛 𝑠 𝑒 2 𝑚 𝛿[𝜔 = 0] = 𝑐 2 8𝜆 2 𝐿 𝛿[𝜔 = 0]. (I.57)
The spectral weight (SW) conservation associated with the excitations is obtained when going from the normal state to the broken symmetry states. In the superconducting phase, two contributions to the conductivity are observed: one from the collective mode of the Cooper pairs 𝜎 𝑐𝑜𝑙𝑙 1 (𝜔) and one from the single-particle excitations

𝜎 𝑠𝑝 1 (𝜔) giving ∫︁ ∞ -∞ [𝜎 𝑐𝑜𝑙𝑙 1 (𝜔) + 𝜎 𝑠𝑝 1 (𝜔)]d𝜔 = ∫︁ ∞ -∞ 𝜎 𝑛 1 (𝜔)d𝜔 = 𝜋 2 𝑛 𝑠 𝑒 2 𝑚 , (I.58)
with 𝜎 𝑛 1 (𝜔) for the normal state and assuming that all carriers condense. Upon a superconducting transition, part of the SW is removed from the integral such that

∫︁ ∞ 0 [𝜎 𝑛 1 (𝜔) -𝜎 𝑠 1 (𝜔)]d𝜔 = 𝐴. (I.59)
This happens due to the SW transfer, represented by the area 𝐴, to the collective mode with 𝜎 1 (𝜔 = 0). The spectral redistribution can be related to the penetration depth 𝜆 by the equation

𝜆 = 𝑐 √ 8𝐴 , (I.60)
which holds also at finite temperatures and for various values of ℓ and 𝜉. In the limit of long relaxation time, ℏ/𝜏 ≪ ∆ 0 , the entire Drude SW of the normal carriers collapses into the collective mode, and one obtains the same result as in Eq. I.57.

With increasing 1/𝜏 , approaching the dirty limit, the SW is progressively reduced and an increase of the penetration depth is observed. In the limit of 1/𝜏 ≫ 2∆ 0 /ℏ, the missing SW is then approximately to the area 𝐴 ≈ 𝜎 1 (2∆ 0 /ℏ).

The contributions to the total SW in superconductors are often divided into two categories: the low-frequency contribution to the optical conductivity is often named Drude term, whereas a higher-frequency contribution, falling in the Midinfrared range, is called the MIR band. An important relation can be obtained by
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evaluating such contributions to SW [START_REF] Vecchio | Optical properties of V 2 O 3 in its whole phase diagram[END_REF]. The ratio between the Drude component 𝑆𝑊 𝐷 and the SW inside the superconducting state (𝑆𝑊 𝑠𝑢𝑝𝑟𝑎 ) that contains the Drude and the MIR band provides an estimate of the degree of electronic correlation of the material, such that

𝑆𝑊 𝐷 𝑆𝑊 𝑠𝑢𝑝𝑟𝑎 = 𝜔 2 𝑝 (𝜔 2 𝑝 + (𝜔 𝑀 𝐼𝑅 𝑝 ) 2 ) , (I.61)
in which 𝜔 𝑝 is the Drude plasma frequency and 𝜔 𝑀 𝐼𝑅 𝑝 is the MIR band oscillator amplitude. For 𝑆𝑊 𝐷 𝑆𝑊𝑠𝑢𝑝𝑟𝑎 close to zero, the electron-electron correlations are strongly renormalizing the coherent SW. This means that the material is strongly correlated, in which electron-electron repulsion renormalizes the quasiparticle SW in favor of the MIR incoherent part. When 𝑆𝑊 𝐷 𝑆𝑊𝑠𝑢𝑝𝑟𝑎 → 1, one approaches a conventional metallic material like gold and silver. Furthermore, in order to obtain an appropriate model to describe the electrodynamics of superconductors outside the q ̸ = 0, one needs to account for nonlocal electrodynamics [1]. The calculation of the electromagnetic absorption becomes therefore a complex task. The current density J and the vector potential A in the presence of an ac field are related by

J(0, 𝑡) ∝ exp(-𝑖𝜔𝑡) ∫︁ dr r[r • A(r)]𝑟 -4 𝐼(𝜔, r, 𝑇 ) exp(-𝑟/ℓ), (I.62)
non-local effects being included in the kernel 𝐼(𝜔, r, 𝑇 ) and in the exponential function exp(-𝑟/ℓ). Two limits are important: for ℓ ≪ 𝜉 0 , called the local dirty limit, the integral is confined to 𝑟 ⩽ ℓ causing 𝐼(𝜔, r, 𝑇 ) to be constant; for 𝜆 ≪ 𝜉 0 , called the anomalous limit, 𝐼(𝜔, r, 𝑇 ) varies slowly in space and can be taken as constant as well. The variation of r (spatial variation) implied by the expression of J (Eq. I.62)

is the same as the one given by the Chambers formula3 for metals, i.e. the expression of J in the normal state. Therefore, the complex superconducting conductivity σ𝑠𝑐 (𝜔, 𝑇 ) can then be normalized to the normal state conductivity σ𝑁 (𝜔, 𝑇 ), with numerical factors dropping out of the relevant equations giving

𝜎 𝑠𝑐 1 𝜎 𝑁 = (︂ 1 + 2∆ ℏ𝜔 )︂ 𝐸(𝑝) -2 (︂ 2∆ ℏ𝜔 )︂ 𝐾(𝑝) (ℏ𝜔 > 2∆), (I.63) 𝜎 𝑁 = 1 2 {︂(︂ 2∆ ℏ𝜔 + 1 )︂ 𝐸(𝑝 ′ ) + (︂ 2∆ ℏ𝜔 -1 )︂ 𝐾(𝑝 ′ ) }︂ , (I.64)
in which 𝐸(𝑝) and 𝐾(𝑝 ′ ) are the elliptical integrals of second and first kind, while the arguments 𝑝 and 𝑝 ′ take the form

𝑝 = |2∆ -ℏ𝜔|/|2∆ + ℏ𝜔|, 𝑝 ′ = √︀ 1 -𝑝 2 , (I.65)
in which 𝜎 𝑁 is mostly dominated by its real part at THz frequencies. These results are called the Mattis-Bardeen model. Eq. I.63 includes two terms, the first one representing the effects of thermally excited quasi-particle and the second one describing the contribution of the photon excited quasi-particles. This second term, that represents the breaking of a Cooper pair, is zero for ℏ𝜔 < 2∆, giving 𝜎 𝑠𝑐 1 = 0 in this limit (Fig. I-12-a). Furthermore, at 𝑇 = 0 K, the ratio 𝜎 𝑠𝑐 1 /𝜎 𝑁 describes the response of the normal carriers. Although the density of states diverges at ±∆, 𝜎 𝑠𝑐 1 (𝜔) does not diverge but has a smooth increase, which follows approximately the dependence 𝜎 𝑠𝑐 1 (𝜔)/𝜎 𝑁 ∝ 1 -(ℏ𝜔/𝑘 𝐵 𝑇 𝑐 ) -1.65 .

In Eq. I.64 describing 𝜎 𝑠𝑐 2 , the lower limit of the integral becomes -∆ for ℏ𝜔 > 2∆ (plotted in Fig. I-12-b). At 𝑇 = 0 K and 𝜔 < 2∆/ℏ, 𝜎 𝑠𝑐 2 /𝜎 𝑁 describes the response of the Coopers pairs and it is related to the gap parameter as

𝜎 𝑠𝑐 2 𝜎 𝑁 ≈ lim 𝑇 →0 𝜋∆ 0 ℏ𝜔 . (I.66)
Using the reflectivity in Eq. I.21 and the relationship between complex conductivity and refractive index

𝜎 1 = 𝑛𝑘𝜔 2𝜋𝜇 1 and 𝜎 2 = (1 -𝑛 2 -𝑘 2 𝜇 1 𝜔 4𝜋
), one can evaluate the reflectivity of a superconducting material in function of frequency 𝜔/2∆ℏ (Fig. I-12c). For frequencies below the gap energy 2∆, the reflectivity goes to unity, implying superconductors are perfect mirrors in the range 𝜔 < 2∆/ℏ. This effect comes from the large imaginary part of the conductivity 𝜎 𝑠𝑐 2 that diverges as 1/𝜔 approaches, whereas 𝜎 𝑠𝑐 1 = 0 for 0 < 𝜔 < 2∆. 2 (𝜔), that diverges as 1/𝜔 approaches in the 𝑇 = 0 K limit. (c) Reflectivity 𝑅(𝜔) at different temperatures by using the parameters 𝜎 𝑑𝑐 = 10 5 Ω -1 cm -1 , 𝜈 𝑝 = 𝜔 𝑝 /(2𝜋𝑐) = 10 4 cm -1 and 𝑇 𝑐 = 1 K. For 𝜔 < 2∆ the reflectivity goes to unity, implying that superconductors are perfect mirrors in the range 𝜔 < 2∆/ℏ. (Modified from [1]).

The Mattis-Bardeen formalism is, therefore, extremely useful in understanding the optical behaviour of superconductors, as it relates the conductivity of both normal "metal" state to the one of the superconductor state. It allows, as well, the extraction of multiple parameters from reflectivity measurements, which is highly relevant in far-infrared spectroscopy of superconductors.

Chapter II Techniques and Methods

Chapter II is dedicated to the main techniques and methods, both experimental and computational, used to study functional metal oxides thin films in the IR domain.

Chapter II is divided into two parts: Experimental Techniques and Computational Tools. In the first part, the large scale Synchrotron SOLEIL facility, is presented, in which the functioning and characteristics of the synchrotron source are addressed, focusing on its production and extraction. In the following, the main instrumental features and spectral range of the infrared dedicated AILES beamline are displayed, i.e. the Michelson interferometer, the Fourier Transformed Infrared Spectroscopy, main IR sources and detectors and different Sample Environments.

The general principles and main theory behind IR selections rules are also examined. In the second part, Chapter II presents a global view of Density Functional Theory (DFT), including the most relevant methods, theorems and theories that make today's modern DFT. Following, the ab initio method for calculating vibrational frequencies and intensities is also addressed, together with the presentation of the used software for performing the calculations, the Crystal quantum-solver program. Chapter II ends with the presentation of two different simulation approaches used to mimic the challenging solid solutions system: The Supercell Method and The Special Quasi-random Structures Method.

1 Experimental Techniques

Synchrotron SOLEIL

Extracting the emitted light of accelerated charged particles at relativistic speeds is the main purpose of the SOLEIL multiscale synchrotron facility. The produced synchrotron radiation covers a broad spectral range, extending from the THz (5 -50 cm -1 , 0.0006 -0.0037 eV) lowest energy range to the Hard X-rays (100 000 eV) [START_REF]SOLEIL | Centre de Rayonnement Synchrotron Français[END_REF], as presented in Fig. II-1. Such radiation has important characteristics, e.g. higher brilliance than most conventional radiation sources, specific polarisation and pulsed packets. The wide energy range is exploited on 29 beamlines with different extractions configurations depending on the energy of the exploited light [START_REF]SOLEIL | Centre de Rayonnement Synchrotron Français[END_REF].

Figure II-1: The electromagnetic spectrum obtained at the Synchrotron SOLEIL facility. The range extending from the THz (5 -50 cm -1 , 0.0006 -0.0037 eV) to the Hard X-rays (100 000 eV). The AILES beamline exploits the lowest energy range, from 5 to 12500 cm -1 [6].

The synchrotron light inside the facility is generated when the path of charged particles, circulating at relativistic speeds are bended by magnetic fields [START_REF] Colado-Vega | Magnetospheric imaging: understanding the space environment through global measurements[END_REF][START_REF]SOLEIL | Centre de Rayonnement Synchrotron Français[END_REF]. This section presents the main principles of synchrotron radiation emission, focusing on
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Figure II-2: Radiation pattern of charged particles moving in a circular path: (i) purple sphere represents the isotropic emission of a charged particle in a circular path with particle speed 𝑣 lower than the speed of light 𝑐 (𝛽 << 𝑣/𝑐); (ii) red tangential cone depicts the emission for particle speed 𝑣 close to speed of light 𝑐 (𝛽 ≈ 1) [7,8]. its production at the third-generation synchrotron SOLEIL (an acronym for Source Optimisée de Lumière d'Énergie Intermédiaire du LURE ).

When a charged particle moves in a circular path with speed 𝑣 well below the speed of light 𝑐 (𝛽 << 𝑣/𝑐), it behaves as a weak dipole which radiates isotropically [8], as depicted by the purple sphere in Fig. II-2. However, when relativistic electrons (𝛽 ≈ 1) are accelerated in a circular motion, the tangential emitted photons are highly collimated, forming a narrow cone with a solid angle Ψ [8], with width of the order of 2/𝛾, 𝛾 being the Lorentz factor for relativistic speeds 1 .

The relativistic compression of the photons time ∆𝑡 𝑜𝑏𝑠 is proportional to the relation 1/(𝛾𝜔 2 𝑐𝑦 sin 𝛼), with 𝜔 𝑐𝑦 the cyclotron frequency 2 and 𝛼 the inclination angle in which the electron enters the circular motion [START_REF] Jackson | Classical electrodynamics[END_REF]. Fourier transformed into frequency domain, the short pulse gives rise to a wide energy range (Fig. II-3), with a peak at a critical frequency 𝜔 𝑐 given by [START_REF] Jackson | Classical electrodynamics[END_REF][START_REF] Colado-Vega | Magnetospheric imaging: understanding the space environment through global measurements[END_REF]6]

𝜔 𝑐 = 3𝑐𝛾 3 4𝜋𝑅 , (II.1)
1 Lorentz factor is given by 𝛾 = 1/(

√︁ 1 -𝑣 2 𝑐 2 )
, 𝑐 is the speed of light and 𝑣 the particle speed. 2 cyclotron frequency 𝜔 𝑐𝑦 is the frequency in which a charged particle rotates in a magnetic field. 4𝜋𝑅 , in which the brilliance is maximum, is indicated by a dotted line [6].

with 𝑅 the trajectory radius. The total power 𝑃 radiated by 𝑁 electrons during one revolution depends on 𝑅, the Lorentz factor 𝛾 and the speed of light 𝑐 [START_REF] Wille | Synchrotron radiation sources[END_REF], is given by the Liénard formula [7] 

𝑃 = 𝑒 2 𝑐𝛾 4 6𝜋𝜖 0 𝑅 2 𝑁 = 𝑒 2 𝛾 4 3𝜖 0 𝑅 𝐼 𝑏 , (II.2)
with 𝜖 0 the dielectric constant of vacuum and 𝑒 the electron charge. The power equation can be also written as a function of the beam current 𝐼 𝑏 (Eq. II.2). Note that, instead of observing a continuous emission, a pulsed emission as a function of time is measured. The emission is pulsed due to electrons being grouped in bunches [START_REF] Jackson | Classical electrodynamics[END_REF], evenly spaced inside the ring (416 bunches for 500 mA)

In synchrotron facilities such as SOLEIL, electrons achieve speeds near the speed of light with the help of three accelerators [START_REF] Martin | Spectroscopie dans l'infrarouge lointain de molecules d'interet astrophysique[END_REF]6] To summarize, synchrotron radiation is notable for its high brilliance (Fig. II-3), high levels of polarization and collimation, wide tunability from X-rays to THz, and a pulsed light emission with nanosecond resolution.

AILES Beamline

The AILES (Advanced Infrared Line Exploited for Spectroscopy) beamline operates at the lowest energy of synchrotron SOLEIL, with a spectral range from 5 to 12500 cm -1 [START_REF] Roy | The AILES infrared beamline on the third generation synchrotron radiation facility SOLEIL[END_REF].

Figure II-5: The spectral domains of the AILES beamline, covering from 5 -12500 cm -1 , divided into Near-Infrared (NIR) from 5000 -12500 cm -1 (2 -0.8 𝜇m); Mid-Infrared (MIR) from 600 -5000 cm -1 (16 -2 𝜇m); Far-Infrared (FIR) from 50 -600 cm -1 (300 -16 𝜇m) and THz from 5 -50 cm -1 (2000 -300 𝜇m). Some of the physical phenomena falling in this spectral range are electronic transitions and semiconductor gaps (NIR), molecular vibrations and phonons (FIR, MIR), magnons and superconductor gaps (THz).

The spectral domains (Fig. II-5) at the AILES beamline is defined as follows:

the Near-Infrared (NIR) region from 5000 -12500 cm -1 (2 -0.8 𝜇m); the Mid-Infrared (MIR) region from 600 -5000 cm -1 (16 -2 𝜇m); the Far-Infrared (FIR) region from 50 -600 cm -1 (300 -16 𝜇m) and finally the THz region from 5 -50 cm -1 (2000 -300 𝜇m). As depicted in Fig. II-5, some of the physical transitions falling in these energy ranges are electronic transitions and semiconductor gaps (NIR), molecular vibrations and phonons (FIR, MIR), magnons, electromagnons, soft modes and superconductor gaps (THz) [6]. • the source produced by the edge and the constant field emission of a dipole magnet inside a vacuum chamber,
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• an extraction system placed inside the ring chamber allowing the extraction of a broad solid angle adapted to the emission in the far infrared,

• an optical system guiding the infrared photons from the extraction inside the ring to the spectroscopic stations,

• the spectroscopic stations: allowing measurements at high resolution of isolated molecules, and the studies of condensed sample (solid, liquid, films, soft matter, etc.).

The IR Synchrotron Source

As mentioned in Section 1.1 (p. an almost cylindrical symmetry, whereas the dipolar emission is "constant" in the orbit plane. In the vertical direction (out of the electron orbit plane). As stated previously, the cone of emission of the two sources opens up with increasing wavelength with a slower spreading for the emission by the edge source. The simulations were carried using the Synchrotron Radiation Workshop (SRW) software [START_REF] Dalla Bernardina | Structure and connectivity of water molecules at the interfaces of nanoconfined systems[END_REF]. The results in Fig. II-7 indicate that the long wavelengths require a large angular extraction opening, allowed by an enlarged dipole chamber [START_REF] Dalla Bernardina | Structure and connectivity of water molecules at the interfaces of nanoconfined systems[END_REF]. Moreover, the photon flux from the edge emission becomes greater than that of the constant field emission by a factor of 10 in the THz and 5 in the FIR. As a consequence, the photon flux extracted on the first mirror placed in the ring vacuum chamber is 5 × 10 13 Ph/s at 100 cm -1 , and 10 13 Ph/s at 10 cm -1 (Fig. II-7). For the MIR and NIR, effects coming from the edges are less relevant, and the constant field emission predominates.

Finally, the radiation is 100 % polarized in the THz and 80 % in the FIR.

The synchrotron radiation is characterized by an intensity 𝐼 with spatial dis-

tribution d 2 𝐼
d𝜔dΩ that is dependent of the frequency 𝜔 and the solid angle of emission Ω following [START_REF] Roy | Spectral distribution of infrared synchrotron radiation by an insertion device and its edges: A comparison between experimental and simulated spectra[END_REF] 

d 2 𝐼 d𝜔dΩ = 1 4𝜋 2 𝜖 0 𝑒 2 4𝜋𝑐 ⃒ ⃒ ⃒ ⃒ ∫︁ +∞ -∞ 𝐸 exp{𝑖𝜔𝑡}d𝑡 ⃒ ⃒ ⃒ ⃒ 2 , (II.3)
with 𝜖 0 the dielectric constant of vacuum, 𝑒 the electron charge, 𝑐 the speed of light and 𝐸 the particle energy.

The higher the frequency 𝜔, the smaller the solid angle Ω of the emission cone (Fig. II-7). The X-ray region is, therefore, concentrated in a few milliradian around the electron trajectory. Meanwhile, the IR radiation emitted in a larger solid cone requires a large extraction mirror to extract a solid angle of a few tens of mrad.

Regarding the IR synchrotron brilliance extracted by the beamline, it reaches two orders of magnitude higher than conventional IR sources [6]. A complementary discussion of IR sources can be found in p. 89. 

The Optical System of Synchrotron Extraction

The extraction system allows for the collection of radiation emitted in the modified dipolar chamber (Fig. II-9). It consists of two mirrors (M1 and M2), placed in a port of the dipole vacuum chamber, which convey the beam of photons emitted by the dipole and the edge of the dipole magnet towards the outside of the ring wall.

The design for this extraction optical design was dictated by:

• the need for extracting 20 × 80 mrad of the IR radiation emitted in the dipole from a central port placed on the dipolar chamber,

• the need for avoiding the extreme heating of the mirror caused by the highpower of the X-ray/UV emission in the dipole.

To respond to these constraints, the extraction is realized at 1350 mm from the source by a plane mirror of dimensions 60 × 113 mm 2 . Oriented at 45 ∘ , it redirects the outgoing beam to the mirror M2 upstream except for the central part that passes through a central slit of 3 mm pierced in the horizontal direction. This gap which let pass most of the high-power photons (X-Rays and UV) allows for the power incident on M1 to remain reasonable. (These X-Rays are exploited on the MARS beamline). The mirror M2 of dimensions 80 × 212 mm 2 is toroidal and it redirects the beam out of the enclosure ring while passing the wall perpendicularly (relative to the orbit of the electrons).

The other optical elements of the system were chosen to respond to the following needs:

• to transport the IR radiation without important loss to the entrance port of the interferometers,

• to focus on a diamond window (transparent in a range covering the visible down to the THz) separating the ring ultra-high vacuum (∼ 10 -9 mbar) and the secondary vacuum (∼ 10 -6 mbar) compatible with the spectroscopic stations,

• to minimize the multiple reflections within this diamond window thanks to a wedge (1 ∘ ) in the thickness of the window (300 𝜇m),

• to focus the beam on the entrance port of one or the other of the interferometers.

The choice of the optical system represented schematically on One can notice that a first focusing (necessary to limit the beam section) takes place between M3 and M4. The beam is then intercepted by a flat mirror (M5), which redirects it towards the M6 toroidal mirror. This ensemble allows a strong focusing between M6 and M7. At this focus point, the reduced size of the image allows the insertion of the 1 cm diameter diamond window. Following this, the toroidal mirror M7 compensates for the strong divergence and redirects the beam towards the set of plane mirrors M8 and M9. dedicated to ultra-low temperatures measurements (down to 0.5 K) and to gas-solid catalysis [6], also composed of a Bruker IFS125 (Medium Resolution). The interferometers that constitute the spectroscopic stations, AILES A, AILES B and AILES C are compatible with the complete range of infrared between 1 mm (10 cm -1 ) and 1 𝜇m (10000 cm -1 ). The measurements carried in the present thesis were performed at AILES B. Note that the synchrotron beam can only be directed to one station at a time. Furthermore, the Bruker spectrometers have been modified to allow the coupling with synchrotron radiation and can be evacuated at high vacuum levels (10 -5 mbar) preventing absorption from air (water, CO 2 ). The pumping in all three is carried out by a set of mechanical and turbo-molecular pumps. Various sample compartments have been developed either at AILES or by partner laboratories.
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In the next section, the Michelson interferometer, main component of the Bruker IFS125 equipment, is described.

Michelson Interferometer

The The movable mirror M1 can either move at constant speed (being called a continuous scan interferometer) or be held at equally spaced points for fixed short time periods and stepped rapidly between these points (called step-scan interferometer). When the scan velocity is higher than ∼ 0.1 cm•s -1 , the set-up is called a rapid-scan interferometer, the most common case for commercial products.

The AILES FTIR equipment consists of a continuos rapid scan interferometer, the 1.4 Fourier Transformed Infrared Spectroscopy (FTIR)

The underlying physical principle that describes the resolution of a time-varying wave into its constituent frequencies is called the Fourier decomposition of waves [START_REF] Davis | Fourier transform spectrometry[END_REF]. Translated into mathematical process and completely independent of the dispersing element used, the amplitude vs time wave function can be transformed into an amplitude vs frequency spectrum. The Fourier decomposition is not restricted to electromagnetic radiation, but applies to all waves [START_REF] Davis | Fourier transform spectrometry[END_REF]. The technique is useful to treat any signal composed of interpolating functions, finding high usage in filtering systems. Fourier transform spectroscopy, more specifically, is a technique whereby the final spectrum is generated based on measurements of a interference signal in the time domain [START_REF] Siemens | Tutorial on multidimensional coherent spectroscopy[END_REF]. To mechanically generate the interference, a Michelson interferometer is used, as described in Section 1. In case a, for a monochromatic wave of wavenumber 𝜎 𝑜 and intensity 𝐵(𝜎 𝑜 ), the intensity of the interferogram as a function of the optical path difference 𝑥 between two beams is given by the interference relation [START_REF] Davis | Fourier transform spectrometry[END_REF] given by

𝐼 𝑜 (𝑥) = 𝐵(𝜎 𝑜 )[1 + 𝑐𝑜𝑠(2𝜋𝜎 𝑜 𝑥)], (II.4)
in which the wavenumber 𝜎 = 1/𝜆 = 𝜈/𝑐. For the cases of b and c, the radiation contains more than one frequency, and the interference equation is a superposition of cosines given by
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𝐼 𝑜 (𝑥) = ∫︁ ∞ 0 𝐵(𝜎 𝑜 )[1 + 𝑐𝑜𝑠(2𝜋𝜎 𝑜 𝑥)]𝑑𝜎. (II.5)
Notice that the following operations are necessary prior to applying the transform. To have the interferogram centered at zero, one can subtract the interference mean value, such as

𝐼(𝑥) = 𝐼 𝑜 (𝑥) -𝐼(𝑥) = ∫︁ ∞ 0 𝐵(𝜎)𝑐𝑜𝑠(2𝜋𝜎𝑥)𝑑𝜎. (II.6)
To be able to obtain a complete symmetry in transforming back and forth from the time domain to the spectral domain, the integral needs to be extended over all

Chapter II. Techniques and Methods frequencies from -∞ to +∞, such as

𝐵 𝑒 (𝜎) = 1/2[𝐵(𝜎) + 𝐵(-𝜎)],
(II.7)

𝐼(𝑥) = ∫︁ +∞ -∞
𝐵 𝑒 (𝜎)𝑐𝑜𝑠(2𝜋𝜎𝑥)𝑑𝜎, (II.8)

𝐵 𝑒 (𝜎) = ∫︁ +∞ -∞ 𝐼(𝑥)𝑐𝑜𝑠(2𝜋𝜎𝑥)𝑑𝑥.
(II.9)

Eq. II.9 allows the inter-conversion between time-domain and frequency-domain.

The precision on the determination of the wave frequencies is directly related to the path difference 𝛿, as the spectral resolution is the inverse of 𝛿. In the next section, the importance of these results for IR spectroscopy is discussed.

Infrared Spectroscopy -Theory and Selection Rules

Infrared spectroscopy is one of the most adaptable, fast and resourceful methods of molecular and materials characterization available. Not limited to one phase, most gases, liquids and solids can be examined with similar facility [START_REF]Theophanides and Socieetee de spectroscopie du Canada[END_REF]. In its vast range of experimental set-ups, IR optical studies can be performed through many techniques such as absorption/transmission, quasi-normal reflectivity, grazing angle reflectivity, diffuse reflectance, attenuated total reflectance. During the interaction between electromagnetic radiation and crystal lattice, a photon is absorbed if the wave vector and the energy are conserved. The IR wavelength of about around 50 𝜇m, results in a wave vector k = (2𝜋/𝜆) ≈ 10 3 cm -1 , which is very small compared with the k-vector corresponding to the Brillouin zone edge, given by 𝜋/2𝑎 ≈ 10 8 cm -1 , using the lattice parameter 𝑎 = 5 Å. One can, therefore, consider the wave vector associated with the electromagnetic field in the infrared region to be essentially zero, therefore probing only the Brillouin-zone center Γ, due to their small momentum transfer (𝑞 ≈ 0) [57]. This assumption is referred to as the long wavelength limit k ≈ 0.

IR radiation promotes transitions between two quantified states [6], as presented in Fig. In general, light absorption by a microscopic dipole can be physically modeled by an interaction of the electric field of light with its dipole moment [58]. The interaction between the electric field oscillation and the vibrating dipole moment is presented here in a quantum mechanics approach. In the framework of quantum mechanics, the electric field oscillation is treated as a perturbation of the wave function of the steady state [58]. Therefore, the steady state, which means that the system is not excited by light, is described by the time-independent steady Schrödinger equation, written

Ĥ0 Ψ = 𝐸 0 Ψ, (II.10)
with Ĥ0 is a Hamiltonian operator corresponding to the total vibrations, 𝐸 0 is the total energy of the vibrations and Ψ is a wave function of the vibration comprising all the normal modes. As examined in Chapter I (Section 1, p. 34), the ensemble of vibrational modes of a solid can be decomposed into fundamental components, called normal modes [6]. Each of these modes is associated with a series of energy levels, called states, and allowed vibrational transitions. The total vibration of the system is dominated by the fundamental transitions of the normal modes. Therefore, on a steady state, the ensemble vibration, Ψ, is the product of the normal modes, From equations II.12 and II.11, the transition dipole moment 𝜇 for the absorption of one phonon becomes

Ψ = 𝜑 1 𝜑 2 𝜑 3 𝜑 4 ....
[𝜇] 𝑓 𝑖 = ⟨𝜈 𝑘 + 1| (︂ 𝜕𝜇 𝜕𝑄 𝑘 )︂ 𝑄 𝑘 |𝜈 𝑘 ⟩ = (︂ 𝜕𝜇 𝜕𝑄 𝑘 )︂ (︂ ℏ 2Ω 𝑘 )︂ (𝜈 𝑘 + 1) 1/2 , (II.13)
with Ω 𝑘 the frequency for the transversal optical phonon and 𝑄 𝑘 the normal coordinates. The approximation adopted in Eq. II.13 is good for ℏΩ 𝑘 > 𝑘 𝐵 𝑇 . In polar systems (such as ionic crystals), optical phonons are electric-dipole active.

This implies that phonons and photons can be mutually coupled to each other, resulting in a mix of phonon-photon modes, which represents the internal states of the system [START_REF] Grosso | Solid state physics[END_REF]. To generalize Eq. II.13, the IR absorption can be evaluated from the dipole autocorrelation function ⟨𝜇(0)𝜇(𝑡)⟩ that results in an important correlation between the absorption coefficient 𝛼 and the dipole moment 𝜇,

[︂ 𝜕𝜇 𝜕𝑄 𝑘 ]︂ 2 = 12Ω 𝑘 𝑐𝜀 0 𝑛 𝑑 ∫︁ 𝛼 𝑘 (𝜔) 𝜔 d𝜔, (II.14)
with 𝑛 𝑑 the number of dipole moments per unit volume, 𝑐 the speed of light and 𝜀 0 the free space permittivity [58]. From Eq. II. )︂ ̸ = 0, (II. 16)

𝑓 = 𝑖 ± 1.
(II.17 (Table II.1).

For the Far-Infrared region (FIR, 50 -600 cm -1 ; 300 -16 𝜇m), the globar lamp can also be used, reaching down to about 30 cm -1 , with a photon flux of ∼ 10 11

Ph/s (Table II.1) [6]. For the lowest frequency part, in the THz domain (5 -50 cm -1 ) and up to 100 cm -1 , a Mercury discharge lamp can be used. This Hg lamp is based on the ionization of a gas produced by an electric current. The Hg lamp is, however, not stable and has limit lifetime. Therefore, the same globar source is often used for the FIR and THz ranges. Note, nonetheless, that the globar photon flux is very low in the THz (Table II.1), not allowing high quality measurements below 50 cm -1 .

Each type of source has its unique characteristics, such as spectral range, inten- Table II.1: Performance comparison between blackbody radiation emissions (conventional internal IR sources) and the synchrotron radiation, for 3 frequency ranges: 1000 (MIR), 100 (FIR) and 30 (THz) cm -1 [6] for a 2 mm aperture diameter [17]. and 5 × 10 12 Ph/s at 30 cm -1 , synchrotron radiation is the optimal source (Table II.1). The high flux of the synchrotron light allows lower noise to signal ratio than conventional IR sources (Fig. , resulting in higher reproducibility and stability, which are particularly important for thin film measurements where the quantity of matter to probe in limited. II.2. A description of the detectors follows:

Frequency (cm -
• The NIR frequency range requires room temperature Photovoltaic InGaAs and Si for 6500 to 12500 cm -1 , or 77 K Photovoltaic InSb for 1900 -7500 cm -1 .

• The MIR domain is measured using a photoconducting and photovoltaic HgCdTe (MCT) detector cooled with liquid He at 4.2 K (or N 2 at 77 K)
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for 600 -4500 cm -1 .

• The FIR region is detected with a bolometer cooled with liquid He at 4.2 K for 50 -650 cm -1 .

• The THz spectral range requires a pumped bolometer cooled with liquid He at As complementary techniques, computational tools allow to expand the understanding of experimental results. In the following sections, a global view of Density Functional Theory is presented, together with the different simulation approaches used to mimic solid solutions.

As complement of the IR experimental study carried at the AILES beamline, Density Functional Theory (DFT) is ideal to simulate FIR spectra, helping to deeply interpret the experimental results and sometimes elucidate ununderstood ones. Indeed, simulations allow identifying phonon bands, atoms involved in the vibrations, crystal phases present and physical properties. In Section 2.1, the most relevant methods, theorems and theories that make today's modern DFT are examined. The first-principle's methods for vibrational frequencies and intensities calculation are also described, together with the presentation of the Crystal quantum-solver program. The Section 2.3 is dedicated to the presentation of two different simulation approaches used to mimic solid solutions: the supercell (SC) method and the special quasi-random structures (SQS) method .

Density Functional Theory

First principle methods based on DFT have allowed the accurate calculation of the total ground-state energy and further physical properties of several materials [START_REF] Grosso | Solid state physics[END_REF].

Being computationally cheaper than traditional wave-function based techniques and allowing to include correlation effects, it has reached enormous success in successfully predicting a wide range of materials' characteristic such as energy, structure, molecular properties, vibrations, phonons, etc. It is one of the most used method to simulate vibrational structures, covering a wide variety of materials [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF]. This calculation becomes possible once the dynamical matrix in reciprocal space can be set up, and diagonalization at several points of the Brillouin zone provides the phonon dispersion curves of the crystal [START_REF] Grosso | Solid state physics[END_REF].

From a quantum ab initio point-of-view, in its ground state, matter can be characterized by the wave-function and energy of the system, which are quantized quantities and solutions of the total time-independent Schrödinger equation [START_REF] Gaigeot | Theory on DFT and DFT-based molecular dynamics simulations, and more[END_REF],

Ĥ𝑇 |Ψ 𝑇 ⟩ = 𝐸 𝑇 |Ψ 𝑇 ⟩. (II.18)
The total Hamiltonian Ĥ𝑇 of a system composed of atoms and electrons is

Chapter II. Techniques and Methods written [START_REF] Goury | Etude ab initio de l'oxychalcogenure thermoelectrique BiCuSeO: stabilite thermodynamique, thermodynamique des defauts intrinseques et transport electronique[END_REF] Ĥ𝑇 = T𝑁 + V𝑁𝑁 + T𝑒 + V𝑒𝑒 + V𝑒𝑥𝑡 , (II. 19) in which T𝑁 and T𝑒 are the kinetic energies of the nuclei and electrons respectively, the V terms are the Coulomb potential energies between two nuclei ( V𝑁𝑁 ) or two electrons ( V𝑒𝑒 ) or between nuclei and electrons ( V𝑒𝑥𝑡 ) [START_REF] Gaigeot | Theory on DFT and DFT-based molecular dynamics simulations, and more[END_REF][START_REF] Goury | Etude ab initio de l'oxychalcogenure thermoelectrique BiCuSeO: stabilite thermodynamique, thermodynamique des defauts intrinseques et transport electronique[END_REF]. These operators are written as 4kinetic electron energy operator:

T𝑒 = - 1 2 𝑁 ∑︁ 𝑖=1 ∇2 𝑟 𝑖 , (II.20)
kinetic nuclei energy operator:

T𝑁 = - 1 2𝑚 𝐼 𝑁 ∑︁ 𝑖=1 ∇2 𝑅𝐼 , (II.21) 
electron-electron repulsion operator:

V𝑒𝑒 = 1 2 𝑁 ∑︁ 𝑖 𝑁 ∑︁ 𝑖̸ =𝑗 1 |r 𝑖 -r𝑗 | , (II.22)
repulsion between nuclei operator:

V𝑁𝑁 = 1 2 𝑁 ∑︁ 𝐼 𝑁 ∑︁ 𝐼̸ =𝐽 𝑍 𝐼 𝑍 𝐽 | R𝐼 -R𝐽 | , (II.23)
external potential (electron-nuclei) operator:

V𝑒𝑥𝑡 = 𝑁 ∑︁ 𝑖=1 ∑︁ 𝐽 -𝑍 𝐽 |r 𝑖 -R𝑗 | . (II.24)
To find a solution for Eq. II.18, the electronic Schrödinger equation is solved at a given configuration of nuclei in space, Ψ 0 thus depends parameterically on the nuclei positions. The separation of electron and nuclei wave-functions implies the
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Born-Oppenheimer approximation, that is justified by the huge mass difference between the two particle types [START_REF] Peperstraete | Etude par spectroscopie infrarouge de films minces d'oxydes fonctionnels integres sur silicium: apport des modelisations ab initio[END_REF]. One of the main consequences of this approximation is that, what was before an equation with a total Hamiltioan Ĥ𝑇 , now only contains the electronic part Ĥ𝑒 . It is important to also notice that the presence of an electron in one region of space influences the behaviour of other electrons in other regions of space, therefore they cannot be considered as individual entities [START_REF] Gaigeot | Theory on DFT and DFT-based molecular dynamics simulations, and more[END_REF]. This can be mathematically translated as

Ψ 0 (r 1 , ..., r 𝑁 ) ̸ = 𝜓(r 1 )𝜓(r 2 )𝜓(r 3 )...𝜓(r 𝑁 ), (II.25)
Ψ 0 being the true many-body wave-function for an N-electron system. It is possible then to treat the nuclei classically, as V𝑁𝑁 has a classical limit, while treating the electrons quantum mechanically. Because electrons are fermions, and therefore indistinguishable, two electrons can not occupy the same quantum state. The mathematical consequence of this physical property is that the many-fermion wavefunction has to be anti-symmetric with the inversion of two fermions. To introduce this Pauli's principle into the wave-function, one uses the Slater determinant, such that

Ψ(r 1 , ..., r 𝑁 ) = 1 √ 𝑁 ! ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ 𝜑 1 (r 1 ) 𝜑 2 (r 1 ) ... 𝜑 𝑁 (r 1 ) . . . . . . 𝜑 1 (r 𝑁 ) 𝜑 2 (r 𝑁 ) ... 𝜑(r 𝑁 ) ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ ⃒ , (II.26)
in which 𝜑 𝑖 (r 𝑘 ) are the single electron orbitals, that account for the electron spin.

The one single anti-symmetric determinant approach is called the Hartree-Fock method, also refer to self-consistent theory [START_REF] Gaigeot | Theory on DFT and DFT-based molecular dynamics simulations, and more[END_REF].

DFT allows to approximate the terms in the electronic Hamiltonian, with the ultimate goal of solving the Schrödinger equation for a 𝑁 -electron system. A multibody system can then be defined by its density 𝜌(r)

𝜌(r) = 𝜌(r 1 ) = 𝑁 ∫︁ dr 2 ...r 𝑁 |Ψ(r 1 , r 2 , ..., r 𝑁 )| 2 , (II.27)
with 𝜌(r) depending only on the 3 Cartesian coordinates of space of the vector r.

The density is then the integral of the wave-function over all spin variables, also 

⟨Ψ| V𝑒𝑒 |Ψ⟩ = 1 2 𝑁 ∑︁ 𝑖 𝑁 ∑︁ 𝑖̸ =𝑗 ⟨Ψ| 1 |r 𝑖 -r𝑗 | |Ψ⟩ (II.34) = 1 2 ∫︁ ∫︁ 𝜌(r)𝜌(r ′ ) |r 𝑖 -r𝑗 | drdr ′ + 1 2 ∫︁ ∫︁ 𝜌(r)𝜌(r ′ ) |r 𝑖 -r𝑗 | [𝑔(r, r ′ ) -1]drdr ′ . (II.35)
There are two terms in Eq. II.35, each term with a double integral in drdr ′ space.

The first term accounts for the classical electrostatic interaction energy (Hartree term). The second term, containing 𝑔(r, r ′ ), defines the exchange-correlation energy, a quantum phenomenon. The two-body direct correlation function 𝑔(r, r ′ ) mathematically translates the influence of an electron at r in discouraging a second electron from being located at a position r ′ too close to r, due to the Coulomb repulsion between them [START_REF] Goury | Etude ab initio de l'oxychalcogenure thermoelectrique BiCuSeO: stabilite thermodynamique, thermodynamique des defauts intrinseques et transport electronique[END_REF].

Obtaining an exact value for 𝑉 𝑒𝑒 requires approximations, and the simplest of them is to neglect the exchange-correlation term (𝑔(r, r ′ ) = 1), known as the Hartree approximation, in which no correlations between motions of electrons exist. A second approximation is to consider only the spin interaction, known as the Hartree-Fock approximation. This approximation allows the calculation for an exact 𝑔(r, r ′ ) using the Hartree-Fock method (Eq. II. 

Calculation of Vibrational Frequencies

In the beginning of the present Section 2.1 (p. 97), the total Hamiltonian Ĥ𝑇 of the system was expressed as the sum of the electronic and nuclei contributions (Eq. II.19) [START_REF] Peperstraete | Etude par spectroscopie infrarouge de films minces d'oxydes fonctionnels integres sur silicium: apport des modelisations ab initio[END_REF]. In the case of periodic crystals, the nuclei energy contribution is expressed in terms of the vibrational part, as the rotational contribution is neglected. For a stable system, the vibrational energy should be around a potential minimum, called the Born-Oppenheimer potential energy surface. For a system with 𝑁 nuclei, the potential energy 𝑉 (𝑥) is a function of vector 𝑥 of the 3𝑁 space coordinates of the atoms in a system. In the harmonic approximation, the potential minimum 𝑉 (0) can be written [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF] 𝑉 (0) = 1 2

∑︁ 𝑖𝑗 𝑢 𝑖 ℋ 𝑖𝑗 𝑢 𝑗 = 1 2 ⟨𝑢|ℋ|𝑢⟩, (II.39)
𝑢 𝑖 being the displacement of the 𝑖 𝑡ℎ Cartesian coordinate out of its equilibrium position, and the bra-ket notation represents the row and column components of the 3𝑁 -vector. The Hessian matrix ℋ expresses the matrix of the second derivatives of 𝑉 (𝑥), evaluated at equilibrium, as a function of the displacement coordinates. It is written

ℋ 𝑖𝑗 = 1 2 [︂ 𝜕 2 𝑉 (𝑥) 𝜕𝑢 𝑖 𝜕𝑢 𝑗 ]︂ 0 .
(II.40)

The Hessian matrix elements ℋ 𝑖𝑗 are expressed in terms of the weighted displacements coordinates 𝑞 𝑖 = √ 𝑀 𝑖 𝑢 𝑖 , with 𝑀 𝑖 the mass of the atom associated with the 𝑖 𝑡ℎ coordinate [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF]. The weighted Hessian gives rise to the so-called dynamical matrix D. The weighted matrix elements 𝐷 𝑖𝑗 are given by

𝐷 𝑖𝑗 = ℋ 𝑖𝑗 √︀ 𝑀 𝑖 𝑀 𝑗 . (II.41)
The eigenvalues 𝜅 𝑗 of 𝐷 are the generalized force constants and each of the 3𝑁 -6

vibrational modes can be interpreted as the collective oscillatory motion with frequency 𝜔 𝑗 = √ 𝜅 𝑗 /2𝜋. Therefore, to calculate the final vibrational spectra, one needs to diagonalize the dynamical matrix 𝐷 as to obtain the set of eigenvalues 𝜅 𝑗 and thus the frequencies 𝜔 𝑗 [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF] , attributed to the transverse optical phonon frequencies 𝜔 𝑇 𝑂 𝑗 .

Calculation of High Frequency Dielectric Tensors

High frequency dielectric tensors 𝜖 𝑖𝑗 ∞ are computed through the Coupled Perturbed Hartree-Fock (CPHF) method [START_REF] Ferrero | The calculation of static polarizabilities of 1-3D periodic compounds. Implementation in the CRYSTAL code[END_REF]. It consists on the calculation of response properties (such as 𝜖 ∞ ) to an external perturbation (electric field). The effect of a perturbing uniform static electric field E on the total potential energy 𝑉 total of the system can be described by expanding 𝑉 total in a power series with respect to the electric field Cartesian components ℰ that include the terms for polarizabilities 𝛼, 𝛽 and 𝛾 [START_REF] Ferrero | Calculation of first and second static hyperpolarizabilities of one-to three-dimensional periodic compounds. Implementation in the CRYSTAL code[END_REF], written as 2. Computational Tools The total energy 𝑉 total of the system, now in a power series, is introduced in the Hessian matrix (see Eq. II.40), therefore also appearing in the dynamical matrix elements 𝐷 𝑖𝑗 in Eq. II.41. This total dynamical matrix 𝐷 total , arising from the 𝑉 total obtained by the perturbation of the static E, can be split into a nonanalytical matrix 𝐷 𝑁 𝐴 and an analytical dynamical matrix 𝐷 𝐴 , such that 𝐷 total = 𝐷 𝐴 + 𝐷 𝑁 𝐴 .

𝑉 total = 𝑉 (0) - ∑︁ 𝑎 𝜇 𝑎 ℰ 𝑎 - 1 2 ∑︁ 𝑎,𝑏 𝛼 𝑎𝑏 ℰ 𝑎 ℰ 𝑏 - 1 6 ∑︁ 𝑎,𝑏,𝑐 𝛽 𝑎𝑏𝑐 ℰ 𝑎 ℰ 𝑏 ℰ 𝑐 - 1 
(II.43)

The nonanalytical matrix 𝐷 𝑁 𝐴 contains the 𝜖 𝑖𝑗 ∞ term (for full developments refer to [START_REF] Ferrero | The calculation of static polarizabilities of 1-3D periodic compounds. Implementation in the CRYSTAL code[END_REF][START_REF] Ferrero | Calculation of first and second static hyperpolarizabilities of one-to three-dimensional periodic compounds. Implementation in the CRYSTAL code[END_REF]103,104]). Moreover, by diagonalizing the total dynamical matrix 𝐷 total , one obtains not only the transverse optical phonons 𝜔 𝑇 𝑂 𝑗 frequencies (as from Eq. II.41), but also the longitudinal optical phonon 𝜔 𝐿𝑂 𝑗 frequencies.

Calculation of Vibrational Intensities

If a quantum system with Hamiltonian Ĥ in a stationary state is slowly altered by varying parameters 𝑅 inside a cycle 𝐶, one can describe its new eigenstate by an instantaneously Ĥ at any instant 𝑡. When the quantum system returns to its initial state, Ĥ recovers its initial form, apart from a phase factor 𝛾 𝑛 (𝐶) containing the (II.44)

The energy quantification of geometrical differences in a perturbed system, called the Berry phase method, can be used to infer numerous physical properties, such as ferroelectric and piezoelectric constants, oscillator strengths, the LO/TO splitting and the static dielectric tensors [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF].

In the case of IR spectra simulations, the intensities are proportional to the square of the unit cell dipole moment 𝜇 𝑖 derivative with respect to the normal coordinate describing the mode. This means that the geometric difference, i.e. the This difference in dipole moment, also called atomic Born tensors, 𝑍 * 𝛼,𝑖𝑗 , allows to further obtain the differences in polarization ∆P 𝑒𝑙 between the initial and perturbed states. This polarization change ∆P 𝑒𝑙 is then equivalent to the timeintegrated transient macroscopic current that passes through the insulating material during the vibrations [START_REF] King-Smith | Theory of polarization of crystalline solids[END_REF] and it is written as

∆P 𝑒𝑙 = - 𝑖 (2𝜋) 3 ∫︁ [⟨Φ (1) (k)|∇ k Φ (1) (k)⟩ -⟨Φ (0) (k)|∇ k Φ (0) (k)⟩] dk, (II.46)
in which ⟨Φ (𝜆) (k)| depends on 𝑢 𝑖 and ū𝑖 , the two occupied crystalline orbitals, and takes the form 2. Computational Tools

⟨Φ (𝜆) (k)| = 1 √ 𝑛! | 𝑢 (𝜆) 1 (k)ū (𝜆) 1 (k) ... 𝑢 (𝜆) 𝑛/2 (k)ū (𝜆) 𝑛/2 (k) |, (II.47)
𝜆 being a structural parameter, 𝑛 the number of electrons per unit cell and k the wave-vector. The Berry phase method uses a Gaussian type basis set and operates, therefore, on the crystalline-orbital eigenfunctions in the reciprocal space, requiring relatively complicated integrals. Because crystalline orbitals are inputted in Eq. II.47, the method is only valid for insulating systems.

Crystal -Quantum Chemistry Ab Initio Program

The Crystal program is a quantum solver that computes the electronic wavefunction as well as the physical properties of periodic systems [START_REF] Dovesi | CRYSTAL14: A program for the ab initio investigation of crystalline solids[END_REF][START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF][START_REF] Dovesi | CRYSTAL: a computational tool for the ab initio study of the electronic properties of crystals[END_REF]. It applies the Hartree-Fock method, DFT and various hybrid approximations to solve both the Hartree-Fock (Eq. II.26) and Kohn-Sham equations (Eq. II.38). Crystal takes advantage of local, nonlocal and/or hybrid potentials (e.g PBE0, B3LYP, PW1PW)

to compute a large number of physical properties, such as energy bands and density of states, dielectric tensors, electrostatic potentials, X-ray diffractograms and IR spectra. A large library of optimized basis sets, i.e. the atomic orbitals, is available.

The exchange and correlation contribution 𝐸 𝑥𝑐 (Eq. II.36) is obtained by numerical integration of the chosen functional. Input commands allow the generation of 3D crystalline structures with the use of supercells, multiple repeated unitary cells in the 3 directions of space.

To obtain the minimum total energy of the system, i.e. a stationary point on the potential energy surface, the forces acting on the atoms composing the system should be numerically zero. This is obtained throughout a geometry optimization, carried by the displacement of atomic positions in different steps in the 𝑁 -dimensions of space, following a Broyden-Fletcher-Goldfarb-Shanno6 (BFGS) procedure [START_REF] Fletcher | Practical methods of optimization[END_REF].

The optimization is usually concluded when the gradients in the Hessian matrix elements ℋ 𝑖𝑗 (Eq. II.40) are below a given threshold. In the Crystal program, the convergence is evaluated using the statistical metric root-mean-square error, to-gether with the absolute value of the highest component of both the gradients and the estimated displacements. Once all the convergence conditions are satisfied at the same time, the geometry optimization is complete.

In what concerns the computation of vibrational frequencies, one needs to calculate the energy's first and second derivatives. In Crystal, the first derivatives with respect to the atomic positions, 𝑣 𝑗 = 𝜕𝑉 /𝜕𝑢 𝑗 , are calculated analytically for all 𝑢 𝑗 coordinates [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF]. The second derivatives at u = 0, in which all first derivatives are zero, are calculated numerically [START_REF] Zicovich-Wilson | Calculation of the vibration frequencies of 𝛼-quartz: The effect of Hamiltonian and basis set[END_REF] following

[︂ 𝜕𝑣 𝑗 𝜕𝑢 𝑖 ]︂ 0 ≈ 𝑣 𝑗 (0, ..., 𝑢 𝑖 , 0, ...) 𝑢 𝑖 . (II.48)
This allows the numerical calculation of the dynamical matrix 𝐷 and the computation of the vibrational frequencies 𝜔 𝑗 [START_REF] Pascale | The calculation of the vibrational frequencies of crystalline compounds and its implementation in the CRYSTAL code: Crystalline Compounds and the CRYSTAL Code[END_REF][START_REF] Zicovich-Wilson | Calculation of the vibration frequencies of 𝛼-quartz: The effect of Hamiltonian and basis set[END_REF] (Eq. II.41).

As explained in Section 2.1 (p. 105), the vibrational intensities are calculated using the Berry phase method [START_REF] Berry | Quantal phase factors accompanying adiabatic changes[END_REF], i.e. computing the dipole moment derivatives between an equilibrium state and a perturbed state in which the atoms were displaced (Eq. II.45 and II.44). To compute the final intensities, Crystal discretize the reciprocal-cell integral in Eq. II.46 with a finite sum over a 3D mesh [START_REF] Dall'olio | Spontaneous polarization as a Berry phase of the Hartree-Fock wave function: The case of KNbO 3[END_REF]. This discretization results in the overlap between two Slater determinants ⟨Φ (𝜆) (𝜁)|Φ (𝜆) (𝜁 ′ )⟩, which is equal to the square of the determinant det of the overlap matrix 𝑆 between the two sets of occupied space orbitals 𝑢 𝑆 [114]

⟨Φ (𝜆) (𝜁)|Φ (𝜆) (𝜁 ′ )⟩ = det 2 𝑆 (𝜆) (𝜁, 𝜁 ′ ), (II.49) 𝑆 (𝜆) 𝑆,𝑆 ′ (𝜁, 𝜁 ′ ) = ⟨𝑢 (𝜆) 𝑆 (𝜁)|𝑢 (𝜆) 𝑆 ′ , (𝜁 ′ )⟩, (II.50)
in which 𝜆 is a structural parameter and 𝜁 is a variable corresponding to the k-vector in only one direction of the 3D mesh [START_REF] Dall'olio | Spontaneous polarization as a Berry phase of the Hartree-Fock wave function: The case of KNbO 3[END_REF].

Hence, the Crystal code allows the computation of many physical properties of a quantum system using first-principles approaches. The energy of the system is obtained throughout a geometry optimization and the further post-treatment of the optimized structure allows calculation of the FIR spectra and its optical functions.

2. Computational Tools

Simulation of Solid Solutions Systems

In a solid solution system, the solute atoms occupy different mixed atomic sites inside the solvent matrix, as presented on p. (1 × 1 × 2) in the orthorhombic structure. This type of system is particularly challenging for ab initio simulations because there is no unicity of the of unit cell that represents the total macroscopic system. It is also not possible to enter fractions of atoms to simulate the mixing in DFT calculations, a structure containing the mixed atomic sites needs to be defined in order to be modeled. One solution would be to construct a crystal so big that it would account for all possible random configurations in it. This method is, however, not feasible, as the calculation time increases exponentially with the number of electrons in the system 7 . Another common approach, used to simulate substitutional random alloys solid solutions (such as bronze Cu-Sn and brass Cu-Zn [START_REF] Gliozzo | Neutron diffraction of Cu-Zn-Sn ternary alloys: non-invasive assessment of the compositions of historical bronze/brass copper ternary alloys[END_REF]), is based on the concept of an average-atom interatomic potential [116]. An analytic average over all possible mixed atomic sites at the overall alloy composition is performed, and thereby define a single-atom average-atom potential meant to capture the average properties of the real disordered alloy [START_REF] Varvenne | Averageatom interatomic potential for random alloys[END_REF]. Such average-atom interatomic potential does not consider, however, the geometrical arrangements of the atoms around a structural site 8 . This method gives rise to a uniform average medium, in which the microscopic atomic structure is disconsidered.Furthermore, it uses a semiempirical potential which is only applied to non-ab initio Molecular dynamics or Monte Carlo simulations requiring accurate interatomic potentials [START_REF] Varvenne | Averageatom interatomic potential for random alloys[END_REF].

To counter the mentioned drawbacks and evaluate the local structure, two alternatives are presented: the SC method and the SQS method .

The Supercell (SC) Method

To take into account the diversity of environment in solid solutions, the supercell method consists firstly in generating all the possible solute configurations (mixed atomic sites) in space for a given supercell size (for example a 2 × 2 × 2, as in Fig.

II -20). Secondly, one calculates for each configuration its optimized geometry and deduce the IR spectra of the periodic structure using the ab initio DFT Crystal code [START_REF] Peperstraete | Etude par spectroscopie infrarouge de films minces d'oxydes fonctionnels integres sur silicium: apport des modelisations ab initio[END_REF].

To obtain the final IR spectra with intensity 𝑣𝑠 frequency Ī𝑁 (𝜈, 𝑇 ) for the total system, the weighted average of all IR spectra 𝐼 𝑖 (𝜈) is combined such that 𝐸 𝑖 is the total energy of the 𝑖 𝑡ℎ configuration normalized by its elemental chemical unit at its optimized geometry with volume 𝑉 , 𝑚 𝑖 is the degeneracy of the 𝑖 𝑡ℎ configuration, 𝑘 𝐵 is the Boltzmann's constant and 𝑇 the thermodynamic temperature.

Ī𝑁 (𝜈, 𝑇 ) = 𝑁 ∑︁ 𝑖=1 𝑃 𝑖 (𝑉, 𝑇 ) × 𝐼 𝑖 (𝜈), ( 
Although a powerful method to simulate accurately all the possible solid solution configurations in space, the supercell technique requires high computation resources and its feasibility is limited to reasonable numbers of configurations. As an example, considering the Hf 0.5 Zr 0.5 O 2 solid solution in its orthorhombic crystal structure, a 1 × 2 × 2 supercell in the orthorhombic system would lead to 838 configurations and to a total of 2514 configurations with a 2 × 1 × 2 and 2 × 2 × 1. The SQS method emerges as an alternative when the number of configurations is too large for carrying one-by-one ab initio simulations in a reasonable time.

The Special Quasi-random Structures (SQS) Method

To avoid the extensive calculation of each possible supercell configuration (as the ones in Fig. , one can turn to the SQS method. This technique is based on the generation of a supercell which is the closest of that of the true disordered state for a given number of atoms [START_REF] Van De Walle | The alloy theoretic automated toolkit: A user guide[END_REF]120]. It uses Monte Carlo simulated annealing9 loop with an objective function that searches to perfectly match the highest number of correlation functions. This means that it is possible to design "special quasi-random structures" that mimic the first and most relevant radial correlation functions of a infinite substitutional random alloy [120].

To obtain a quasi-random structure for a system with 𝑁 atoms, a cluster expansion is carried out as to evaluate all possible atomic mixing interactions [START_REF] Sanchez | Generalized cluster description of multicomponent systems[END_REF]123]. Each cluster is described by its type written as 𝑓 = (𝑘, 𝑙), giving rise to pairs The difference ∆𝜉 𝑓 between the two correlation functions should be then minimized and close to zero.

To obtain the correlation function 𝜉 𝑓 for a binary system 𝐴 1-𝑥 𝐵 𝑥 , one needs to assign occupation variable Ŝ(𝑝) to each atomic site 𝑝 of the parent lattice (or matrix lattice), implying the set of all possible atomic sites that can be occupied by one of a few possible atomic species (the solute species). The occupation variable Ŝ(𝑝) takes
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the values +1 (if occupied by 𝐴) or -1 (if occupied by 𝐵). The correlation function 𝜉 𝑓 for a "cluster" (called point cluster of type 𝑘 = 1), meaning the probability of finding the element 𝑖 (𝐴 or 𝐵) at one atomic site 𝑝, can be written

𝜉 𝑓 =1 = 𝜉 1 = 𝑁 ∑︁ 𝑝 Ŝ(𝑝) 𝑁 .
(II.54)

The correlation function 𝜉 2 for a cluster of type pair represents the probability of finding a pair of atoms 𝑖 and 𝑗 (𝐴 or 𝐵) at the atomic sites 𝑝 and 𝑞 respectively.

𝜉 2 takes the form ξ𝑓 random . To implement this calculation, the root mean square error (RMSE) is chosen as the evaluating metric to estimate the errors:

𝜉 2 = 1 2 𝑁 ∑︁ 𝑝 𝑁 ∑︁ 𝑞̸ =𝑝 Ŝ(𝑝) Ŝ(𝑞) 𝑁 2 with 𝑁 2 = 𝑁 (𝑁 -1) 2 
RMSE(𝜉) = √︃ 1 𝜎 𝑓 𝑚 𝑓 ∑︁ 𝑓 𝑚 𝑓 (∆𝜉 𝑓 ) 2 .
(II.58)

The SQS method presented is implemented inside the Alloy Theoretic Automated Toolkit (ATAT), a program dedicated to obtain alloy thermodynamic properties from first-principles calculations [START_REF] Van De Walle | The alloy theoretic automated toolkit: A user guide[END_REF]120]. This toolkit was, however, only used to obtain the random structure, all DFT calculations being carried out with the PZT is undoubtedly the most famous piezoelectric material. Since its discovery in 1952 [START_REF] Shirane | Crystal structure of Pb(Zr-Ti)O 3[END_REF], it has revolutionized technologies [START_REF] Shin | Multi-layered piezoelectric energy harvesters based on PZT ceramic actuators[END_REF] ranging from microscopy to sensors, cients 𝑑 33 as function of 𝑇 𝑐 for PZT and its lead-free alternatives [12]. It is important to notice that the dielectric permittivity in simple inorganic solids is mainly associated with the electronic and ionic polarizabilities, whereas in ferroelectric ceramics, the domain walls and polarization rotations make important contributions

sonar
Chapter III. IR Spectroscopy of PbZr the transition temperatures of nanometer thin films have not yet been confirmed.

In addition to different 𝑇 𝑐 , the physical properties in these ferroelectric films also differ markedly from those of its bulk counter parts [START_REF] Pertsev | Phase diagrams and physical properties of single-domain epitaxial Pb(Zr 1-𝑥 Ti 𝑥 )O 3 thin films[END_REF]. Theoretical study showed that the boundary of the MPB region in PZT thin films could be shifted from 𝑥 = 0.5 to 0.7, widening the stability range of the rhombohedral phase with increasing Zr These results highlight the role of substrate strain and thickness constraints in PZT thin films [START_REF] Kelman | Effect of applied mechanical strain on the ferroelectric and dielectric properties of PbZr 0.35 Ti 0.65 O 3 thin films[END_REF].

Recently, Tan et al. [START_REF] Tan | Crystallographic contributions to piezoelectric properties in PZT thin films[END_REF] developed a simple and precise method to measure piezo coefficients of PZT (Zr:Ti, 52:48) thin films using unimorph cantilevers. The study demonstrated that the piezoelectric properties of polycrystalline PZT thin films (𝑑 33 ∼ 30 -340 pm/V) were larger than epitaxial ones (𝑑 33 ∼ 80 pm/V). The result was attributed to the easy rotation of the polarization direction in polycrystalline samples, accompanied by a tetragonal to rhombohedral transition with voltage, as well as domain reorientation.

In the context of miniaturization of devices and limiting the quantity of Lead in them, understanding of the effect of ferroelectric domain walls coming from thick-1. State of the Art ness confined systems is indeed extremely important [START_REF] Nataf | Domain-wall engineering and topological defects in ferroelectric and ferroelastic materials[END_REF]. These are characterized by the boundaries occurring in neighboring domains, which come from 2D topological defects. In tetragonal ferroelectric PZT (Zr:Ti, 20:80) thin films, 90 ∘ domain walls were forced to bend away from their mechanically compatible position using strain engineering. The forced strain induced partially charged walls with metalliclike conductivity, an astonishing effect in an isolating material [147]. Conduction in such systems has been attributed to defect segregation at partially charged domain walls, which can be controlled by strain and electrostatic boundary conditions [START_REF] Guyonnet | Conduction at domain walls in insulating PbZr 0.2 Ti 0.8 O 3 thin films[END_REF].

The field of domain-wall nanoelectronics is still in its emerging phase, and further study on the coexistence of phases and homogeneity of ferroelectric features is needed. Although few FIR studies can be found for PZT samples in the MPB, FIR characterization of full tetragonal ferroelectric samples are almost nonexistent. Indeed, an in-depth FIR characterization of PZT nanometer thin films, together with a high temperature IR study was still missing. Coupled with a DFT method describing the randomness of PZT solid solutions, our paper provides multiple theoretical FIR spectra for various PZT compositions, as well as the first FIR probing of the tetragonal to cubic transition in PZT thin films.

Concerning

In the following section, complementary information on the Materials and Methods used in the published article is presented. It is recommended, however, to carry the reading of the paper before diving into the Materials and Methods section below.

Materials and Methods

This Section aims to add some complementary information on the Materials and Methods found in the published article, as to better describe the DFT Simulations and the Absorption Spectroscopy Measurements.

DFT Simulations

In Section 2.1 (p. 97), the DFT formalism is reviewed and the delicate choice of the exchange-correlation functional was addressed (p. 102). Such functionals are constructed by parameterizing an analytical function 𝐹 (𝜌(r), ∇𝜌(r)) that fulfills known properties (such as asymptotic 3 properties and sum rules), and by calculating the Taylor expansion of the density 𝜌(r). The second-order generalized gradient approx-
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imation (SOGGA functional) is described in the following section.

The SOGGA Functional

With a fully ab initio parametrization and being exact through second order by restoration of the gradient expansion for both exchange and correlation, the SOGGA functional is often a choice for solid systems [START_REF] Zhao | Construction of a generalized gradient approximation by restoring the density-gradient expansion and enforcing a tight Lieb-Oxford bound[END_REF]. It satisfies one more exact constraint than PBEsol4 , performing 20% better for the lattice parameters of 18 previously studied solids [START_REF] Zhao | Construction of a generalized gradient approximation by restoring the density-gradient expansion and enforcing a tight Lieb-Oxford bound[END_REF]. Although the SOGGA functional has performed well for different solids, a validation of this method for our specific solid system is needed. To tackle this, Peperstraete et al. [START_REF] Peperstraete | Ab initio study for the IR spectroscopy of PbTiO 3 and PbZrO 3 , primary blocks of PbZr 1-𝑥 Ti 𝑥 O 3[END_REF] carried out DFT simulations of PT and PZ, in which the SOGGA functional performed better than other 10 functionals, with a relative error of less than 0.7 % in predicting the experimental lattice parameters and very good description of vibrational modes [START_REF] Peperstraete | Etude par spectroscopie infrarouge de films minces d'oxydes fonctionnels integres sur silicium: apport des modelisations ab initio[END_REF].

The Supercell Method

In Section 2.3.1 (p. 110), the ab initio approach for calculating solid solutions is presented in details. The method consists in simulating all the possible configurations, i.e. combinatorial possibilities of the atomic positions for the two mixing solute atoms, Zr and Ti in the case of PZT. In order to respect both cubic and tetragonal geometries of the PZT system, we have chosen to work in a 2×2×2 supercell which is eightfold with (PbBO 3 ) blocks, with B = Ti or Zr (Fig. 4 of the article). In this 2×2×2 supercell, there are 8 B atoms, which allows modeling of the PZT solid solution with a composition of 𝑥 varying from 0 to 1 in steps of 1/8. This choice of supercell allows, therefore, compositions such 𝑥 = 0, 0.25, 0.50, 0.75 and 1.

For tetragonal PZT, for example, the composition 𝑥 = 0.75 yields 5 configurations, whereas 𝑥 = 0.50 yields 10 different ones.

Chapter III. IR Spectroscopy of PbZr 

Absorption Spectroscopy Measurements

The PZT films' absorption was probed using IR transmission measurements (Fig.

II-17-b, p. 95) in the FIR 40 -650 cm -1 spectral range. Spectra were measured with 1 cm -1 resolution on the Bruker IFS125HR Fourier transform spectrometer at the AILES beamline (Section 1.2, p. 74), equipped with a 6 microns Mylar beamsplitter and combined with a bolometer cooled at 4.2 K (from IR Lab). The 90 nm PZT sample was also measured at higher energy (650 -850 cm -1 ) using a MCT detector combined with a KBr beamsplitter. The interferometer and the beamline were evacuated at 10 -4 mbar (or better) to avoid absorption by water and residual gas.

The spectra of all films were obtained by measuring the signal transmitted divided by an accurate reference provided by the signal through an equivalent SrTiO Such baselines are removed by subtracting a spline type baseline in IGOR Pro [15].

A spline is a polynomial continuous curve that passes through points ("nodes") se- Hines [14], developed for the software IGOR Pro from Wavemetrics. This process does not distort spectral features or the spectral baseline [14]. (c) baseline removed data, obtained by subtracting spline type baselines in IGOR Pro. A spline is a polynomial continuous curve that passes through points ("nodes") selected by the user [15]. ABSTRACT: The perovskites lead zirconium titanate, PbZr 1-x Ti x O 3 (0 < x < 1), known as PZT, are solid solutions widely exploited for their strong piezoelectric properties. The utmost technological importance of this class of materials led to considerable activity on piezoelectric films from the experimental and simulation side. In a solid solution like PZT, the distribution of Zr and Ti atoms has no long-range ordering. Thus, these materials are highly challenging to model theoretically but also to investigate experimentally. In this study, we combine infrared (IR) absorption spectroscopy, with a Density Functional Theory method adapted for the calculation of solid solutions. The complexity of PZT material is reproduced through a combination of 2 × 2 × 2 supercells. Using such combination procedure, we show here that ab initio calculations shed light on the interpretation of IR measured absorption spectra for thin films of 5, 10, 45, 90 nm with composition x = 0.75 in PbZr 1-x Ti x O 3 , as well as for pure PbZrO 3 and PbTiO 3 . Furthermore, the simulation on the supercell structure was also performed for multiple compositions 0.5 ≤ x ≤ 1 in both tetragonal and cubic structures, allowing the understanding of the evolution of spectra with temperature (during the tetragonal to cubic phase transition) and with doping. This temperature study reveals the first experimental evidence of polar modes associated with the loss of spontaneous polarization in nanometer size PZT films, deposited on a silicon wafer. This combination of experimental and theoretical methods opens the way for the investigation of other solid solution materials.

IR Spectroscopy of PbZr

■ INTRODUCTION

PbZr 1-x Ti x O 3 (PZT) are solid solutions which do not present a long-range symmetry in the Zr/Ti distribution and thus cannot be described with one elemental cell. They are therefore highly challenging to model theoretically, 1-5 a first step for the interpretation of measured electrical and dynamical properties. 6-9 They were nevertheless intensively studied with respect to their large domain of applications, based mainly on their piezoelectric and ferroelectric properties. These materials have a very rich phase diagram, as illustrated in Figure 1: they display maximum ferroelectric and piezoelectric properties for a specific composition around the morphotropic phase boundary (MPB, at ca. room temperature for 0.50 < x < 0.52). In this composition range, the coexistence of monoclinic, rhombohedral, tetragonal, and cubic phases allows remarkable properties. At room temperature, the crystal structure is rhombohedral on the Zr-rich side and tetragonal on the Ti-rich side of the MPB. All the room-temperature structures become centrosymmetric as T ≫ 500 K, losing their polarization. This temperature effect can be used as a way of characterizing ferro-and piezoelectric PbZr 1-x Ti x O 3 materials using IR spectroscopy, as the polar and nonpolar crystal structures have different IR signatures. To probe the dynamics of such solids and to establish their phase diagram, infrared (IR) spectroscopy is an ideal nondestructive tool, that allows identification of polar modes associated with ferroelectric properties. Such investigations for PZT were performed, but the majority were previously dedicated on the well-known vibrations of the cubic perovskite structure. 10-14 To go further in the assignment of IR spectra through the complex phase diagram, ab initio simulations for the other crystal structures are needed. Even though some simulations are available for its structural and electronic properties 2,15,16 as well as for pure PT or PZ, no calculation for IR absorption of PbZr 1-x Ti x O 3 can be found in the literature. Indeed, for such theoretical modeling, the main difficulty lies in the diversity of the different structures and from the randomly dispersed positions of Ti and Zr atoms in the perovskite structure.

In a previous study, some of us developed a model for the two pure compounds, PT and PZ, within the framework of Density Functional Theory (DFT). 17 We showed that the SOGGA functional 18 is a reliable choice for describing these materials' properties. Here, we use this functional for calculating the IR absorption spectra of pure PT and PZ, as well as PZT of various compositions (x ≥ 0.5) in both the cubic and tetragonal phases. On the experimental side, we focus on the IR absorption spectroscopy of the PbZr 0.25 Ti 0.75 O 3 (here named PZT 75 ) solid solution for various film thickness (5, 10, 45, 90 nm) and for various temperatures (300 K < T < 570 K). The highest T approaches the loss of ferroelectricity at the tetragonal to cubic phase transition. We also provide measurements at room temperature for PT and PZ.

■ METHODS

Experimental Section. For this study, PbZr 1-x Ti x O 3 thin films (5 to 90 nm), PT (87 nm), and PZ (200 nm) were grown on a 10 nm layer of SrTiO 3 deposited on a high resistivity silicon wafer Si (001). The sample preparation of PZT 75 implies two steps. First, ceramic targets were synthesized by conventional solid-state reaction. High purity (better than 99.99%) lead oxide, zirconium oxide, and titanium oxide were used as starting compounds. After being mixed in stoichiometric proportions, the powders were first calcined at 1173 K for 2 h. They were then crushed and uniaxially cold pressed and sintered at 1273 K for 8 h. Particular care (covered crucible and PbO-rich atmosphere) has been taken to avoid lead losses during the calcination and the sintering process. Xray diffraction (XRD) analysis at room temperature (θ-2θ Bragg-Brentano configuration, Philips X-pert, λ = 1.54056 Å) of the resulting ceramic showed that the two thickest layers present a pure perovskite phase, crystallized in tetragonal geometry pattern. As a second step, this ceramic powder was used as a target for pulsed laser deposition to obtain thin films deposited on the substrate. This substrate was a thin 8 nm film of SrTiO 3 (STO) deposited on a high resistivity 300 μm silicon wafer Si (001). The use of such a substrate guarantees good epitaxial conditions for subsequent perovskite-type deposits 19 and allows IR transmission measurements. 20,21 Growth of the PZT 75 film was obtained with a pulsed KrF laser (λ = 248 nm) at 10 Hz repetition frequency, under controlled nitrous oxide (N 2 O) pressure of 120 mTorr and substrate temperature of 873 K. Thin films of 5, 10, 45, and 90 nm were produced by this method. The same method was applied for PZ and PT, except that only the second step was required. Notice that, as the PZT material is evaporated at 873 K, and this temperature is maintained as the layer is growing on the substrate, only the cubic phase is initially formed. After the deposition, with the cooling of the sample taking place, the PZT transits into the tetragonal phase. The thickness of the 90 nm PZT was measured by X-ray reflectometry, while the other thicknesses were deduced from these measurements by proportion between thickness and deposition time. In addition, XRD measurements on the sample PZT 90 nm (see Supporting Information (SI)) allowed verification that the latter was deposited in its tetragonal phase with two types of domains of different orientations: the orientations (001) normal to the surface of the dominating substrate and a minor (100) orientation with a = b = 3.96 Å, c = 4.12 Å, hence c/a = 1.04. It is noteworthy that the PT and PZT cell parameters are in accordance with those of the STO intermediated layer (STO is a cubic perovskite with a = b = c = 3.905 Å). All these samples were then measured to determine their IR absorption spectrum at different temperatures, using the substrate STO/Si as reference for determining the specific absorbance spectra of the PZT films. The films' absorption was probed using IR transmission measurements at the infrared beamline AILES (Advanced Infrared Line Exploited for Spectroscopy), Synchrotron SOLEIL. 22 IR spectra in the 40-650 cm -1 range (1 cm -1 resolution) were obtained by exploiting the high brightness of the synchrotron radiation source 23 with the use of a Bruker 125HR Fourier transform spectrometer equipped with a 6 μm Mylar beamsplitter and combined with a bolometer cooled at 4.2 K (from IR Lab) for the range 40-600 cm -1 . The 90 nm sample was also measured at higher energy (650-850 cm -1 ) using a MCT detector combined with a KBr beamsplitter. The interferometer and the beamline were evacuated at 10 -4 mbar (or better) to avoid absorption by water and residual gas. The spectra of all films were obtained by measuring the signal transmitted divided by an accurate reference provided by the signal through an equivalent STO/Si substrate. A total of 200 scans for both the sample and the reference were averaged to obtain the absorbance, Abs, using the relation Abs = -log T sample /T ref . For all films' measurements, a high precision sample holder allowed placing the sample and the reference at the same position relative to the incident beam. Nevertheless, it was necessary to remove some residual fringing from a nonperfect compensation of the substrate using the macro by Faggin & Hines, 24 developed for the software IGOR Pro from Wavemetrics. For the 90 nm thick PZT 75 , also measured as a function of temperature in the range 300 to 570 K, a ), together with their ferroelectric and structural properties. The compositions and structures of our simulations and measurements are highlighted with red triangles and stars, respectively. AF stands for antiferroelectric and MPB for morphotropic phase boundary. The remanent polarization (P) vector is presented as a blue arrow. All simulations were carried at 0 K, however they are presented here at the finite temperatures where the structure is stable.
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homemade high temperature setup was placed in the sample compartment with suitable filtering of the high temperature emission. The same measuring conditions and temperatures were used for both the sample and reference in the two ranges.

Computation. Ab initio calculations were done with the 2014 version of the CRYSTAL code, 25 based on a linear combination of atomic orbitals (LCAO) method for the crystalline orbitals (CO) expansion. More precisely, CRYS-TAL uses Gaussian-type functions (GTF) as atomic orbitals (AO) basis sets (BS). We chose an 8-411(1d)G BS for O, 26 a HAYWLC-211(1d)G BS for Pb, 27 a HAYWSC-411(311d)G for Ti, 26 and a HAYWSC-311(31d)G BS for Zr. 28 For Pb, Ti, and Zr, only valence electrons are treated explicitly, core electrons being described through Hay-Wadt small (SC) or large (LC) effective core potentials. 29 The latter accounts implicitly for mass-velocity and Darwin relativistic effects for Pb and Zr. Sampling of the Brillouin zone was performed through the Pack-Monkhorst method using a 4 × 4 × 4 (configurations A, C, D, and E) and a 6 × 6 × 4 (configuration B) k-points grid in the reciprocal space. Thresholds of 10 -8 , 10 -8 , 10 -8 , 10 -8 , and 10 -16 were adopted for the Coulomb integrals overlap, Coulomb integrals penetration, Hartree-Fock exchange integrals overlap, first exchange pseudo-overlap, and second exchange pseudo-overlap, respectively. 30 As already mentioned, we use the SOGGA functional, which is exact through second order by restoration of the gradient expansion for both exchange and correlation, following a nonempirical "constraint satisfaction". 18 Calculations were performed under symmetry constraints by considering PZT 75 with the space groups of each configurations. As a first step, geometrical structures were determined by optimization of cell parameters and atomic positions, through minimization of the total energy. Each step of the optimization consisted in a self-consistent field (SCF) cycle, performed with an energy tolerance of 10 -10 Hartree. Convergence of the structural optimization procedure using the Broyden-Fletcher-Goldfarb-Shanno algorithm with the "trust radius" method (initial value of trust radius set to 0.1 Bohr and maximum value allowed for the trust radius set to 0.3 Bohr) was considered to be achieved when all the forces, analytically calculated, were below 0.000045 hartree•Bohr -1 and their root-mean-square (RMS) was less than 0.00003 hartree•Bohr -1 . Moreover, maximum atomic displacements between two successive steps had to be less than 0.00012 Bohr and their RMS less than 0.00018 Bohr. Last, the energy tolerance was set to 10 -10 Hartree. Note that theoretical data have not been corrected for the zero-point energy since it has negligible influence on the values of the mode frequencies.

Once all structures were optimized, the Hessian matrix elements were computed by a three-point numerical estimate of the second derivatives of the total energy. Then, numerical diagonalization of the mass-weighted Hessian led to harmonic vibrational frequencies of the transverse optical (TO) mode at the Γ point and their IR intensities were obtained through the Berry phase approach using the atomic Born tensors obtained by numerical differentiation, as implemented in the CRYSTAL code. 31,32 More specifically, the Berry phase method consists of using the atomic Born tensors, which are the derivative of the dipole moment as a function of the atomic displacements, as the differences in polarization between the central and the distorted geometries. This polarization change is then equivalent to the time-integrated transient macroscopic current that passes through the insulating material during the vibrations. Assuming Lorentzian-shape peaks for this study, we chose a full width at half-maximum (fwhm) of 30 cm -1 since it turned out that it was the value that allowed the best comparison with the experimental data. Then, density functional perturbation theory (DFPT) was applied to compute the polarizability. 33-35 To do so, a self-consistent coupled-perturbed (SC-CP) procedure was run until the difference between the matrix elements of two SC-CP consecutive iterations is under the threshold of 10 -4 au. Thence, the values of the dielectric tensor ε ∞ (at infinite frequency) were used for the determination of the vibrational frequency associated with the longitudinal optical (LO) mode.

■ RESULTS AND DISCUSSION Computational Results. Calculated Infrared and THz Spectra of PZ (PbZrO 3 ) and PT (PbTiO 3 ). In a previous article, 17 we highlighted the need to carry out precise modeling to interpret the IR spectra of perovskites such as PT and PZ. The use of the SOGGA functional, 18 implemented in the 2014 version of the CRYSTAL computer code, 30 permitted the determination of a good description of the structural and electronic structure of the two compounds. A representation of the main vibrational modes giving rise to the IR absorption spectrum of PT in the tetragonal phase is presented in Figure 2. The modes can be split into two groups: overall vibrations at low frequencies (E, A 1 framed in gray) and internal vibrations (of TiO 3 ) at high frequencies.

With the use of the SOGGA functional, IR spectra composed of TO modes (more details on the simulations are found in the Computation section), convoluted at a bandwidth of 30 cm -1 , were simulated for the tetragonal PT and orthorhombic PZ (Figure 3). Notice that the modes E (271.0 cm -1 ) and B 1 (276.2 cm -1 ) do not appear because the 
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first has very little intensity (0.8 km•mol -1 ), while the latter is silent (see Table 2 for more details).

Calculated Infrared and THz Spectra of PZT (PbZr 1-x Ti x O 3 ). The present study aims to apply the ab initio DFT method for the PbZr 1-x Ti x O 3 (PZT), of which PT and PZ are the basic constituents. PZT being a solid solution, however, there is no long-range order described by a unique elementary cell and one needs to define a strategy to describe the variety of environment. This problem is dealt with by using a combination of a periodic supercell that reproduces the variety of environment which respects a given stoichiometry. Indeed, the supercells are of the type (PbBO 3 )n, where n is an integer (number of elemental cells either PbTiO 3 or PbZrO 3 forming the supercell) and B designates either Ti or Zr, weighted by the value of x for Ti and by 1x for Zr. This technique, based on using each supercell (PbBO 3 )n reproduced in all three directions of space, is here referred to as the supercell method. We also define as configurations the different possible supercell structures obtained by the different placing of Zr and Ti atoms. Note that all possible configurations are considered for a given n (supercell size): the larger is the size, the larger is the sampled configuration space, and thus the more accurately the statistics of a random solid solution is reproduced. Following this, n is chosen to represent the random disorder of configurations while maintaining realistic computational costs. We chose to work with n = 8 (2 × 2 × 2 supercells), which is only adapted to calculate for x = 0.25, 0.5, and 0.75. For x = 0.75 or x = 0.25, this choice leads to 28 possible supercells. We chose to study in detail x = 0.75, represented in Figure 4. For this case, due to symmetry arguments, some of the supercells are structurally equivalent and there are only three nonequivalent needed to study for the cubic phase and five for the tetragonal. In the latter case, the five supercells' configurations are named A (Pm space group), B (Pmm2 space group), C (Cm11 space group), D (P1 space group), and E (Cm11 space group). In short, A and C configurations can be described by two PZ elemental cells adjacent to each other, while B and D correspond to two elemental PZ sharing an edge. Finally, E configuration is described by two elemental PZ sharing a corner. Note that this supercell approach has already been applied with success to cubic PZT solid solutions. 2,16,36 The DFT calculations for all configurations were done using the 2014 version of the CRYSTAL code, 30 based on the linear combination of Gaussian-type functions method for the crystalline orbitals' expansion. The basis sets and the functional (SOGGA) chosen for this study are the same than those used in our previous study on PT and PZ 17 (details can also be found at the end of the Computation section). The spectra made from the TO phonon modes for each of the five tetragonal configurations of PZT 75 are presented Figure 5a, while equivalent results for other compositions can be found in the SI. The combination of all supercells spectra implies a huge number of predicted IR TO active modes (117 modes per configuration for the cubic and tetragonal phases, the same number of LO modes), which prevents presenting them in a table. However, the similarities between the spectra of tetragonal PT and tetragonal PZT (x > 0.5) allows drawing a general spectra comparison and assignment to equivalent PT modes, as presented with experimental results in the IR Spectroscopy Results section. We focus here on how the IR spectrum for PZT 75 can be constructed for comparison with the experimental one. Actually, the reported theoretical IR spectrum, I̅ N (ν,T) can be obtained from a weighted average over all the spectra, I i (ν), corresponding to each of the N = 5 configurations in the tetragonal geometry following

I T P V T I ( , ) ( , ) ( ) N i N i i 1 = × = (1)
and by using the Boltzmann occupation probability, P i (V, T), given by 37 Infrared spectra obtained by ab initio calculations for the two primary building blocks of PZT, 17 that is, tetragonal PT and orthorhombic PZ, each TO mode is convoluted at a bandwidth (fwhm) of 30 cm -1 . Because of the large number of PZ modes (presented in Table 1), only the PT modes are identified. 
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In eq 2, E i is the total energy of the ith configuration per chemical unit at its optimized geometry with volume V, neglecting the zero-point energy, m i is the multiplicity of the ith configuration (see Table S1, column "Degeneracy", of the SI), T is the temperature, and k B is the Boltzmann's constant. For all configurations the energy E i is low compared to k BT so that a non-negligible proportion is formed at either 673 or 873 K. The choice of T and the resulting P i (V, T) need to be clarified. Although DFT calculations are carried out at T = 0 K, the distribution of the different supercells results from the temperature of the film formation processes, either 673 K (temperature for tetragonal to cubic transition) or 873 K (deposition temperature). These two fixed temperatures are respectively justified as follows:

• by considering the temperature of the substrate during the deposition, that is, 873 K. In this case, PZT is in the cubic phase and we must therefore consider the energies of the different configurations obtained in this phase to evaluate the P i (V, T) and the transformations between the cubic and tetragonal configurations (as represented in blue arrows in Figure 4). • by considering that some cooling occurs between the evaporation and the deposition on the substrate, so that the elemental cells are tetragonal when the film grows. In this case, PZT being in the tetragonal phase, the Boltzmann occupation probability P i (V, T) can be evaluated at T = 673 K. The energies, the temperature of formation and the degrees of degeneracy for each configuration allow an evaluation of the proportion of each supercell type (A, B, C, D, E) for the two formation processes (details of these calculations can be found in Table S1 of the SI): (i) deposition of cubic supercells with Boltzmann's distribution among A, B, C at 873 K and then transformation to tetragonal following the scheme in Figure 4; or (ii) the deposition of tetragonal supercells (A to E) following the Boltzmann's distribution at 673 K. In Figure 5a, the simulated spectra of PZT 75 for the different configurations A to E of the tetragonal phase are presented. One can notice that all supercells' configurations give rise to relatively similar spectra, especially concerning the prediction of the frequencies for the three low energy modes, being almost supercell independent. In contrast, at higher frequencies, the configurations give rise to a more disperse range of mode frequencies. These bands are located between 600 and 750 cm -1 and are correlated to the stretching of the oxygen atoms Top part: structural parameters of PZT 75 for the five possible 2 × 2 × 2 supercells (A, B, C, D, E), with their weight (in percent) calculated for formation temperatures of 873 and 673 K (see text). Middle part: weighted average of supercell structural parameters at 873 and 673 K. The relative stabilization energies are also presented. Bottom part: structural parameters deduced from XRD measurements on the synthesized powder and on the thin film at room temperature. Note that all angles (calculated and measured) are α = β = γ = 90°. Please refer to Table S1 of the SI for details on the calculation of the supercells weight.
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against the Ti (Zr) atoms. The weighted proportions were used to compute simulated spectra of PZT 75 formed at either 673 or 873 K (Figure 5b). It is noteworthy that the two temperatures, with their different Boltzmann occupation probabilities, do not give rise to significantly different simulated spectra.

In Table 1, one can observe the different cell structural parameters calculated for the five possible PZT 75 2 × 2 × 2 tetragonal supercell and those of the weighted average at 873 and 673 K; the various proportions of each supercell together with the experimental cell parameters for powder PZT 75 and 90 nm thin film PZT 75 measured by XRD at room temperature. It is important to note that for all the configurations, the calculation predicts almost similar structural parameters, suggesting that any supercell can be physically next to another inside the crystal structure without creating important internal constraints and thus confirming the validity of the present supercell statistical approach. Also notice that, by considering the a, b, and c parameters, one can deduce that the thin film (c/a = 1.04) is slightly closer to a cubic structure than the powder (c/a = 1.05).

The polarization properties of tetragonal PZT material give rise to polar modes characterized by large TO -LO splitting and important dielectric constants ε static and ε ∞ values. Using the simulations we report, in Table S2 of the SI, ε static and ε ∞ for all configurations of tetragonal PZT 75 . This allows a determination of a net ε static value close to 100, in reasonable agreement with experimental determinations for ceramics. 38 For the two supercell configurations C and E, however, ε static,yy only depends on the high-frequency part ε ∞,yy , meaning the ionic contribution in this direction is zero. This happens because the parameters imputed to calculate this contribution (force-constant matrices, internal strain tensors, and Born effective charge tensors) are symmetric in this same direction, giving rise to a sum tensor of the vibrational contributions that is null.

We now extend the simulations to various compositions of PbZr 1-x Ti x O 3 , as presented in Figure 6. The same supercell method was used to model both the cubic phase (high temperature) and the tetragonal phase (low temperature), with x = 0.5, 0.75, and 1. More details can be found in Figure S2 in the SI, especially for the compositions 0 ≤ x ≤ 0.375 in the cubic phase. For the cubic phase (Figure 6a and Figure S2), the number of vibrational modes at low frequencies is larger in PZT compared to that in pure compounds (PZ and PT) due to disruption of symmetry and the use of supercells. The lowest-frequency range is mainly dominated by the movement of the Ti(Zr)O6 octahedra relative to the Pb cage. The high frequencies range is dominated by the contribution of Zr-O/ Ti-O stretching and changes significantly with the composition. Although the dominant vibrational mode appears at a higher energy for pure PZ as compared to pure PT, a global shift of the spectral weight toward higher frequencies is observed when x increases from 0.25 to 0.75. It is noteworthy that all the systems modeled in the cubic phase present polar modes having an imaginary vibration frequency, a signature of the dynamic instability of this phase. This imaginary mode signifies the metastable nature, which is expected as the cubic phase does not exist at 0 K where the calculation is performed.

The IR absorption spectra of the tetragonal phase, changes little with the chemical composition, the vibration modes resembling those of the pure tetragonal PT. Indeed, the tetragonal phase maintains low energy modes similar to A 1 (154 cm -1 , ∼80 km/mol) and E (74.9 cm -1 , ∼210 km/mol) of PT through all compositions. We also note that the appearance of many lower intensity bands at high wavenumbers is linked to the disruption of symmetry as well as the use of supercells. For the higher Ti content (x = 0.75 and 1), all the configurations are dynamically stable as attested by the lack of a mode with an imaginary frequency. It is not the case for the MPB phase, x = 0.5, where several configurations have imaginary modes mainly corresponding to frustrated rotations of the O octahedra around the Zr atoms. These imaginary modes support that Zr atoms are the source of instability dynamics that leads to a structural transition to a more stable phase such as the monoclinic phase observed experimentally for this chemical composition 39 (the spectrum of the realistic orthorhombic PZ structure is presented in Figure 3). IR Spectroscopy Results. Infrared and THz Spectra of PZT [START_REF] Grosso | Solid state physics[END_REF] . The measured IR spectra of 5, 10, 45, and 90 nm PZT 75 /STO/Si(001) films are presented in Figure 7a. It is worth noting that the 5 nm film contains only approximately 6 supercell layers, while the 90 nm has about 100 supercells. This implies that the thinnest film may be structurally stressed and is submitted to disorder due to impurities and stress from the substrate, while the thick film can be considered as a bulk. DRX and AFM measurements can be found in Figure S1 in the SI.

Indeed, the spectra of the 45 and 90 nm films present the same main modes as the simulated bulk PZT 75 (reported in The Journal of Physical Chemistry C yellow in Figure 6b): their five main phonon modes at 66, 147, 201, 334, and 531 cm -1 being close to the calculated values (Table 2). Moreover, the thickest sample, measured in a wider energy range (see Figure 8a), presents a higher broad structure centered around 730 cm -1 . All these well distinguishable phonon bands are in accordance with the usual assignment for perovskites 40 and can be regarded as Pb-[Ti(Zr)O6] stretching for the lowest-frequency one, while the middle and the two higher frequency vibrations correspond to O-Ti(Zr)-O bending and Ti(Zr-O) stretching vibrations, respectively (Table 2).

Meanwhile, the thinnest film (5 nm, Figure 7) only presents the lowest energy mode (87 cm -1 ), which is slightly shifted toward higher energies compared to the thickest samples. In addition, in the 10 nm film, the low energy peak appears at 74 cm -1 while it is red-shifted to 66 cm -1 for the two thickest films, indicating the progressive softening of this mode with increasing thickness. Notice, however, that the structure between 500 and 550 cm -1 appears in a region where silicon has a strong and highly temperature-dependent phonon mode. It is likely that this band is affected by a nonperfect compensation of substrate used as the reference.

The missing higher energy vibrational modes for these two thinnest films suggests that the tetragonal perovskite structure is not similar to the thickest ones, causing a broadening or a weakening of the phonons. Consequently, the incomplete vibrational structure may indicate the loss of some of the ferroelectric characteristics through the lack of those higher energy polar modes, and in particular, the mode at 200 cm -1 which is the most polar for all available supercell configurations (A, B, C, E), according to their TO-LO splitting. Indeed, for very thin dielectric films, a "dead layer" effect has been widely reported. Such layers appear in the dielectric/electrode interface and are characterized by a low-dielectric constant, implying much lower ferroelectric properties when compared For PT (tetragonal) and PZ (orthorhombic), the main simulated transverse optical modes (TO) are presented for comparison with the measurements. For PZT 75 , because of the large number [START_REF] Varvenne | Averageatom interatomic potential for random alloys[END_REF] of simulated modes, only the frequencies of the most intense simulated absorptions (I > 5 km/mol) are compared with measurements, by evaluating which frequencies are the closest. In bold, the polar modes are highlighted.
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to the corresponding bulk materials. This effect has its origin in surface charges coming from the surface of the electrode, which generate a depolarizing field that hardens or destroys the polar modes of the deposited film. Such dead-layer phenomenon could explain the lack of the most polar modes in the presented IR spectra for 5 and 10 nm samples. 41 In order to exclude the occurrence of islands of pure PT (or less likely of pure PZ) domains in the present films, a comparison of the IR spectrum of the PT and PZ films 17 with PZT 75 films is presented in Figure 7. The resemblance of these spectra is unmistakable. It clearly appears, however, that both the PT characteristic lowest energy thin structure at 85 cm -1 or the band centered at 400 cm -1 are absent (or weak) in PZT. Such a lack of these specific features excludes pure PT crystallites of significant size and concentration within the PZT films. The equivalent conclusion may be used to exclude the presence of islands of pure PZ, based on the nonappearance of the signatures of the PZ, namely, the absence of a narrow band at frequencies close to 58 cm -1 . Such thorough mixing is also supported by XRD measurements (Figure S1).

The measured frequencies of the main phonon modes for PT (87 nm), PZT 75 (90 nm), PZ (200 nm) are reported in Table 2 together with the simulated bulk ones. Furthermore, for PT and PZ the mode symmetries are presented as well as the frequencies of the TO modes determined through simulations. One can notice a strong resemblance between the tetragonal PT and PZT 75 modes, pointing at the similarity of structures for both compounds.

Figure 8a shows the evolution of PZT 75 (90 nm) for temperatures between 300 and 570 K. As stated previously, at room temperature, the spectrum resembles the simulated tetragonal, presented in blue in Figure 8b; this structure also being confirmed by our XRD measurements (see SI). When temperature increases, the unit cell evolves toward a cubic structure, although the highest temperature is still 100 degrees under the expected transition at 673 K. The structural evolution has been studied using XRD by Bouzid et al. 42 for PbZr 1-x Ti x O 3 for x < 0.5, and it clearly evidences a continuous change of the c/a ratio. Following this, we expect the experimental spectra to gradually evolve toward the cubic symmetry (Figure 8b, red curve) as temperature increases. Indeed, at higher temperatures, a general decrease of intensity and frequency for all bands occurs. Such weakening of the three lowest energy modes is predicted by simulations between tetragonal and cubic.

The most noticeable evolution concerns the band around 350 cm -1 , which disappears gradually, being almost absent at 570 K. Indeed, the mode at 350 cm -1 can be assigned to the stretching in the c plane of the off-centered Ti (Zr) relative to the oxygen octahedra (Figure 2, mode A 1 at 344.4 cm -1 for PT). Nevertheless, this band is also present in the predicted spectrum for the cubic structure. Finally, another region is evolving with temperature. Indeed, the weak high energy mode at 730 cm -1 at room temperature seems to give rise to two components at 720 and 780 cm -1 for the highest temperature, in reasonable agreement with the simulated cubic structure spectrum, where two structures, one at 608 cm -1 and one at 743 cm -1 are present (Figure 8b, red). Furthermore, the very intense peak at 608 cm -1 (∼400 km/mol) corresponds to symmetrical stretching vibrations of the Zr-O bonds and Ti-O of alternating chains •••-O-Zr-O-Ti-O-•••, in phase with each other, accompanied by small angular deformations O-Ti-O with the oxygen atoms located outside the chain. The very high theoretical intensity of this band (∼400 km/mol) comes from the very high difference in the variation of dipole moment during the vibration of this atomic chain.

An alternative interpretation for the evolution of the spectra with temperature may be related to the gradual loss of the polar nature when PZT is evolving from tetragonal to cubic. For tetragonal PZT, the large TO-LO splitting of the polar modes gives rise to minimal splitting when the cubic structure is fully established. The frequencies of the three wide structures extending from 66 to 80, 201 to 350, and 531 to 700 cm -1 correspond approximately to the predicted TO-LO modes at , and 562-715 cm -1 . Indeed, these three structures clearly show a redshift together with narrowing as temperature increases. Such evolution is especially striking for the 201-350 cm -1 structure, evolving into one narrow band at higher temperature. According to simulations, this mode carries the highest polar nature, and its disappearance would sign the quasidegeneracy of the TO and LO frequencies. Nevertheless, this interpretation which may allow a better agreement with the experimental spectra, implies the detection of LO modes through transmission. This could only be the case for important reflectance between TO and LO mode frequencies, causing a dip in the transmission measurements, in a similar fashion as observed in NaCl. 43 Table S1: The table displays the proportion of each supercell configuration of tetragonal and cubic PZT 75 . The proportions were calculated using Boltzmann's distribution (e E/k b T ), in which E is the configuration energy, T is the temperature of formation (either 673 K for the tetragonal configurations or 873 K for the cubic configurations) and k B is the Boltzmann's constant. The proportions for the tetragonal phase formed at 873 K are derived from the Boltzmann distribution of the cubic phase as only this phase is formed at high temperature. Therefore the proportion of each final tetragonal configuration results from the intermediate Boltzmann distribution of the three cubic configurations (see Fig. 4). For example, after the cooling down, the 39% of cubic A evolves into 19.5% of tetragonal A and 19.5% of tetragonal C. The degeneracy of each configuration is also considered. The cubic configurations' energies are calculated relative to the lowest energy one: configuration C for the cubic and configuration B for the tetragonal. 
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Table S2: Dielectric constants for the various configurations (A, B, C, D and E) of PZT 75 for each of the main axis.

Configurations HZO has emerged as potentially ultra thin film lead-free ferroelectric material that can be grown directly on Silicon. Ferroelectricity in such films is characterized by a polar orthorhombic phase (polar o-, Pca2 1 ) which is in constant competition with the most thermodynamically stable monoclinic phase (m-, P2 1 /c).

ε static = ε ∞ + ionic contribution ε ∞ ε static,xx ε static,yy ε static,zz ε ∞,xx ε ∞,
A third possible structure is obtained when a different film deposition pressure is used, promoting the tetragonal phase (t-, P4 2 /nmc). In all cases, the film's fabrication generates a mix of either t-/m-phases or polar o-/m-phases. In this paper, HZO films from 10 to 52 nm of mixed phases were measured using broadband IR spectroscopy (15 -5500 cm -1 ), characterizing thin films either ferroelectric or non-ferroelectric. We also performed DFT simulations for the three main crystal complementary infrared spectroscopy and ab initio supercell simulations phases (t-, m-and polar o-) for both the parent compounds ZrO band accompanying the loss of ferroelectricity in thicker monoclinic-dominated films.

At low temperatures we observed the gradual appearance of a new phonon band at 478 cm -1 , which possibly corresponds to the dominant more stable m-phase. At high temperatures, we observed a softening of two main modes at 332 and 404 cm -1 . and a strengthening of the polar o-phase.

State of the Art

For over one century, ZrO 2 and HfO 2 have been intensively studied in the literature for a wide range of applications. Both compounds find uses in memory devices [START_REF] Panda | Growth, dielectric properties, and memory device applications of ZrO 2 thin films[END_REF], ZrO 2 being further exploited in medical implants as an inert biocompatible ceramics [START_REF] Marti | Inert bioceramics (Al 2 O 3 , ZrO 2 ) for medical application[END_REF], and HfO 2 mostly employed in optical coatings and transistors [159]. At room temperature, the two oxides in the bulk form have monoclinic structures [START_REF] Miikkulainen | Crystallinity of inorganic films grown by atomic layer deposition: Overview and general trends[END_REF], with a high temperature tetragonal (∼ 1700 K) and further cubic transitions (∼ 2700 K). A schematic phase diagram using the average transition temperatures of bulk ZrO 2 and HfO 2 is presented in Fig. IV-1.

In recent years, the two ceramics became the center of industrial interested as possible "high-𝑘" dielectric materials [36,161]. In metal-oxide-semiconductor field-effect transistors (MOSFETs), SiO 2 is the most used gate-oxide, e.i. the dielectric layer that separates the gate terminal in such transistors [161]. High-𝑘 dielectric Before the discovery of the first HfO 2 -based ferroelectric in 2011 [START_REF] Boscke | Ferroelectricity in hafnium oxide thin films[END_REF], the predominant ferroelectric materials were perovskites. Extension of technological applications were, however, constrained due to limited compatibility with integrated complementary infrared spectroscopy and ab initio supercell simulations circuits, scalability issues and lowered performances in thicknesses less than 100 nm [166]. Taking PZT as an example, the origin of ferroelectricity is the off-centre position of Zr and Ti ions related to the symmetrical anion sublattice (oxygen octahedra). In fluorite-structured HfO 2 -based ferroelectrics, however, its the off-centering of half of the eight oxygen ions within the unit cell, with respect to the centrosymmetrical cation sublattice, that is responsible for the induced polarization [30]. This distinct mechanism generates multiple unexpected domain wall structures, some

showing negative domain-wall energy [START_REF] Lee | Scale-free ferroelectricity induced by flat phonon bands in HfO 2[END_REF]. In addition, HfO 2 -based ferroelectrics have stronger cation-anion bonding when compared to perovskite-based materials, leading to less degradation as the films thickness decreases (<10 nm) or when exposed to reducing gases [START_REF] Park | Effect of forming gas annealing on the ferroelectric properties of Hf 0.5 Zr 0.5 O 2 thin films with and without Pt electrodes[END_REF]. In addition, the coercive field2 in doped-HfO 2 films is found to be one order of magnitude greater than conventional ferroelectric films [166].

In accordance, the local electric field distribution in a TiN/HZO/TiN sample was found to be 3-5 times wider than in polycrystalline PZT films, indicating a higher inhomogeneity of the HZO ferroelectric material[169].

The higher coercive field in HZO materials has, however, a few disadvantages. The structural differences between doped-HfO 2 and perovskite films also lead to diverse phonon behaviour. Flat phonon bands 3 in momentum space, that are present within the half HfO 2 unit cell, allow localization of electric dipoles in the 1. State of the Art material. This highlights a very different scenario compared to the spread dipoles observed in conventional ferroelectrics [START_REF] Lee | Scale-free ferroelectricity induced by flat phonon bands in HfO 2[END_REF]. These localized states are stable against competing phenomena, such as domain walls, surface exposure and scalability to ultra thin films. The ultimate consequence of such phonon bands is the strong and independent activation of the dipole switch, leading to a particular kind of ferroelectricity in HfO 2 -doped materials. According to Lee et al. [START_REF] Lee | Scale-free ferroelectricity induced by flat phonon bands in HfO 2[END_REF], the flat phonon bands arise from the alternatively ordered spacer and polar HfO 2 layers, the first being called "dead layers" that screen the elastic interaction between two ferroelectric active layers. The result is the creation of such localized electric dipoles at no energy cost in domain-wall formation [START_REF] Lee | Scale-free ferroelectricity induced by flat phonon bands in HfO 2[END_REF].

Regarding polar to non-polar phase transitions, in an ideal ferroelectric material the polar to paraelectric phase transition is accompanied by a dielectric anomaly (see Fig. I-8 of Section 2.2.2, p. 50). This anomaly is characterized by a increase of the dielectric constant with temperature, reaching its maximum at 𝑇 𝑐 followed by a sharp drop. In displacive ferroelectric transitions (Section 2.2.2, p.

54), soft phonon modes active in the infrared range are responsible for the dielectric maximum to occur. This dielectric divergence is given by the Curie-Weiss law, reported in Eq. I. 36 (p. 54). The probing of the polar to non-polar, e.i. polar oto t-phase, high temperature transition in fluorite-structured ferroelectrics is more challenging than in perovskites materials [166]. Indeed, the presence of the stable and competing monoclinic phase, together with spatial inhomogeneities [START_REF] Lines | Principles and applications of ferroelectrics and related materials, ser. Oxford classic texts in the physical sciences[END_REF] lead to difficult identification of the phase transition order in HZO thin films [166]. Several studies attempted nevertheless to probe such transition in both epitaxial and polycrystalline films [START_REF] Mimura | Large thermal hysteresis of ferroelectric transition in HfO 2 -based ferroelectric films[END_REF]. The abrupt dielectric constant increase according to the Curie-Weiss law was not observed in Si-doped HfO 2 . Instead, a linear increase with no maximum was observed[173]. This result was attributed to the wide distribution of the grain size, resulting in a broad distribution of Curie temperature (𝑇 𝑐 ). Moreover, the phase transition in polycrystalline films is believed to be broader compared to their bulk or epitaxial thin film counterparts [173].

The doping of HfO 2 with Zr is particularly interesting for a number of reasons. (i) Concerning the ferroelectric range within the Zr/Hf ratio: P-E hysteresis complementary infrared spectroscopy and ab initio supercell simulations curves, characteristic of ferroelectric materials, were observed for multiple 𝑥 values in TiN/Hf 1-𝑥 Zr 𝑥 O 2 /TiN (𝑥 = 0.3 to 0.5) capacitors, with optimal doping at 𝑥 = 0.5 [36]. Indeed, the 50%/50% Zr/Hf composition allows homogeneous and reproducible HZO films when compared to other dopants with different ratios (such as Zr-doped HfO 2 ferroelectrics nowadays represent a thriving research field with many unknowns. Indeed, understanding the phase transitions in HZO thin films with mixed crystal phases is essential but challenging. For instance, X-ray diffraction measurements of ultra-thin films are not straight-forward and the high quantity of peaks arising from the mixed phases results in complex data refinement. Optical measurements stand up as an alternative in elucidating the structures. A complete optical characterization of t-, m-and polar o-phases mixed phases is, however, still missing in the literature. In particular, a broadband IR characterization of such films has not been carried yet. Likewise, quantification of mixed phases proportions inside HZO thin films using coupled far-infrared (FIR) spectroscopy and DFT simulations adapted for solid solutions cannot be found in literature. As the phonon modes are the dynamical signature of specific crystal structures, IR spectroscopy can be a powerful tool in the understanding of structural properties in ferroelectric materials.

In the following section, complementary information on the Materials and Methods used in the submitted article is presented. It is recommended, however, to carry the reading of the paper before diving into the Materials and Methods section below.

This Section aims to add some complementary information on the Materials and Methods found in the submitted article, as to better describe the DFT Simulations and the Absorption Spectroscopy Measurements.

DFT Simulations

In Section 2.1 (p. 97), the DFT formalism is reviewed and the delicate choice of the exchange-correlation functional was addressed (p. 102). Such functionals are constructed by parameterizing an analytical function 𝐹 (𝜌(r), ∇𝜌(r)) that fulfills known properties (such as asymptotic 4 properties and sum rules), and by calculating the Taylor expansion of the density 𝜌(r). The PW1PW functional is described in the following section.

The PW1PW Functional and Basis-set

To perform DFT simulations, one needs to represent the electronic wave function in order to solve the Schrödinger equations of the system. Such representation is carried using atomic orbitals, called the basis-set [START_REF] Lewars | Computational chemistry: introduction to the theory and applications of molecular and quantum mechanics[END_REF]. The basis-set available for both Zr, Hf, and Oxygen atoms is called pob_TZVP_rev2 [START_REF] Muñoz Ramo | Spectroscopic properties of oxygen vacancies in monoclinic HfO 2 calculated with periodic and embedded cluster density functional theory[END_REF]. It consists of a Gaussian basis function of triple-zeta valence5 with polarization functions adapted for solidstate calculations [START_REF] Laun | BSSE-corrected consistent Gaussian basis sets of triple-zeta valence with polarization quality of the sixth period for solid-state calculations[END_REF]. The basis-set was optimized using the PW1PW functional, that integrates one-parameter hybrid version of the PW91 functional [START_REF] Perdew | Accurate and simple density functional for the electronic exchange energy: Generalized gradient approximation[END_REF], obtained by mixing Density Functional correlation function and Hartree-Fock exchange in the ratio 0.8:0.2 [START_REF] Dovesi | Crystal17 user's manual[END_REF][START_REF] Bredow | Effect of exchange and correlation on bulk properties of MgO, NiO, and CoO[END_REF]. It delivers accurate results both for covalent and noncovalent interactions. This functional has given good results in many atomic, molecular, and solid-state calculations [START_REF] Adamo | Exchange functionals with improved longrange behavior and adiabatic connection methods without adjustable parameters: The mPW and mPW1PW models[END_REF]. complementary infrared spectroscopy and ab initio supercell simulations

The Supercell (SC) Method

In Section 2.3.1 (p. 110), the ab initio approach for calculating solid solutions is presented in details. The method consists in simulating all the possible configurations for a given SC size, i.e. combinatorial possibilities of the mixed atomic sites for the two mixing solute atoms, Zr and Hf in the Hf 0.5 Zr 0.5 O 2 (HZO) solid solution. In the present paper, FIR spectra were simulated for HZO in its polar o-phase (space group 29, Pca2 1 ), for the t-phase (137, P4 2 /nmc) and the most stable m-phase

(14, P2 1 /c).
To maintain a reasonable number of calculated supercells and to keep the total number of atoms (24) constant (8 mixed atomic sites), the method uses four unit cells for the t-phase (1×2×2, 2×1×2, 2×2×1) and two unit cells for m-and polar o-phases (1

× 1 × 2, 1 × 2 × 1, 2 × 1 × 1)
in the three directions of space.

Examples of mixed atomic sites for the three phases are presented in Fig. IV-2. For the o-phase, each two-unit cell system (1

× 1 × 2, 1 × 2 × 1, 2 × 1 × 1)
gives rise to a series of 70 possible configurations, and thanks to the symmetric degeneracy present in the system, the number of configurations 𝑁 decreases to 12 for 1 × 1 × 2, 14 for 1 × 2 × 1 and 13 for the 2 × 1 × 1 supercell. For the m-phase, 40 possible configurations exist, whereas for the t-phase, 26 different supercell configurations are found. Note that the Crystal code uses symmetry operations on the initial cells presented in Fig. IV-2 to find corresponding cells with less atoms, by keeping the crystal system but often changing the space group. This means that the final optimized space group of the SC might be different than the original ones in Fig.

IV-2. They are, however, completely equivalent. Please refer to Table S2 of the article for all space groups.

Absorption Spectroscopy Measurements

THz and FIR spectra in the 15-600 cm -1 range and MIR spectra (up to 5500 cm -1 )

were obtained using a Bruker IFS125HR Fourier transform spectrometer evacuated at pressures lower than 10 This is the reason why the supercell for the t-phase is doubled in one more direction (1 × 2 × 2), compared to 1 × 1 × 2 for example. Therefore, total number of atoms of the supercell is 24 for each phase.

of 1700:1. For the FIR (40 -600 cm -1 ) range, a spectral resolution of 2 cm -1 was chosen, together with a 6 microns Mylar BS combined with a bolometer cooled at 4.2 K. For the MIR range (up to 5500 cm -1 ), the samples were measured using a MCT detector combined with a KBr beamsplitter. A low vibration pulse tube cryostat was used to achieve temperatures down to 13 K from room temperature. High temperature measurement were performed using the T95 Linkam oven manually adapted to the spectrometer. The spectra of all films were obtained by measuring the signal transmitted divided by an accurate reference provided by the signal transmitted through an equivalent Si substrate. A total of 200 scans for both the sample and the reference were averaged to obtain the absorbance, 𝐴𝑏𝑠, using the relation the high baseline also arises from contributions of the high temperature elements' signal reaching the detector. The resulting baselines need to be removed by subtracting a polynomial fit curve (green curve) from the original high-𝑇 data. Concerning the merging of the different spectral ranges, one can observe in (b) the original plots. The THz and FIR data merge smoothly as they overlap at complementary frequencies with similar intensities. The MIR (green spectra), however, had to be rescaled to merge perfectly the FIR+THz data (as in presented in (d)). Finally, it was necessary to remove some residual fringing from a non-perfect compensation of the substrate using a Savitzky-Golay low-pass filter, which is particularly suited for smoothing noisy data [START_REF] Savitzky | Smoothing and differentiation of data by simplified least squares procedures[END_REF]. The fringe removal process distorts neither the spectral features nor the spectral baseline.

𝐴𝑏𝑠 = -log(𝑇 𝑠𝑎𝑚𝑝𝑙𝑒 /𝑇 𝑟𝑒𝑓 ).

Complementary DFT Results

Complementary DFT Results

3.1 DFT IR Spectra of ZrO 2 and HfO 2 for Multiple Phases

As a initial test, DFT simulations of parent compounds ZrO 2 and HfO 2 were carried, in order to validate the simulation parameters, implying the computation time and resources, the basis-set (pob_TZVP_rev2 [START_REF] Muñoz Ramo | Spectroscopic properties of oxygen vacancies in monoclinic HfO 2 calculated with periodic and embedded cluster density functional theory[END_REF]) and the choice of functional (PW1PW [START_REF] Bredow | Effect of exchange and correlation on bulk properties of MgO, NiO, and CoO[END_REF]). The initial tests allow to verify the formation energies of different space groups and confirm the m-phase (14, P2 1 /c) as the ground state stable (lowest negative formation energy). Note that the calculations are carried at 0 K.

The energy results for multiple ZrO 2 and HfO 2 phases are reported in Table IV Indeed, some of the crystal phases (different space groups) have high formation

Chapter IV. Quantification of crystalline phases in Hf 0.5 Zr 0.5 O 2 thin films through complementary infrared spectroscopy and ab initio supercell simulations energy and are not obtained experimentally, unless the temperature or pressure is increased. This is the case for Triclinic (2 P-1) and Monoclinic (11 P12 1 /𝑚), which are only found theoretically [40]. Interestingly, some of the space groups with higher formation energies (Tetragonal (137 P4 2 /nmc) and Cubic (225 Fm3m)) can be found experimentally, when formed at high temperatures (see Fig. IV-1). Similarly, the two Orthorhombic (61 and 61) can be formed experimentally at high pressures.

Moreover, as mentioned in the State of the Art, the ferroelectric Orthorhombic (29) can also be found experimentally by adding dopants or/and using thickness confinement (strain or pressure), which is the case for the HZO solid solution.

The DFT IR spectra of ZrO 2 and HfO 2 are presented in Fig. IV-4 and IV-5, respectively. One observes the different phonon frequencies for each space group. The similarity between the DFT spectra of ZrO 2 and HfO 2 is noticeable and expected for such two isostructural compounds. Because of these similar spectra, one approach to simulated the DFT spectra of HZO solid solution is to simply average ZrO 2 and HfO 2 spectra. Such approach is justified by the coexistence of similar phases for both parent compounds in close temperature and pressure conditions. The IR results of such averaging are presented in Fig. IV-6.

The averaging method itself does not account for the diversity or environment surroundings in the real ZrO 2 and HfO 2 cells in solid solutions. Therefore it may not be justified by itself. Accordingly, a complete thermodynamical approach is carried in the present paper, implying the supercell (SC) method.

The choice of applying the SC method only to three phases (t-, m-and polar o-phases) is justified by (i) their relevant scientific interest and (ii) the large number of calculations required to simulate the IR spectra for all space groups. Indeed, simulating the IR spectra for all ZrO 2 and HfO 2 space groups using the SC method would imply about ∼ 1000 calculations, which was not time-feasible during the course of this PhD thesis. Therefore, the t-, m-and polar o-phases were chosen for further analysis.

Complementary DFT Results

Figure IV-4: Theoretical spectra of ZrO 2 polymorphs. To implement the SQS method, one needs to define a few input parameters:

Complementary DFT Results

the nearest neighbors (𝑘), the atom neighbor distance 𝑙 and the total number of atoms 𝑁 inside the SQS cell. The final goal of the SQS method is to find the configuration 𝜎 with the correlation function ξ𝑓 (𝜎, 𝑁 ) the closest to the one of the true disordered system ξ𝑓 random . The difference ∆𝜉 𝑓 between the two correlation functions should be then minimized and close to zero. The parameters for the Chapter IV. Quantification of crystalline phases in Hf 0.5 Zr 0.5 O 2 thin films through complementary infrared spectroscopy and ab initio supercell simulations Spectra for polar o-and t-phases are almost similar to the ones obtained by the SC method, whereas the m-phase spectrum is different from the SC one. It seems that the SQS generates a tetragonal unit cell instead of a monoclinic one.

Indeed, these SQS DFT calculations were carried by using the command FIXDEF, that fixes the initial crystalline system. It seems that by fixing the initial m-phase crystal structure, the SQS cell converges to a tetragonal structure, which is counter intuitive. To investigate this unexpected result further, SQS DFT calculations were carried without fixing the crystalline system for the polar o-and m-phases. These results are presented in Fig. IV-9. The left panels are for the fixed geometry results (HZO SQS FIXDEF ), whereas the right panel presents the free geometry optimization (HZO SQS ). While for the polar o-phase the theoretical spectra are very similar, the m-phase results in com-

Complementary DFT Results

pletely different spectra. The free geometry results in a expected IR spectra for the m-phase. To expand the discussion, in the next section different physical properties obtained using the different simulation methods are compared.

Comparison between Simulation Methods

Calculations of various HZO physical parameters were carried using three different approaches (i) the averaging between ZrO 2 and HfO 2 , (ii) the SC method and the (iii) the SQS method. Table IV ℎ Ref [30], 𝑖 Ref [35]). Note that DFT calculations are performed at zero temperature and pressure.

rameters, as all methods yield close values. For the polar o-phase (Table IV.5), the Average ZrO 2 -HfO 2 parameters are far from expected HZO values, highlighting the importance of atomic neighbors interactions. Both HZO SQS, HZO SQS FIXDEF and SC yield similar results. Finally, concerning the m-phase (Table IV.6), the failure of the HZO SQS FIXDEF method is evident. Instead of generating a monoclinic structure with the 𝛽 angle close to 100 ∘ , the method results in a orthorhombic/close to tetragonal structure. This clearly explain the very different IR spectrum (Fig.

IV-8-a) obtained for this method.

In summary, for the t-phase, calculations are weakly dependent on the methods complementary infrared spectroscopy and ab initio supercell simulations (ii) theoretical values for the cell volumes and HZO parameters from 𝑏 Ref [30]. Values are normalized to 12 atoms in the unit cell.

and the simple parent compound average of properties results in values close to the expected ones. Indeed, due to the isostructural character of the parent compounds ZrO 2 and HfO 2 , a simple average of t-phase spectra can be performed to obtain the IR spectra of HZO with good agreement with predicted ones. Regarding the polar-o phase, the simple average approach does not sustain and a more complex simulation method that includes microscopic interactions is needed. Finally, for the m-phase, unexpected results are obtained when the HZO SQS FIXDEF method is used. The origin of such different properties values seems to be connected to the generation of a orthorhombic/almost tetragonal structure by the use of the FIXDEF command.

By letting the geometry to optimize freely, one obtains results close to the expected ones. Therefore, it is difficult to conclude which kind of method is the ideal one.

Complementary DFT Results

Orthorhombic (polar o-, 29 Pca2 Quantification of crystalline phases in Hf 0.5 Zr 0.5 O 2 thin films through complementary infrared spectroscopy and ab initio supercell simulations

Introduction

Ferroelectrics are a class of materials capable of two stable polarization states that need sufficient activation energy to pass from one to the other. These stable binary states are ideal for storing information of "0" and "1" kind in a nonvolatile manner. The activating energy to switch polarization implies an electric field, and these materials have very low energy dissipation, making them ideal for applications such as different types of fast memory devices 1 . As compared to the well-known perovskite ferroelectrics, fluorite-structure binary oxides are compounds with chemical formula MO 2 , with O -2 occupying the eight interstitial sites and M +4 ions occupy the regular sites of a face-centered cubic structure. These oxides have attracted considerable interest not only because they enable low-temperature synthesis but also for their Si-compatibility and scalability 2 , as ferroelectricity has been verified in films of thickness down to 2.5 3 and 1 nm 2 . The parent compounds ZrO 2 and HfO 2 have been intensively characterised in multiple physical forms, such as bulk, under high pressure, as thin films deposited on different substrates, nanocrystals and devices for over a century. Zr is the most chemically similar element to Hf, therefore HfO 2 and ZrO 2 are usually called twin oxides because of their similar crystal structure. Despite their large atomic number difference, 72 for Hf and 40 to Zr, their ions show very close ionic radii of 0.78 Å(Hf 4+ ) and 0.79 Å(Zr 4+ ) 4 . Regarding the phase diagram for both ZrO 2 and HfO 2 , the monoclinic P2 1 /c (m-phase, space group 14) is the most stable phase at room temperature and atmospheric pressure (see Fig. 1a). With the increase of temperature, a phase transition to the tetragonal P4 2 /nmc structure (t-phase, 137) occurs at about 1700 • C (1973 K) for hafnia and 1170 • C (1443 K) for zirconia. Reaching even higher temperatures, one observes a transition to the cubic phase Fm3m (c-phase, 225) at about 2600 • C (2873 K) for hafnia and 2370 • C (2643 K) for zirconia (Fig. 1a). A different scenario is observed when hydrostatic compressive pressure is applied: the m-phase passes to Pca2 1 (polar o-phase) and the two non-polar orthorhombics Pbca and Pnma.

Concerning the ferroelectric properties, the polar distortion is caused by the central anion displacement with respect to its surrounding cation tetrahedron, whereas in the non-polar tetragonal phase, the oxygen atom lies in the polyhedral centre of the tetrahedron. The evolution of the m-phase towards the high-symmetry t-phase and polar o-phase illustrates the role of size effects, surface energies and confinement strains, that help on stabilizing inversion asymmetry 2 .

HfO 2 -doped films have a longer retention time, implying two stable binary polar states, than conventional ferroelectric perovskite materials. Theoretical work suggest that this higher retention could arise from the low static dielectric constant ε s of about 17-25 5 . Devices containing materials with lower ε s values in this range have less fringing fields, implying a uniform field near the edge of the plate capacitor. As a consequence, the significantly lowered dielectric constant of the polar o-phase HfO 2 may improve the retention loss problems arising from this non-uniform field, especially in comparison with the perovskites counterparts 6 . Furthermore, this low-to mid-range ε s allows polar switching at lower voltage compared to perovskite ferroelectrics 7 . The dielectric constant can be further used as a marker to identity a specific crystal structure, as ε s varies drastically for different HfO 2 phases: 29 for the cubic, 16 for the monoclinic, reaching its highest value for the t-phase (70) 8 . Notice however that there is a downside for the retention gain coming from the lower dielectric constant: as the ε s lowers, the polarisation properties weaken as well.

Further information may be provided by the phonon behaviour has been reported by Delodovici et al. 9 using first-principles simulations. The authors find that it is a strong trilinear coupling between three phonon modes what gives rise to the ferroelectric transition in HfO 2 doped materials, implying the stabilisation of the polar o-phase. Of the 3 phonons, one is only weakly unstable, whereas the other two are hard modes. This coupling between phonon modes leads to a polar distortion of oxygen atoms bonds along the c axis resulting in a spontaneous ferroelectric polarization parallel to this direction.

Since the first report of ferroelectricity in hafnium dioxide thin films 10 , many dopants were tested in order to better stabilize the polar o-phase. The family of promising dopants includes Zr, Y, Al, Gd, Sr, and La-HfO 2 based materials, with remanent polarization of 5 -40 µC/cm 2 and coercive field of 0.75 -4 MV/cm 11 . To be able to stabilize the Pca2 1 polar o-phase, one needs to enhance the metal-oxygen bonding, which was achieved with the formation of a solid solution of ferroelectric compounds: Hf 1-x Zr x O 2 for 0.3 < x < 0.5, x = 0.5 having the higher ferroelectric properties. Indeed, for HfZrO 2 films bellow ∼ 30 nm, the ferroelectric polar o-phase is stabilized by a size-driven t-to polar o-phase transition. Besides that, the m-to t-phase transition temperature is significantly lowered when compared to ZrO 2 and HfO 2 bulk ones, leading to partially tetragonal (coming from ZrO 2 ) and partially monoclinic (coming from HfO 2 ) films 12 .

The IR and Raman spectra of HfO 2 , ZrO 2 and HZO have been studied in the literature both using experiments and simulations, but only the parent compounds have been investigated in detail. Recent infrared reflectance measurements on Y-doped HfO 2 polar o-phase coupled with DFT phonon calculations have shown that the remnant polarization value in such bulk crystals is smaller compared with the reported value in same composited in thin film form 13 . This result is in accordance with the general idea that strain plays an extremely important role in this ferroelectric materials. In complement to experimental IR measurements on parent compounds, Materlik et al. 7 have carried DFT simulations to predict the IR spectra on multiple ZrO 2 and HfO 2 phases and on the polar o-phase for HZO, together with their static dielectric constants. This work revealed that transformation from the t-phase to the polar o-phase involves a small volume change from 131.8 Å 3 to 133.8 Å 3 and the polarization, that occurs in the c direction, does not change significantly. As a consequence, the transformation to the polar o-phase might come from a previous stabilized t-phase, even though both polar o-and t-phase have no close symmetry relationship. Although their work has widely contributed to the comprehension of the origin of ferroelectricity in such materials, experimental data on HZO are still lacking and a more complete representation of the large variety of the cells in HZO solid solution is needed. Indeed, the full-randomness of the HZO material can be achieved by the use of a supercell method.

In this study, we coupled new HZO IR measurements with new DFT simulations for m-, t-, polar o-crystallographic structures (Fig. 1b). The simulation approach used a supercell method, chosen here as a two-unit cells for polar o-and m-, and four-unit cells for t-phase. This approached is verified by the spectroscopic study on 5 HZO films (10, 11, 17, 21, 52 nm) with thicknesses ranging from 10 to 52 nm both within and out of the ferroelectric thickness ranges where ferroelectricity is stabilized. The HZO sample fabricated using this procedure has 10 nm (HZO10). At high argon pressure (5 × 10 -2 mbar), HZO is ferroelectric, consisting of a mix of m-and polar o-phases. The samples that underwent this deposition procedure were 11, 17, 21 and 52 nm (HZO11-52). The thicker the films, the more the m-phase (purple zone) is stable and present. The rest of the deposition procedure is the same for all thicknesses: rapid thermal annealing at 450 • C during 30 seconds under nitrogen atmosphere. Note that the thickness horizontal axis is not at scale. In (c), measured temperatures (red stars) and stable crystal phases (colored zones) are reported. At high temperatures the polar o-phase (orange zone) is favored, whereas at low-T the m-phase (purple zone) is favored for samples fabricated using high argon pressure.

Experimental Results

The properties of optimally doped Hf 0.5 Zr 0.5 O 2 films with thicknesses of 10, 11, 17, 21, and 52 nm, designated here as HZO10, HZO11, HZO17, HZO21 and HZO52 were investigated. These films were grown on a 300 µm intrinsic IR transparent Si (001) substrate through magnetron sputtering with a single target (see Methods -Sample Preparation). The 10 nm sample was fabricated using a low-pressure method aiming at inducing the tetragonal phase, whereas the other samples were prepared using high pressure, giving rise to a mix of m-and polar o-phases (Fig. 1b). The phase diagram of Hf 0.5 Zr 0.5 O 2 films formation is represented in Fig. 1b, which the deposition pressure is plotted as a function of film thickness. Concerning the optical measurements, the different probed temperatures are summarized in Fig. 1c and indicated by red starts, together with colored zones corresponding to the probed crystal phases. Prior to optical measurements, ferroelectricity was verified in the 11, 17 and 21 nm HZO samples by carrying P-E loop measurements using TiN (5 nm) as top electrode and doped Si substrate as bottom electrode (see P-E loop in Fig. S1 in the SI). The optical response of the intrinsic Si substrate measured in the same FIR absorption conditions were used as reference for calculating the absorbance (as illustrated in Fig. 2a). The room temperature measured absorbance for multiple thicknesses are shown in Fig. 2b. A series of strong transverse optical (TO) phonon modes is observed for all films. Starting from lower frequencies, when comparing to the standard HfO 2 symmetry modes, the phonon modes for all thickness, presented in Table 2, can be broadly identified as (frequencies are approximated): A 1 at 100 cm -1 , A 1 at 150 cm -1 , B 1 at 250 cm -1 , A 1 at 330 at cm -1 , B 1 at 400 cm -1 , B 2 at 500 cm -1 and finally a A 1 mode at 600 cm -1 . In the following Discussion section, the main modes of each film are described in-depth with the help of Tables 1 and2. The evolution of the room temperature spectra as thickness increases involves the splitting of the 247 cm -1 band (HZO11) into 234 and 257 cm -1 (HZO17-52), together with the appearance of a small shoulder band at 304 cm -1 (HZO52), and a broadening and red shifting of the band at around 500 cm -1 . Finally, for the thickest film (HZO52), various high frequency structures develop around 570 to 680 cm -1 . Furthermore, Fabry-Perot oscillations are observed. Temperature (T )-dependent FIR measurements were also conducted. The FIR absorbance results for HZO21 film, performed from 297 K to 736 K, are shown in Fig. 2c. As temperature increases, the band at 600 cm -1 splits into two small bands at 574 and 615 cm -1 . The softening of the two main bands at 332 and 404 cm -1 is also observed, shifting down to 327 and 397 cm -1 . Low-temperature (13 to 297 K) measurements are reported in Fig. 2d for HZO17. One can observe the splitting of the 242 cm -1 band (present at T = 297 K) into 236 and 257 cm -1 as T decreases. In addition, a new band gradually appears at 478 cm -1 at low temperatures, together with the narrowing of the 615 cm -1 band. These limited evolution confirm the stability of the structures.
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Density Functional Theory Results

Ab initio calculations were carried using the 2017 version of the CRYSTAL code 14 , based on a linear combination of atomic orbitals method for the crystalline orbitals expansion. Using the PW1PW functional, IR spectra composed of TO modes, convoluted at a bandwidth of 30 cm -1 were simulated (more details on the simulations are found in the Computational section in Methods).

DFT Results of ZrO 2 and HfO 2

To assess the three HZO phases of interest, m-, t-, polar o-phases, we firstly simulated the IR spectra of the parent compounds ZrO 2 and HfO 2 (Fig. 3). Not only this allows us to validate the simulation parameters, but the comparison between parent compounds and HZO provides a first assignment of each band vibration.

DFT Results of HfZrO 2 -Supercell Method

To take into account the complexity of a real solid solution system, the supercell approach is used. It consists in generating all possible combinatorial HZO configurations of Zr/Hf mixed atomic sites (blue spheres in Fig. 1) in the composition 50% Zr -50% Hf. To be constant in the total number of atoms (24), the method implies the use of four unit cells for the t-phase (1x2x2, 2x1x2, 2x2x1) and two unit cells for m-and polar o-phases (1x1x2, 1x2x1, 2x1x1) in the three directions of space. The supercell approach has been presented before for a similar solid solution system in references 15, 16 . In the present paper, FIR spectra were simulated for HZO in its polar o-phase (space group 29, Pca2 1 ), for the t-phase (137, P4 2 /nmc) and the most stable m-phase (14, P2 1 /c). For the o-phase, each two-unit cell system (1x1x2, 1x2x1, 2x1x1) gives rise to a series of 70 possible configurations, and thanks to the symmetric degeneracy present in the system, the number of configurations N decreases to 12 for 1x1x2, 14 for 1x2x1 and 13 for the 2x1x1 supercell. For the m-phase, 40 possible configurations exist, whereas for the t-phase, 26 different supercell configurations are found. The FIR spectrum for each configuration can be found in the SI (from Fig. S8 to S16). To thermodynamically evaluate the configuration's distribution, the weighted average for each supercell crystal structure (m-, polar o-and t-phases) of FIR spectra is presented in Fig. 4, for both polar o-, m-and t-structures. These reported theoretical IR spectra, here called ĪN (ν, T ), are obtained from I i (ν) corresponding to each of the N configurations for the 3 different supercells for each phase 15 .

ĪN (ν, T ) = N ∑ i=1 P i (V, T ) × I i (ν) (1) 
and by using the Boltzmann occupation probability, P i (V, T ), given by 17 :

P i (V, T ) = m i exp -E i k B T Ω with Ω = N ∑ i=1 m i exp - E i k B T . ( 2 
)
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Simulated TO Frequencies (cm -1 ) Tetragonal ( 1. Theoretical TO frequencies together with their symmetries and comparison with observed values. The symmetry modes were taken from ZrO 2 simulations, owing to complexity of HZO analysis. Experimental frequencies were taken from the fit (for each corresponding thickness) and only the values that match the theoretical ones are present (see Table 2 for all experimental values). The t-phase simulation is compared with the 10 nm HZO sample (HZO10), the polar o-phase with the 21 nm (HZO21) and the m-phase with the 52 nm one (HZO52). In bold, the theoretical polar modes are highlighted, implying DFT modes with TO-LO shift > 200 cm -1 (LO stands for longitudinal optical mode). Reported formation energies in meV are normalized to the lowest energy of the m-phase.

In Eq. 2, E i is the total energy of the ith configuration per chemical unit (1 Hf/Zr + 2 Oxygen atoms) at its optimized geometry with volume V , neglecting the zero-point energy, m i is the multiplicity of the ith configuration, T is the temperature in Kelvin and k B is the Boltzmann's constant. The choice of T is carried by analysing the film's deposition process: sputtering at room-temperature (300 K) and further annealing at 723 K. The spectra obtained using the two weighted averages T = 300 K or T = 723 K are very similar, therefore the temperature used is T = 723 K from now on.

Discussion of Results

Spectroscopic Measurements and Simulations

The assignment to either the m-phase P2 1 /c, which is the most stable phase at room temperature, and the desired polar o-phase Pca2 1 is challenging because both phases exhibit a plethora of far-infrared (FIR) bands. Moreover, the growing process can result in a mix of structures within the material. X-ray diffraction (XRD) measurements (see Fig. S2 of the SI) confirmed the mix of structures for films of 11 and 21 nm.

The analysis of the main IR bands obtained from DFT simulations can help identify the type of collective atomic vibration responsible for such bands. Table 1 summarizes the theoretical and experimental frequencies, as well as the mode symmetries, for the three main phases. It also reports the formation energies for each phase in meV, normalized to the energy of the m-phase. Regarding the type of vibration, the theoretical m-phase presents pure bending modes for the 230 and 249 cm -1 bands, whereas the other bands are a mix of both stretching and bending. In a similar fashion, the polar o-phase presents 136, 255 and 397 cm -1 bands as fully bending modes, and finally the t-phase presents only the 325 cm -1 as pure bending. bands for this t-phase, implying 116, 325 and 447 cm -1 . We believe therefore that the very intense 100 cm -1 band present in the 10 nm sample corresponds to the 116 cm -1 band predicted by DFT. Another interesting remarks for the HZO10 spectrum in Fig. 2b are: (i) the experimental 252 cm -1 band is not doubled as expected for a sample containing in part the m-phase, and (ii) one observes a shoulder band around 445 cm -1 , in accordance to the expected DFT t-phase band at 447 cm -1 (Fig. 4c). We can therefore suggest that the 10 nm sample is then a mix of t-and m-phases.

As mentioned, the HZO films are composed of a mix of two phases: tetra + m-phase (HZO10) and polar ortho + m-phase (HZO11-21). The quantification of such crystal phases mix that constitute the HZO films can be achieved by carrying a weighted averaged of the DFT spectra of different compositions of tetra + m-phase and polar o-phase + m-phase. For instance, one can vary the averaging of two DFT FIR spectra from 0% of t-phase and 100% of m-phase, until 100% t-phase and 0% m-phase in steps of 10% (see examples in Fig. S6 andS7). To evaluate which composition (percentage of phases) is the closest to the experimental FIR spectra, one can quantify the similarity between the spectra using an evaluation metric, such as the well known coefficient of determination R 2 , as demonstrated in previous studies for the extraction of quantitative information from IR data 18, 19 . By minimizing R 2 , one obtains the DFT mixed compositions closest to the experimental ones. To do so, both theoretical and experimental spectra were scaled to 1 using a scaling factor. Fig. 5 compares the experimental FIR spectra of HZO films with the mixed-phases' spectra with minimum R 2 . The comparison between HZO10 (Fig. 5a) and the different percentages of DFT mixed-phases yields the highest R 2 = 0.4138 for the 70% m-phase + 30% t-phase. For the ferroelectric samples HZO11, the highest R 2 was 90% (0.7133), for HZO17 70% (0.8281) and HZO21 60% (0.8858) of polar o-phase, plotted in Fig. 5e. The mostly m-phase HZO52 sample yield a highest R 2 of -0.5243 for 100% m-phase. The negative value of R 2 indicates lower correlation between experimental and theoretical data, most likely coming from the higher background in Fig. 5c. These results were verified using three error evaluations (mean absolute error, mean squared error and root-mean squared error) which yield similar percentage trends. This quantitative analysis based on measured and theoretical IR data may therefore allow quantification of mixed crystal phases.

We now examine whether the modifications present in the temperature dependent measurements (Fig. 2c-d) help to clarify if a phase transition can occur in HZO thin films at different temperatures when compared to bulk HZO. At low temperatures (13 K to 297 K, Fig. 2d), the 17 nm HZO film presents the gradual increase in intensity of the 478 cm -1 band is observed, possibly corresponding to the more stable monoclinic phase (see Fig. 4a for the DFT spectra of the m-phase). This measurement also helps to better correlate the DFT simulated phonon bands to the experimental ones, as DFT calculations are carried at 0 K. At high temperatures (Fig. 2c), a slight softening of the main modes at 332 and 404 cm -1 is observed, together with the splitting of the 600 cm -1 band into 574 and 615 cm -1 . Although the first high-temperature phase in bulk HZO materials is the t-phase (at about 1700 • C (1973 K) for hafnia and 1170 • C (1443 K) for zirconia), the frequencies of the observed new bands (574 and 615 cm -1 ) do not correspond to any predicted t-phase bands (Fig. 1c). Contrary to what is expected, this temperature effect is attributed to a possible reinforcement of the polar o-phase, as DFT simulations predict two bands at about 590 and 640 cm -1 (Fig. 4b). This is an important result, as the heating of the very thin films does not causes the loss of ferroelectricity, as it would be expected from its parents' phase diagram (transition to t-phase, Fig. 1a). This result may impact the use of such films in technological applications in which the sample could heat up to high temperatures.

Extraction of Optical Functions

To extract the optical properties of HZO thin films, a Drude-Lorentz model can be used. By using a Kramers-Kronig constraint fitting process, one can obtain the complex dielectric function (ε 1 and ε 2 ), refractive indexes (n and k) and the conductivity function (σ 1 and σ 2 ). To achieve a good fit, one needs a broadband IR measurement. We therefore carried measurements from 15 to 5500 cm -1 . The fit input parameters are the film thickness, the angle of incidence (80 • ), the IR absorption data, together with a series of oscillators that act as a starting point for the fit algorithm. The Lorentz oscillator is described by its frequency (ω 0 ), its intensity (ω 2 p L ) and scattering rate γ. In order to implement the Drude-Lorentz model, the chosen fitting software was REFFIT 20 . The algorithm is implemented in what is called the "Variational Dielectric Function" (VDF) method 21 . This VDF method, also referred as "free-shape" method, uses the Drude-Lorentz oscillator function to fit the data point-by-point, as any physical dielectric function can be approximated with very good accuracy by some set of Lorentzian oscillators 21 . For ferroelectric HZO21, the model based on a starting point of 7 fixed oscillators, with frequency ω 0 based on the maxima of the absorbance spectra, is sufficient to fit the absorption data (see Table S1 in the SI for details), in accordance with the number of IR active oscillators of highest intensity predicted by the DFT calculations.

In Fig. 6a, we report the broadband IR data for HZO21 (blue line), together with the performed VDF fit (orange). The high quality of the fit can be observed. Figures 6b-d report the optical functions extracted: the dielectric function (b), refractive index (c) and optical conductivity (d). Fig. 6b shows the real (ε 1 , blue line) and imaginary part (ε 2 , orange line) of the dielectric function for the HZO21 at room temperature (all fitting starting point parameters are reported in Table S1 of SI). From the real part of the dielectric function ε 1 in Fig. 6b, one can extract ε s , the static dielectric constant (ε s = ε 1 (ω = 0)). For sample HZO21, one obtains ε s = 29, in agreement with previous studies for doped-HfO 2 7, 11 and is in reasonable agreement with our 8/32 DFT calculations results for the polar o-phase (22, Table 3).

To expand the ε s analysis, Fig. 7a reports ε 1 for all thickness and phases. The high quality of the fit can be observed in Fig. 7b for multiple thickness. Table 3 presents the extracted ε s for all samples, together with simulated and literature values. Interestingly, HZO17 (polar o-phase) sample reveals a ε s value of 24 (see also Fig. S4 in the SI), a lower static dielectric constant than its polar o-phase counterparts HZO11 (27) and HZO21 (29). This lower ε s seems to favors a lower retention time in devices, giving rise to better ferroelectric properties in thinner films. The most striking ε s value is, however, the one associated to HZO10 (t-phase), reaching 56 in comparison with the maximum value of 29 (HZO21) for the polar o-phase samples, the theoretical ε s value for the t-phase falling in the range 60-70 8 . Note that DFT simulated ε s are second rank tensors represented by matrices 14 . Each supercell configuration generates one ε s matrix. Using the weighted averaged taking the Boltzmann occupation probability, P i (V, T ), we obtain the averaged ε s matrix for one phase. To obtain a scalar ε s value, the matrices were diagonalized and the average value for the diagonal was taken for the polar o-phase and m-phase. For the t-phase, however, the ε s along the c direction (60) was taken as it was closer to the experimental value (56), indicating a possible preferential orientation of the film in this direction.

The fit of the IR broadband data also allows inferring the longitudinal frequency modes (ω LO ) that are not directly measured by absorption. ω LO for many modes are taken from the maxima of the dielectric loss function -Im(1/ε) = ε 2 /(ε 2 1 + ε 2 2 ), and are summarized in Table 2. The dielectric loss functions are reported in Fig. S5 for all samples, together with the corresponding absorbance data. In our polar o-phase samples, the mode with highest TO-LO splitting (84 cm -1 ) is the 404 cm -1 , which is a B 1 symmetry mode with full-bending characteristics.

In summary, the VDF method implemented in the REFFIT software allows, therefore, a "free-shape" fitting of the absorption data, being particularly useful for thin films as one can easily input the sample thickness and angle of incidence. The fit allowed the extraction of different optical functions that characterize each materials' crystal phase, and ultimately the extraction of the static dielectric function ε s and LO mode frequencies, which are parameters intrinsically related to ferroelectric properties.

Conclusion

We investigated the phononic profile of multiple HZO film thickness (10,11,17, 21 and 52 nm) using IR spectroscopy and DFT calculations adapted to the study of solid solutions. The argon pressure during film deposition and its thickness have direct influence on the final crystal structure: t-and m-phases for HZO10, polar o-and m-phase for HZO11 to HZO21 and 9/32 m-phase for HZO52. The t-phase is believed to have importance in the polar o-phase transformation in HZO thin films. The m-phase is the most stable and the polar o-phase is responsible for ferroelectricity in such films. To investigate the three main phases, we provided a complete IR spectroscopic overview of the HZO thin film materials, together with the extraction of optical properties (dielectric function, refractive index, optical conductivity, LO modes) from broadband IR measurements. By comparison with supercell DFT calculations for t-, polar o-and m-phases, we observe characteristic FIR bands that can be used as signature for identifying the ferroelectric phase in HZO thin films. Beyond that, the quantification of mixed phases inside HZO thin films is possible thanks to the averaging of t-/m-phase and polar o-/m-phase DFT spectra for multiple compositions. By taking advantage of the coefficient of determination R 2 , DFT spectra of mixed-phases are quantitatively compared to experimental ones, allowing quantification of the percentage of mixed phases inside the films. Concerning the temperature resolved measurements, the polar o-phase seems to be stable even at high-temperatures, an important result for some applications in which heating up the sample is needed. At low-temperatures, one observes characteristic bands for the m-phase and better agreement with DFT results. Therefore, IR measurements emerge as an important tool to characterize ferroelectric materials, allowing the identification of signature polar bands.

Methods

Sample Preparation

Fabrication of HZO thin films is carried using a magnetron sputtering deposition at room temperature (300 K). To induce the polar o-phase, high argon pressure was used (5 × 10 -2 mbar) inside the sputtering system. To induce the t-phase, a lower argon pressure of 5 × 10 -3 mbar is used. The deposition is followed by a rapid thermal annealing at 450 • C for 30 seconds under a nitrogen atmosphere.

Spectroscopic Measurements

The film optical properties were probed using the infrared spectroscopy beamline AILES (Advanced Infrared Line Exploited for Spectroscopy), Synchrotron SOLEIL 22 . Exploiting the high brightness of the synchrotron radiation source. THz and FIR spectra in the 15 -600 cm -1 range and MIR spectra (up to 5500 cm -1 ) were obtained using a Bruker IFS125HR Fourier 10/32 transform spectrometer evacuated at pressures lower than 10 -4 mbar to avoid absorption by water and residual gas. The (15 -60 cm -1 ) spectral range was measured with a resolution of 0.5 cm -1 using a 50 microns Mylar beamsplitter combined with a bolometer cooled at 1.6 K, having a signal-to-noise ratio of 1700:1. For the (40 -600 cm -1 ) range, a spectral resolution of 2 cm -1 was chosen. A 6 microns Mylar beamsplitter combined with a bolometer cooled at 4.2 K complete the set-up. A low vibration pulse tube cryostat was used to achieve temperatures down to 13 K from room temperature. This system contains a sample holder which is mechanically decoupled from its cold finger, allowing minimum sample vibrations. High temperature measurement were performed using the T95 Linkam oven manually adapted to the spectrometer.

Computational section -Density Functional Theory Calculations

Ab initio calculations were carried out using the 2017 version of the CRYSTAL quantum solver 14 , which is based on a linear combination of atomic orbitals (LCAO) for the crystalline orbitals (CO) expansion. More precisely, CRYSTAL uses Gaussian-type functions (GTF) as atomic orbitals (AO) basis sets (BS). Here, we chose the common (popular among CRYSTAL users) pob-TZVP-rev2 basis sets for the three elements Zr, Hf and O 23, 24 . For Zr and Hf, only valence electrons are treated explicitly, core electrons being described through fully relativistic effective core potentials of the Stuttgart/cologne group. As the BS were optimized using the PW1PW functional 25 , we chose to carry out the simulations using the same functional. Sampling of the Brillouin zone was performed through the Pack-Monkhorst method using a (8/l) × (8/m) × (8/n) k-points grid in the reciprocal space with l = m = n = 1 for the pristine cells and with l and/or m and/or n = 2 depending on the supercell shape, e.g. l = 2 and m = n = 1 for a 2 × 1 × 1 orthorhombic or monoclinic supercell and l = m = 2 and n = 1 for a 2 × 2 × 1 tetragonal supercell. 10 -10 , 10 -10 , 10 -10 , 10 -12 and 10 -24 thresholds were adopted for the Coulomb integrals overlap, Coulomb integrals penetration, Hartree-Fock exchange integrals overlap, first exchange pseudo-overlap and second exchange pseudo-overlap, respectively 26 .

Calculations were performed under symmetry constraints by considering each configuration's space group and for the supercell calculations, we forced also each configuration to remain in the original crystal system (tetragonal, orthorhombic or monoclinic) when needed. When possible, we used symmetry operations to find smaller supercells 27 , in order to shorten the calculation time. We have named each of these configurations by a letter ranging from A to N. The space group of each configuration can be found in Table S2 of the SI. As a first step, each configuration structure was determined by optimization of its cell parameters and atomic positions, through minimization of the total energy. Each step of the optimization consisted in a self-consistent field (SCF) cycle, performed with an energy tolerance of 10 -10 Ha. Convergence of the structural optimization procedure using the Broyden-Fletcher-Goldfarb-Shanno algorithm with the 'trust radius' method (initial value of trust radius set to 0.1 Bohr and maximum value allowed for the trust radius set to 0.3 Bohr) was considered to be achieved when all the forces, analytically calculated, were below 0.000045 Ha.Bohr -1 and their root-mean-square (RMS) was less than 0.00003 Ha.Bohr -1 . Moreover, maximum atomic displacements between two successive steps had to be less than 0.00012 Bohr and their RMS less than 0.00018 Bohr. Last, the energy tolerance was set to 10 -10 Ha. Note that theoretical data have not been corrected for the zero-point energy since it has negligible influence on the values of the mode frequencies.

Once all structures were optimized, the Hessian matrix elements were computed by a 3-point numerical estimate of HZO10 is a mix of t-and m-phases, HZO52 is m-phase and the others are a mix of m-and polar o-phase (ferroelectric). The literature 5, 7, 8, 11 and simulated ε s values reported for HZO10 are the ones for t-phase, for HZO11 to HZO21 are polar o-phase, and for HZO52 are the m-phase. Note that DFT simulated ε s are second rank tensors represented by matrices. Each supercell configuration generates one ε s matrix. Using the weighted averaged taking the Boltzmann occupation probability, P i (V, T ), we obtain the averaged ε s matrix for one phase. To obtain a scalar ε s value, the matrices were diagonalized and the average value for the diagonal was taken for the polar o-phase and m-phase. For the t-phase, however, the ε s along the c direction (∼ 60) was taken as it was closer to the experimental value (56), indicating a possible preferential orientation of the film in this direction.

the second derivatives of the total energy. Then, numerical diagonalization of the mass-weighted Hessian led to harmonic vibrational frequencies of the transverse optical (TO) mode at the Γ point and their IR intensities were obtained through Berry phase approach using the atomic Born tensors obtained by numerical differentiation, as implemented in the CRYSTAL code 28, 29 . The Berry phase method consists of using the atomic Born tensors, which are the derivative of the dipole moment as a function of the the atomic displacements, as the differences in polarization between the central and the distorted geometries. This polarization change is then equivalent to the time-integrated transient macroscopic current that passes through the insulating material during the vibrations. Assuming Lorentzian-shape peaks for this study, we chose a full width at half maximum (FWHM) of 30 cm -1 since it turned out that it was the value that allowed the best comparison with the experimental data. Then, density functional perturbation theory (DFPT) was applied to compute the polarizability 30-32 . To do so, a self-consistent coupled-perturbed (SC-CP) procedure was run until the difference between the matrix elements of two SC-CP consecutive iterations is under the threshold of 10 -4 a.u. Hence, the values of the dielectric tensor ε ∞ (at infinite frequency) were used for the determination of the theoretical static dielectric constants. The Nickelate family of superconductors poses a challenge to the scientific community due to its unexplained pairing mechanism and its similarities and differences with the superconducting Cuprates. Nd 1-𝑥 Sr 𝑥 NiO 2 was shown to be superconducting only in thin films, having optimal doping levels at 𝑥 = 0.15 and 0.20. Its bulk counterpart shows, however, no signs of this phenomenon even at pressures as high as 50 GPa [16].

Because bands: the monovalent Ni 1+ ions has the same 3𝑑 9 configuration as Cu 2+ ions. In general, the Cuprate family presents an isolating long-range magnetic order phase of the antiferromagnetic (AF) type for low doping and 𝑇 < 𝑇 𝑁 (Neél temperature). At slightly higher hole-doping (above ∼ 0.04), the system passes from the antiferromagnetic Mott insulator1 phase to superconductor one at 𝑇 < 𝑇 𝑐 (Fig. V-1-a). This phase also contains the socalled pseudogap, implying the opening of a partial gap near the Fermi surface [START_REF] Le Tacon | Two energy scales and two distinct quasiparticle dynamics in the superconducting state of underdoped cuprates[END_REF]187].

Once an over hole-doping regime is reached, the system remains in a metallic state even at 𝑇 < 𝑇 𝑐 .

In contrast, no magnetic ordering has been observed for the Nickelate family down to 1.7 K [16]. Absence of a magnetic state in Nickelates is striking when compared to 

Materials and Methods

This Section aims at expanding the Materials and Methods found in the submitted article, as to better describe the Sample Preparation, the Optical Reflectance Spectroscopic

Measurements and the Spectroscopy Data Analysis.

Sample Preparation

The precursor perovskite films Nd 0.8 Sr 0.2 NiO 3 were grown on a TiO 2 -terminated SrTiO 3 substrate using pulsed laser deposition. The deposition temperature, oxygen partial pressure 𝑃 𝑂 2 and laser energy density were set at 600 ∘ C, 150 mTorr and 1.8 J•cm -2 , respectively. The precursor perovskite films were annealed for 10 min at 600 ∘ C and 150 mTorr after deposition, and then cooled down to room temperature at a rate of 8 ∘ C/min.

The infinite-layer structure Nd 0.8 Sr 0.2 NiO 2 was obtained through a topotactic reduction process using CaH 2 as the reagent. A topotactic transition involves a structural change of the material, in which the oxygen ions can be extracted from or intercalated into specific crystallographic sites, leading to the infinite layered structure [START_REF] Zhang | Topotactic reduction toward a noncentrosymmetric deficient perovskite Tb 0.50 Ca 0.50 Mn 0.96 O 2.37 with ordered Mn vacancies and piezoelectric behavior[END_REF]. During the reduction process, the perovskite films were embedded into CaH 2 powder and wrapped in aluminum foil, and then heated in PLD vacuum chamber. The samples were heated to 340-360 ∘ C at a rate of 25 ∘ C/min and kept for 80 minutes, and then cooled down to room temperature at a rate of 25 ∘ C/min. All these synthesis steps and further electric characterization were performed by the team of A. Ariando at the National University of

Materials and Methods

Singapore.

Optical Reflectance Spectroscopic Measurements

The THz (10 -600 cm -1 range) and MIR (up to 6000 cm -1 ) reflectance measurements were performed at the AILES beamline (Section 1.2, p. 74) [START_REF] Roy | The AILES infrared beamline on the third generation synchrotron radiation facility SOLEIL[END_REF], using a Bruker IFS125HR

Fourier transform spectrometer evacuated at pressures lower than 10 -4 mbar and coupled to a low vibration pulse tube cryostat (5 K from room temperature, Section 1.7, p. 93).

The reference for the determination of absolute reflectance was simply the sample of interested covered with a gold layer, obtained with an in situ gold evaporator (Fig. II-17-a, p. 95). The reference used for relative reflectance measurements was the sample of interest at a non-superconducting state (𝑇 = 20 K) just above 𝑇 𝑐 . The THz range was measured with a resolution of 0.5 cm -1 in the 10 -60 cm -1 range using a 50 microns Mylar beamsplitter combined with a bolometer cooled at 1.6 K. For measurements in the 40 -600 cm -1 range, at a resolution of 2 cm -1 , we used a 6 microns Mylar combined with a bolometer cooled at 4.2 K. Above 600 cm -1 , a MCT detector cooled at 4.2 K was used, together with a KBr beamsplitter and a resolution of 4 cm -1 was chosen. Room temperature measurements from 6000 to 20000 cm -1 were performed at the Sapienza Terahertz Laboratory at Sapienza University of Rome using a JASCO v-770 IR-UV spectrometer.

Spectroscopy Data Analysis

Using the above measurement conditions, two main types of optical information can be obtained for both film/substrate and bare substrate:

• Absolute reflectance (𝑅) obtained by measuring the signal reflected by the sample in the THz divided by the signal of the gold evaporated sample.

• Relative reflectance (∆𝑅/𝑅) obtained by measuring the signal reflected by the sample in the THz divided by the signal of the sample at the normal-state (𝑇 = 20 K) just above 𝑇 𝑐 .

Pretreatment of Spectroscopic Data

In this section examples of pretreatments of optical spectroscopic data, such as filtering and normalization, are presented.

MIR and FIR Absolute Reflectance (R) temperature data The non-perfect compensation of the reference also results in interference fringes, that arise from refractive index mismatches between substrate and the layer [13]. To remove such fringes, a Savitzky-Golay low-pass filter is used, which is particularly suited for smoothing noisy data [START_REF] Savitzky | Smoothing and differentiation of data by simplified least squares procedures[END_REF]. Its approach consists in carrying a least-square fit at each data point with a polynomial of high order over a odd-sized window centered at the 

STO Complex Refractive Index Extraction

As a starting analysis, we focus on the extraction of optical properties from the bare STO substrate's absolute reflectance at 5 < 𝑇 < 20 K. The absolute reflectance can be described by a Drude-Lorentz based function which is Kramers-Kronig constrained (Section 1.2, p. 46). To be able to model the substrate's reflectance with the minimum error, we perform a point-by-point fit using the "Variational Dielectric Function" (VDF) method implemented in the Reffit software [START_REF] Kuzmenko | Kramers-Kronig constrained variational analysis of optical spectra[END_REF]196]. The VDF method optimizes the free parameters of a linear superposition of Drude-Lorentz based dielectric functions localized at every frequency. The linear superposition generates a variational dielectric function that is minimized by using the 𝜒 2 between fit and measured data. 

■ INTRODUCTION

The complex physics behind the superconductive phase in high-temperature superconductors like cuprates still holds unknown facets nearly 35 years after their first discovery by Bednorz and Mueller. 1 In particular, the search for the pairing mechanism in cuprates has been a major research focus. To explore this mechanism, additional high-T c superconductors families were explored, with different transition metals but similar crystal and electronic structures. 2,3 One such family, the nickelates, is built from two-dimensional (2D) planes of NiO 2 interchanged with dopant ions that form spacer layers, equivalent to the CuO 2 planes in cuprates. A superconductive phase was recently verified experimentally in Sr-doped NdNiO 2 thin films grown on STO substrates, more than 20 years after their first theoretical prediction. 4 The infinite-layer nickelate, Nd 0.8 Sr 0.2 NiO 2 (NdSrNiO), is synthesized via soft chemistry topotactic reduction 5 on an STO substrate reaching a type-II superconductive phase with a relatively high transition temperature of about 9-15 K. 6 The presence of the substrate is essential for producing the superconductive phase, giving an unusual picture in which the substrate both strains the crystal and stabilizes this phase. As for other unconventional superconductors, the superconductivity is induced by charge doping in the parent compound. Although the phase diagram of Nd 1-x Sr x NiO 2 shows a superconductive dome, with the highest critical temperature (of about 15 K) at Sr doping x = 0.2, 7 nickelates reveal many differences with respect to cuprates. The most noticeable distinction is that no evidence of magnetic ordering is experimentally observed. 5-7 Moreover, Hall measurements 6 and ab initio simulations 8-12 highlighted a complex picture behind the symmetry of the order parameter, in which the superconductive mechanism appears inconsistent with the picture of a simple hole-doped electronic band. Indeed, the description of the electronic structure near the Fermi level might require up to three bands and their hybridization, 13 and contributions coming from the 4f shells have also been proposed. 14 Furthermore, the role of electronic correlations has been pointed out recently, 15 although an experimental estimate of their importance is still lacking. On the other hand, the electron-phonon coupling has been ruled out as the exclusive origin of the observed superconductivity, 13 with spin fluctuations playing a key role despite the absence of longrange magnetic order. 12,16 To determine the superconducting gap (2Δ) and the pairing mechanism of the superconducting state, terahertz (THz) and microwave absorption spectroscopy, 17-19 tunneling spectroscopy, 20 specific heat, 21,22 and London penetration depth techniques are the prevailing experimental methods. In the case of Nd 1-x Sr x NiO 2 , London penetration depth measurements produce consistent data between different independent reports. 23,24 Still, the paramagnetic background and limited quality of the samples leave the interpretation open to further debate. Moreover, tunneling measurements on Nd 1-x Sr x NiO 2 were also performed, 25 suggesting the presence of two different superconducting gaps at 3.9 and 2.35 meV.

On the other hand, no optical investigations of Nd 0.8 Sr 0.2 NiO 2 films have been reported, at least to our knowledge, either in the normal or in the superconducting state. This is mainly due to the presence of the SrTiO 3 substrate, reflecting close to 100% of the THz light through its soft phonon mode. Since optical investigations contributed a great deal to shed light on high-temperature superconductivity mechanisms through evaluations of the superconductive gap, the scattering mechanism, and coherence effects, 26-32 these measurements are highly longed for.

In the present study, we report on the optical reflectance R(ω) of a high-quality optimally doped Nd 0.8 Sr 0.2 NiO 2 film over an STO substrate across a broad range of frequencies ω, from terahertz (15 cm -1 ) to visible (VIS, 20,000 cm -1 ), as obtained by combining THz radiation, generated from the AILES beamline@Soleil third-generation synchrotron machine, with conventional optical spectroscopy. The normalstate optical conductivity, σ(ω), derived from these measurements, provides the first experimental indication of strong electronic correlation in the NiO 2 plane. Indeed, σ(ω) is described by a superposition of a Drude term (representing the coherent motion of charge carriers in the NiO 2 plane) and an absorption band in the mid-IR (representing their incoherent motion and generated by strong correlations). This scenario is common to other metallic oxides, including cuprates, and suggests an important role of electronic correlations in the 

■ EXPERIMENTAL RESULTS

All reflectance measurements were performed on a 10 nm thick, optimally doped Nd 0.8 Sr 0.2 NiO 2 film, grown on a 500 μm SrTiO 3 (STO) (001) substrate through soft chemistry topotactic reduction using CaH 2 (see the Methodssection). The optical properties of the actual STO substrate were measured in the same experimental conditions. The infinite-layer structure of Nd 0.8 Sr 0.2 NiO 2 and the perovskite structure of STO are represented in Figure 1a. Prior to optical measurements, superconductivity was verified by resistance measurements as a function of temperature, showing T c ≃ 13 K (see Figure S1 in the Supporting Information (SI)).

The optical reflectance measured at 300 K is shown in Figure 1b, across a wide range of frequencies, from THz to VIS for both the Nd 0.8 Sr 0.2 NiO 2 film and STO substrate. A gold layer evaporated on both film and substrate has been used as a reference for reflectance absolute measurements. For the STO substrate, a series of strong transverse optical (TO) phonon modes are observed. Starting from lower frequencies, these can be identified as 33,34 TO 1 at 100 cm -1 (soft mode), TO 2 at 176 cm -1 , and TO 3 at 540 cm -1 . The reflectance of the Nd 0.8 Sr 0.2 NiO 2 film shows similar behavior to STO with a small decrease above 200 cm -1 , mainly related to the Drude metallic absorption, and an increase above 1000 cm -1 associated with the (MIR absorption band (see the discussion of eq 1)).

THz reflectance measurements of film and substrate were also performed as a function of temperature between 5 and 20 K in the frequency range of 15-50 cm -1 (all curves at different T's merge above this frequency), crossing the film superconductive critical temperature at T c ∼ 13 K. Figure 2a shows the STO reflectance at these temperatures and frequency ranges in a very expanded vertical scale. The increase in the substrate reflectance at low frequencies is due to the STO soft mode. This well-known effect is further highlighted in Figure S2 in the SI. In contrast, R(ω) of the film in the same temperature and frequency range (Figure 2b) shows a different relative change, suggesting a further effect induced by the superconducting transition.

To magnify these differences, we calculate the relative reflectance spectra 

Normal-State Optical Conductivity.

To analyze the behavior of the Nd 0.8 Sr 0.2 NiO 2 film, it is necessary to consider the optical response of the substrate. To do so, the substrate optical data was analyzed through a Kramers-Kronig constrained fitting to extract the optical refraction index at every temperature 35 (a fitting example for STO is shown in the inset of Figure 1b). Therefore, the Nd 0.8 Sr 0.2 NiO 2 film is modeled in terms of an air/film/STO trilayer 36,37 and fitted through the RefFit program 35 (more information can be found in the Multilayer Stacking Model section and Figure 3 in the SI). The optical properties of Nd 0.8 Sr 0.2 NiO 2 in the normal state are well described in terms of a Drude-Lorentz model. The complex conductivity expressed in units of S•cm -1 takes the form 38 where Z 0 is the free space impedance (377 Ω) and the frequencies are expressed in units of cm -1 . In the Drude term, ω p is the Drude plasma frequency, while Γ = 1/τ is the scattering rate, with τ being the scattering time. The Lorentz oscillators are instead described by their characteristic frequency (ω 0d j ), intensity (ω pd j 2 ), and scattering rate (γ j ). The use of the model in eq 1 is supported by a vast literature concerning the optical conductivity of cuprates. 27 There, the description of the optical conductivity strongly depends on temperature, doping, and the type of cuprate family. 39-42 In such a complex framework, the fitting of the conductivity, in particular, for thin films, should minimize the number of absorption terms to be used in eq 1. Here, a model based on a Drude term plus two Lorentz oscillators located in the mid-IR and near-IR (NIR) is sufficient to fit the reflectance curve for Nd 0.8 Sr 0.2 NiO 2 from THz (15 cm -1 ) to the visible spectrum (20,000 cm -1 ) (see the inset of Figure 1b,c). In the fitting procedure, the real (n) and imaginary (k) parts of the STO refraction index have been used as inputs, taking into account the contribution to the whole (film+substrate) reflectance coming from this substrate layer. The STO substrate optical characterization, in agreement with the literature, 33,34 is available in the SI (Figure 2). Figure 3a,b shows the real (σ 1 (ω), blue line) and imaginary parts (σ 2 (ω), red line) of the resulting optical conductivity for the Nd 0.8 Sr 0.2 NiO 2 film in its normal state at 300 and 20 K, together with the Drude term (dashed line) and the MIR band (dotted line). The NIR band, appearing around 10,000 cm -1 , is probably reminiscent of the electronic gap in the insulating NdNiO 2 material. A Drude plasma frequency ω p ∼ 5500 cm -1 is extracted from the fitting at 300 K, together with a scattering time τ ∼ 1.3 × 10 -14 s. Such a low scattering time is probably related to the quasi-2D geometry of the material. The MIR band is centered at ω 0 MIR ∼ 2500 cm -1 with an amplitude of ω p MIR ∼ 8000 cm -1 (all fitting parameters are reported in Table S1 in the SI). The MIR band is a common feature of many transitional metal oxides including cuprate-and iron-based superconductors, being related to electronic correlations. These usually renormalize the Drude term (coherent charge excitations), transferring spectral weight to an incoherent one 
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at finite frequencies (MIR band). 43,44 In particular, the ω p 2 /(ω p 2 + (ω p MIR ) 2 ) ratio provides an experimental estimate for the degree of electronic correlation of the material. 45 While for weakly correlated metals, such as gold and silver, one obtains ω p 2 /(ω p 2 + (ω p MIR ) 2 ) ∼ 1, for Nd 0.8 Sr 0.2 NiO 2 , this ratio reaches a value of about 0.32 ± 0.06 at 300 K. This value can be compared to those of other correlated oxides like V 2 O 3 (∼0.18) and cuprates (0.2-0.4), 46 identifying Nd 0.8 Sr 0.2 NiO 2 as a strongly correlated electronic system. This is an important result of our paper as it provides an experimental constraint for all theoretical models describing the low-energy electronic states of NiO 2 . 15 A similar fitting occurred at 20 K (see Table S1 in SI), highlighting a transfer of spectral weight from the Drude term to the MIR band, as further expected for correlated systems 44,45 (see Figure 3a,b). Moreover, the increase of the Drude scattering time from 300 K (τ ∼ 1.3 × 10 -14 s) to 20 K (τ 20K ∼ 6.7 × 10 -14 s) is in good agreement with the DC resistivity temperature behavior of similarly doped samples. 47 Through the scattering time value at 20 K, it is possible to estimate whether the Nd 0.8 Sr 0.2 NiO 2 nickelate is in the clean (ℏ/τ < 2Δ) or in the dirty (ℏ/τ > 2Δ) limit for superconductivity. As the superconductive gap energy 2Δ is measured at 3.9 meV by tunneling spectroscopy, 25 we can calculate the ratio ℏ/2Δ = 1.7 × 10 -13 s, and by comparing it with our scattering time τ, we obtain τ < ℏ/2Δ, suggesting that the material is in the dirty limit. The coherence of this result will be verified in the next section, where we estimate the superconducting gap from reflectance measurements below T c .

The scattering time τ can also be related to the critical temperature T c of the superconductor through the well-known relation ℏ/τ ≈ 2k B T c , which is valid for cuprate hightemperature superconductors, both in the bulk 38 and thinfilm limit. 48 This relation finds its origin in the scaling factor for cuprates proposed by Homes et al. 49,50 and supported by Tallon et al., 51 in which the normal-state conductivity is established to be proportional to the product of the superfluid density with T c . The result for the nickelate film, however, departs from this relationship since ℏ/τ is higher than 2k B T c : ℏ/τ ∼ 9 meV > 2.2 meV ∼ 2k B T c .

In cuprates, the scaling factor ℏ/τ ≈ 2k B T c has been suggested to result from either a marginal Fermi-liquid state, a Josephson coupling between planes, the scattering of impurities for a d-wave order parameter, or even a BCS dirty limit superconductivity. 51 In the present (nickelate) case, in which this scaling factor does not stand, the physical implications remain unclear but nevertheless add to the differences between the two families of superconducting oxides.

Optical Determination of the Superconducting Gap. In Figure 2b, we show the absolute reflectance of Nd 0.8 Sr 0.2 NiO 2 film onto STO at different temperatures in the superconducting state and in the normal state at 20 K. In Figure 2a, the same quantity is represented for the bare STO substrate. The two reflectances show different temperature dependence. For STO, this is due to the soft phonon mode, while for Nd 0.8 Sr 0.2 NiO 2 on STO reflectance, its temperature dependence is related to a combination between the superconductivity transition and the STO soft mode.

In order to extract the superconducting gap and its temperature dependence, we fit the film's relative reflectance ΔR/R = [R(T < T c ) -R(20 K)]/R(20 K) at various temperatures below T c . In the dirty limit of the electron transport (see below), the fitting process can be worked out by using the Mattis-Bardeen theory for a s-wave superconductor. 52 The s-wave assumption is supported by both STS and DC experiments. 6,25,53,54 The choice of using the relative reflectance measurements for understanding the superconducting transition is mainly justified by the high substrate absolute reflectance. Indeed, relative measurements grant a higher sensitivity when comparing different temperatures, and the use of the Mattis-Bardeen theory for the study of superconductive materials is well documented. 55-57 The real σ 1 sc (ω) and imaginary σ 2 sc (ω) parts of the optical conductivity in the superconducting state, normalized to those of the normal state σ N (ω), take the form 52,57 , )
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f(E) is the Fermi-Dirac distribution, Δ is the superconductive gap, and Θ is the Heaviside function. In the expression for σ 2 sc , the lower limit of integration is taken as the largest between the two values -Δ and Δ -ℏω. σ N is mostly dominated by its real part at THz frequencies.

Figure 3c shows the best-fit results. In particular, the dasheddotted colored lines represent the relative reflectances at 15, 10, and 5 K, calculated by using the Mattis-Bardeen model for the film and the STO indices at each temperature for the substrate. The black dotted lines are instead reproduced through a Drude model for the film. The Drude coefficients at 20 K have been used in this calculation together with STO optical indices at 5, 10, and 15 K. Indeed, from the resistance curve (see Figure S1 in the SI), we do not expect a temperature variation of the Drude parameters below 20 K. As evident from Figure 3c, the Mattis-Bardeen model better describes ΔR/R in the superconducting state also providing the value of the superconducting gap 2Δ at different T < T c . The superconducting gap behavior vs T is shown in Figure 3d. The gap opens near 13 K, in agreement with the resistance measurements and previous studies, 6,7 and rapidly increases for reducing T. To extrapolate 2Δ at 0 K, we fit its T dependence through the following equation 30,58 i k j j j j j y where the coefficient k accounts for the coupling symmetry, T c is the critical temperature, and 2Δ(0) is the superconducting gap at 0 K. The resulting fit is shown as a discontinuous blue line in Figure 3d. The extracted temperature T c ≃ 12.6 ± 0.4 K agrees with the DC resistance data in Figure 1 in the SI. The superconductive gap extracted at 0 K, 2Δ(0) = 26.5 ± 0.8 cm -1 , agrees with the results obtained from tunneling measurements. 25 Although the parameter k = 2.2 ± 0. 
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agreement with a s-wave coupling symmetry (k = 2.2), 59 due to the strong contribution of the substrate to reflectance measurements, we cannot exclude the presence of a second gap or a different coupling symmetry. 23,24 ■ CONCLUSIONS In this work, we investigated the low-energy electrodynamics of the novel nickelate Nd 0.8 Sr 0.2 NiO 2 superconducting thin film by using broad-band optical spectroscopy from terahertz to visible. The normal-state electrodynamics of Nd 0.8 Sr 0.2 NiO 2 can be described at all temperatures above T c by a Drude model characterized at 300 K by a scattering time of τ ∼ 1.3 × 10 -14 s and a plasma frequency of ω p ≃ 5500 cm -1 , in combination with a mid-IR absorption band at about ω 0 MIR ∼ 2500 cm -1 with an amplitude of ω p MIR ∼ 8000 cm -1 . The ω p 2 / (ω p 2 + (ω p MIR

) 2 ) ratio, like in cuprates and many transitional metal oxides, can be used to estimate the degree of electronic correlation in Nd 0.8 Sr 0.2 NiO 2 . 45 This ratio is ∼0.32 ± 0.06, setting the nickelate infinity layer family in a strong correlation level like many cuprates. 46 This is the most important result of this paper as it provides an experimental constraint for all theoretical models describing the low-energy electronic states of NiO 2 .

Moreover, the scaling law (ℏ/τ ∼ 2k B T c ) valid for high-T c cuprates 38 is not satisfied by the Nd 0.8 Sr 0.2 NiO 2 superconductor (ℏ/τ ∼ 9 meV > 2.2 meV ∼ 2k B T c ). This indicates a further difference among charge fluctuations in the CuO 2 and NiO 2 planes. Finally below T c , through the Mattis-Bardeen model, we estimate from the terahertz optical reflectance a superconducting gap close to 3.3 meV in good agreement with tunneling data. 25 ■ METHODS Sample Preparation. We prepared and characterized our Nd 0.8 Sr 0.2 NiO3 thin-film samples following procedures previously described by Zeng et al. 7 The perovskite Nd 0.8 Sr 0.2 NiO3 thin films with a thickness of 10 nm were grown on a single polished TiO 2terminated (001) SrTiO 3 (STO) substrate by using a pulsed laser deposition (PLD) technique. The deposition temperature, oxygen partial pressure P Od 2 , and laser energy density were set to be 600 °C, 150 mTorr, and 1.8 J/cm 2 , respectively. The samples were annealed for 10 min at 600 °C and 150 mTorr after deposition and then cooled to room temperature at a rate of 8 °C/min. The infinite-layer structure was obtained through a soft chemistry topotactic reduction using CaH 2 as the reagent. During the reduction process, the perovskite films were embedded into CaH 2 powder, wrapped in aluminum foil, and then heated in a PLD vacuum chamber. The samples were heated to 340-360 °C at a rate of 25 °C/min, kept for 80 min, and then cooled down to room temperature at a rate of 25 °C/min. In order to obtain the reflectance spectra through THz measurement, half of the infinite-layer thin film was covered by a 50 nm Au layer, which was deposited by evaporation.

Spectroscopic Measurements. The film optical properties from THz to VIS were probed by using a combination of different spectrometers. The THz reflectance measurements have been performed at the infrared spectroscopy beamline AILES (Advanced Infrared Line Exploited for Spectroscopy), Synchrotron SOLEIL. 60 Exploiting the high brightness of the synchrotron radiation source, THz spectra in the 10-600 cm -1 range and MIR spectra (up to 6000 cm -1 ) were obtained using a Bruker IFS125HR Fourier transform spectrometer evacuated at pressures lower than 10 -4 mbar to avoid absorption by water and residual gas. The (10-60 cm -1 ) spectral range was measured with a resolution of 0.5 cm -1 using a 50 μm Mylar beamsplitter combined with a bolometer cooled at 1.6 K, having a signal-to-noise ratio of 1700:1. The error bar on the measured reflectivity is 0.2%. For the (40-600 cm -1 ) range, a spectral resolution of 2 cm -1 was obtained using a 6 μm Mylar combined with a bolometer cooled at 4.2 K. Above 600 cm -1 , an MCT detector cooled at 4.2 K was used, together with a KBr beamsplitter. A lowvibration pulse tube cryostat was used to achieve temperatures down to 5 K from room temperature. This system contains a sample holder which is mechanically decoupled from its coldfinger, allowing minimum sample vibrations. The absolute reflectance spectra were obtained by measuring the signal reflected in the THz divided by the signal of the gold evaporated sample. Broad-band room-temperature measurements have been obtained at the SapienzaTerahertz Laboratory at Sapienza University of Rome, through a Vertex 70v FTIR broad-band interferometer, for frequencies between 50 and 5000 cm -1 , and a JASCO v-770 IR-UV spectrometer for the interval from 3000 to 20,000 cm -1 . Data obtained from these measurements were merged to obtain the single broad-band reflectance curves (Figure 1b). Table S1: Fitting parameters (in cm -1 ) of Eq. 1 in the main text for the Drude and Lorentz oscillators fitting the film conductivity at 300 K and 20 K.

■ ASSOCIATED CONTENT

Superconducting Gap Determination

The Mattis-Bardeen equations (Eq. 2 and 3 in the main text) are used to extract the superconductive gap by fitting the relative reflectance data shown in Fig. 2d (main text) and ??b. To do this, a series of processes are first required to remove the information coming from the substrate temperature dependence. This is done by computing analytically the expected relative reflectance of a film over substrate through a thin film stacking model 2 . This model takes into account the optical refraction of the substrate as determined by reflectance measurements at the same temperature (see Fig. S2c andd), the thickness of the film (∼10 nm) and the film's normal state conductivity. Inserting the normal state conductivity inside this model gives in output the normal state reflectance computed for the film over substrate at 20 K. In order to extract the superconductive gap value ∆, we have used a gradient descend algorithm that follows these simple steps:

1. Choose a gap value ∆ and a temperature T under analysis 2. Compute the real and imaginary superconductive conductivity through Eq. 2 and 3 in the main text 3. Compute the relative reflectance expected for such a film deposited over a STO substrate, as obtained from the thin film stacking model described above a polar mode to physical conditions may be exploited to determine whether a film is adapted for applications.

As for the perspectives of the PZT study, computation of piezoelectric constants using DFT could complete the investigation of these materials. Concerning the high-𝑇 measurements, achieving higher temperatures fully spanning the tetragonal to cubic transition could confirm the transition.

In Chapter 4, the promising ultra thin lead-free ferroelectric Hf 0.5 Zr 0.5 O 2 (HZO) material is studied using a combination of IR measurements of films from 10 to 52 nm, inside and outside the system's ferroelectric range ( HfO 2 properties and spectra, revealing that lower symmetry space groups (m-and polar o-phases) need to be simulated using more complex methods such as SC or SQS to take into account the variety of interactions. The SQS method remains, however, exploratory as unexpected results arise for the m-phase when the monoclinic symmetry is fixed during geometry optimization. Furthermore, the combination of experimental and theoretical approaches allowed a quantitative analysis of the different crystallographic phases present in the HZO films (Fig. C-c). In addition, the various phonon structures, assigned using DFT calculations, provide possible IR signatures for ferroelectric and non ferroelectric samples. As a complementary characterization technique, XRD measurements were carried for two ferroelectric HZO samples confirming the mix of polar o-and m-phases.

The HZO DFT study consisted in using multiple simulation methods. A perspective for this study is to publish a full simulation methodology paper comparing

Materials and Methods

and shed light on its similarities and differences with the Cuprates superconductors.

In order to expand the NSNO study, the perspectives include the measuring of different Sr dopings covering the whole superconducting dome (0.12 < 𝑥 < 0.235).

This would allow the extraction of different 2∆ and 𝑇 𝑐 for other compositions, validating even further the methodology used in the Nickelate study. Moreover, measuring films of different thicknesses and substrates could also shed light in the origin and type of pairing mechanism.

In conclusion, the coupling of IR spectroscopy and DFT simulations allow the study of functional oxide materials and the elucidation of unanswered questions such as: (i) the origin of their physical behaviours, (ii) their phase transitions and (iii) crystal structures. The results were possible due to the high stability and brilliance of the AILES beamline and using the various experimental set-ups available, allowing measurements in transmission or reflectivity at low or/and high temperature.

oxydes de transition ferroélectriques ont été intensivement étudiés en raison de leurs caractéristiques non volatiles, impliquant la conservation des informations stockées après la coupure de l'alimentation électrique [45]. 
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 281 like to express my deepest appreciation to my family and friends, who have been a constant source of love, encouragement, and inspiration. Their unwavering support and understanding have sustained me throughout this long and challenging journey. Thank you all! Contents General Introduction I Optical Properties of Functional Materials List of Figures A Representation of three solid solution systems in a super-lattice: (a) the orthorhombic structure Hf 0.5 Zr 0.5 O 2 in a 1 × 1 × 2 (2 unit cells) system, the 50 %/ 50 % composition gives 4 Hf (green) and 4 Zr (pink) atoms randomly dispersed inside the crystal matrix; (b) the cubic perovskite PbZr 0.25 Ti 0.75 O 3 in a 2 × 2 × 2 (8 unit cells) superlattice, having the 75 % Ti and 25 % Zr composition represented as 6/8 and 2/8 central Ti (blue) and Zr (pink) atoms respectively inside each oxygen octahedra; (c) the Nd 0.8 Sr 0.2 NiO 2 layered structure, represented using a 1 × 2 × 2 system. As the Sr:Nd composition is 20 % / 80%, a symmetric super-lattice with this composition is not possible, therefore the Sr:Nd distribution is represented using a fraction of site: green slice representing 20 % Sr and the purple 80 % Nd atomic site. Optical relations[1] for (a) complex dielectric functions 𝜀 1 and 𝜀 2 (b) complex refractive index 𝑛 and 𝑘 (c) reflectivity 𝑅 and Loss Function -Im(1/ε 𝑟 ) = 𝜀 2 /(𝜀 2 1 + 𝜀 2 2 ), of a Lorentz oscillator. In (a), 𝜀 1 has maximum and minimum values at ±Γ/2 around the oscillator frequency 𝜔 𝑇 𝑂 ; 𝜀 1 crosses zero two times at 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 . The maximum if 𝜀 2 is attributed to 𝜔 𝑇 𝑂 . The inset shows the plot on a log scale. In (b), refractive index 𝑛 and extinction coefficient 𝑘 versus frequency shows that absorption (large 𝑘) occurs mostly around 𝜔 𝑇 𝑂 in the range ±Γ. In (c), the reflectivity 𝑅 (left axis) displays a strong increase at the frequency of the oscillator 𝜔 𝑇 𝑂 , having a plateau between 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 , finally dropping at 𝜔 𝐿𝑂 . The maximum of the loss function -Im(1/ε 𝑟 ) (right axis) is attributed to 𝜔 𝐿𝑂 . . . . . . . . I-2 Schematic representation of reflectance measurements performed on thin films. Note that 𝐼 0 is the reference signal, i.e. a perfect mirror (𝑅 ≈ 1) such as a gold (Au) layer evaporated on top of the sample. . I-3 Obtaining reflectance IR spectra consists in measuring the signal of a reference sample (𝐼 0 ), i.e. a perfect mirror (𝑅 ≈ 1) such as a gold (Au) layer evaporated on top of the sample, and the signal of the sample reflectance itself (𝐼 𝑟 ). From such intensities (𝐼 0 and 𝐼 𝑟 ), IR reflectance spectra is obtained by calculating 𝑅(𝜈) = 𝐼 r /𝐼 0 . . . . . . I-4 Schematic representation of the multiple reflections occurring in a single film (ñ 1 , 𝑑 1 ) deposited on a substrate (ñ 2 ) and in contact with air (𝑛 0 ). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I-5 Schematic representation of transmission measurements performed on thin films. Note that 𝐼 0 is the reference signal, i.e. the bare substrate signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I-6 Obtaining IR spectra consists in measuring the signal of a reference sample (𝐼 0 ) and the signal of the sample itself (𝐼 sample ). From such intensities, IR transmission spectra is obtained by calculating 𝑇 (𝜈) = 𝐼 sample /𝐼 0 . Likewise, IR absorbance spectra is obtained by doing 𝐴(𝜈) =log 10 (𝐼 sample /𝐼 0 ) =log 10 𝑇 (𝜈). . . . . . . . . . . . . I-7 (a) Schematic diagrams of piezoelectric, pyroelectric and ferroelectric based on different point groups (classes); (b) Relationship and intersection between the three types of materials. . . . . . . . . . . . I-8 (a)The polarization vs electric field hysteresis loop for an ideal ferroelectric material, displaying the spontaneous polarization P s when the external electric field E is applied[2, 3]. In the inset, the tetragonal ferroelectric PbTiO 3 structure. Below 𝑇 𝑐 the material is tetragonal and presents a spontaneous polarization. (b) The low-frequency dielectric constant 𝜀 as a function of temperature for PbTiO 3 , the dielectric anomaly is observed near 𝑇 𝑐 = 765 K = 492 ∘ C, caused by the softening of the optical soft phonon[2]. The inset shows a magnification of the plot near 𝑇 𝑐 . . . . . . . . . . . . . . . . . . . . . I-9 Schematic representation of ferroelectric transitions based on the nature of the phase transition at 𝑇 𝑐 . (a) Displacive PbTiO 3 ferroelectric, for which the relative displacement of the ions (Pb in green, O in red and Ti in blue) creates spontaneous polarization. (b) Order-disorder NaNO 2 ferroelectric, in which reorientation of the dipolar NO -1

  photon beam under vacuum and the three FTIR spectroscopic stations (AILES A, B and C). . . . . . . . . . . . . . . . . . . . . . . .

148 IV- 4 153 IV- 7
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  of phases. The term solvent refers to the most abundant element or ensemble of elements, forming a matrix in which the solute, i.e. far less abundant element, occupies different sites, forming a crystalline structure. The solute occupancy at the mixed atomic sites inside the solvent matrix is randomly distributed. For instance, in Hf 0.5 Zr 0.5 O 2 , the elements Zr and Hf can occupy any of the "green" and "pink" equivalent atomic sites in Fig.A-a, resulting in a 50% -50% composition inside the 2 unit cells (1 × 1 × 2) supercell, with a total of 70 possible configurations in the orthorhombic system. Taking a cubic PbZr 0.25 Ti 0.75 O 3 as an example in Fig. A-b, a 2 × 2 × 2 super-lattice results in 3 possible configurations, in which Zr (pink) and Ti (blue) can occupy any of the 2/8 (25%) and 6/8 (75%) central perovskite sites respectively, at the (0.5, 0.5, 𝑧) Wyckoff atomic position. The third solid solution in Fig. A-c is Nd 0.8 Sr 0.2 NiO 2 , in which the NiO 2 planes form the matrix and the solute atoms Sr:Nd are distributed and represented using a fraction of site: green 1 two stable binary polar states allowing longer periods of data retention in memory devices slice representing 20 % Sr and the purple 80 % Nd atomic site.

Figure A :

 A Figure A: Representation of three solid solution systems in a super-lattice: (a) the orthorhombic structure Hf 0.5 Zr 0.5 O 2 in a 1 × 1 × 2 (2 unit cells) system, the 50 %/ 50 % composition gives 4 Hf (green) and 4 Zr (pink) atoms randomly dispersed inside the crystal matrix; (b) the cubic perovskite PbZr 0.25 Ti 0.75 O 3 in a 2 × 2 × 2 (8 unit cells) super-lattice, having the 75 % Ti and 25 % Zr composition represented as 6/8 and 2/8 central Ti (blue) and Zr (pink) atoms respectively inside each oxygen octahedra; (c) the Nd 0.8 Sr 0.2 NiO 2 layered structure, represented using a 1 × 2 × 2 system. As the Sr:Nd composition is 20 % / 80%, a symmetric super-lattice with this composition is not possible, therefore the Sr:Nd distribution is represented using a fraction of site: green slice representing 20 % Sr and the purple 80 % Nd atomic site.

Chapter 5 ≈

 5 is dedicated to the optical studies of Nd 0.8 Sr 0.2 NiO 2 , in which the different optical functions (complex conductivity, reflectance) were measured and extracted at temperatures above and below the critical temperature 𝑇 ∼ 13𝐾. Different optical constants were derived from a fitting, such as the scattering time just above 𝑇 𝑐 (𝜏 ∼ 6.7 × 10 -14 s) and the plasma frequency 𝜔 𝑝 = 3500 cm -1 , combined with an absorption band in the Mid-Infrared (MIR) at 𝜔 𝑀 𝐼𝑅 0 ≈ 2500 cm -1 , a Near-Infrared (NIR) band at 𝜔 𝑁 𝐼𝑅 0 10000 cm -1 and an energy gap (2∆) of ∼ 3.3 meV. This article thesis ends with a Conclusion and Perspectives section, in which the main achievements of the studies are listed and the further improvements and some missing parts of the puzzles are discussed. Chapter I Optical Properties of Functional Materials Functional metal oxides are a class of compounds known for their diverse and fascinating physical properties. When deposited as thin films, such materials exhibit new or different properties that are not fully understood nor examined in the IR range. For instance, the diagram of phase transitions in nanometric thin films can be considerably different than in bulk, hence their importance and interest. However, their deposition on a substrate and their nanometric thickness makes optical measurements challenging. Chapter I presents the most relevant scientific tools and theoretical background required to understand the optical response of functional transition metal oxides thin films in the IR domain. It describes first the dielectric function model based on a set of harmonic oscillators, needed to understand the optical response of such materials. Concepts such as transverse and longitudinal optical phonons, IR signatures of the solid structures, are thus addressed together with the formalism for light absorption and reflectivity. Finally, the most pertinent physical phenomena found in the studied families of materials, i.e. piezoelectricity, ferroelectricity and superconductivity, have their main models and theories examined.
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 1 Dielectric Response of Solids refractive index and 𝑘(𝜔) the extinction coefficient, physically quantifying dispersion (𝑛(𝜔)) and absorption (𝑘(𝜔)) of radiation, independently of the geometry[56]. ε𝑟 (𝜔) is plotted in Fig. I-1-a, together with 𝑛 and 𝑘 in Fig. I-1-b. Globally, 𝜀 1

Figure I- 1 :

 1 Figure I-1: Optical relations[1] for (a) complex dielectric functions 𝜀 1 and 𝜀 2 (b) complex refractive index 𝑛 and 𝑘 (c) reflectivity 𝑅 and Loss Function -Im(1/ε 𝑟 ) = 𝜀 2 /(𝜀 2 1 + 𝜀 2 2 ), of a Lorentz oscillator. In (a), 𝜀 1 has maximum and minimum values at ±Γ/2 around the oscillator frequency 𝜔 𝑇 𝑂 ; 𝜀 1 crosses zero two times at 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 . The maximum if 𝜀 2 is attributed to 𝜔 𝑇 𝑂 . The inset shows the plot on a log scale. In (b), refractive index 𝑛 and extinction coefficient 𝑘 versus frequency shows that absorption (large 𝑘) occurs mostly around 𝜔 𝑇 𝑂 in the range ±Γ. In (c), the reflectivity 𝑅 (left axis) displays a strong increase at the frequency of the oscillator 𝜔 𝑇 𝑂 , having a plateau between 𝜔 𝑇 𝑂 and 𝜔 𝐿𝑂 , finally dropping at 𝜔 𝐿𝑂 . The maximum of the loss function -Im(1/ε 𝑟 ) (right axis) is attributed to 𝜔 𝐿𝑂 .

1 .

 1 Dielectric Response of Solids Note that, in the case of infrared reflectivity measurements, 𝐼 0 is often the reference signal, i.e. a perfect mirror (𝑅 ≈ 1) such as a gold layer evaporated on top of the sample. Fig. I-2 presents a scheme of such reflectance measurements performed on thin films. The reference signal is often the gold evaporated directly on top of the thin film, in order to have the same surface pattern. Fig. I-3 presents the steps to obtain the final reflectance spectrum from the sample and reference signals.

Figure I- 2 :

 2 Figure I-2: Schematic representation of reflectance measurements performed on thin films. Note that 𝐼 0 is the reference signal, i.e. a perfect mirror (𝑅 ≈ 1) such as a gold (Au) layer evaporated on top of the sample.

Figure I- 3 :

 3 Figure I-3: Obtaining reflectance IR spectra consists in measuring the signal of a reference sample (𝐼 0 ), i.e. a perfect mirror (𝑅 ≈ 1) such as a gold (Au) layer evaporated on top of the sample, and the signal of the sample reflectance itself (𝐼 𝑟 ). From such intensities (𝐼 0 and 𝐼 𝑟 ), IR reflectance spectra is obtained by calculating 𝑅(𝜈) = 𝐼 r /𝐼 0 .

1 .

 1 Figure I-4: Schematic representation of the multiple reflections occurring in a single film (ñ 1 , 𝑑 1 ) deposited on a substrate (ñ 2 ) and in contact with air (𝑛 0 ).

Fig. I- 5 )

 5 Fig. I-5). With the transmission 𝑇 (𝜈) = 𝐼 sample /𝐼 0 and the absorbance 𝐴(𝜈) = log 10 (𝐼 sample /𝐼 0 ) =log 10 𝑇 (𝜈) as a function of the frequency 𝜈, one obtains 𝐴 =log 10 (︂ 𝐼 sample 𝐼 0 )︂ = 1 ln 10 2𝜔𝑘 𝑐 𝑧 = 1 ln 10 𝛼𝑧, (I.24)

Figure I- 5 :

 5 Figure I-5: Schematic representation of transmission measurements performed on thin films. Note that 𝐼 0 is the reference signal, i.e. the bare substrate signal.

Figure I- 6 :

 6 Figure I-6: Obtaining IR spectra consists in measuring the signal of a reference sample (𝐼 0 ) and the signal of the sample itself (𝐼 sample ). From such intensities, IR transmission spectra is obtained by calculating 𝑇 (𝜈) = 𝐼 sample /𝐼 0 . Likewise, IR absorbance spectra is obtained by doing 𝐴(𝜈) =log 10 (𝐼 sample /𝐼 0 ) =log 10 𝑇 (𝜈).

Figure I- 7 :

 7 Figure I-7: (a) Schematic diagrams of piezoelectric, pyroelectric and ferroelectric based on different point groups (classes); (b) Relationship and intersection between the three types of materials.

Figure I- 8 :

 8 Figure I-8: (a)The polarization vs electric field hysteresis loop for an ideal ferroelectric material, displaying the spontaneous polarization P s when the external electric field E is applied[2, 3]. In the inset, the tetragonal ferroelectric PbTiO 3 structure. Below 𝑇 𝑐 the material is tetragonal and presents a spontaneous polarization. (b) The low-frequency dielectric constant 𝜀 as a function of temperature for PbTiO 3 , the dielectric anomaly is observed near 𝑇 𝑐 = 765 K = 492 ∘ C, caused by the softening of the optical soft phonon[2]. The inset shows a magnification of the plot near 𝑇 𝑐 .

I- 9 -Figure I- 9 :

 99 Figure I-9: Schematic representation of ferroelectric transitions based on the nature of the phase transition at 𝑇 𝑐 . (a) Displacive PbTiO 3 ferroelectric, for which the relative displacement of the ions (Pb in green, O in red and Ti in blue) creates spontaneous polarization. (b) Order-disorder NaNO 2 ferroelectric, in which reorientation of the dipolar NO -12 (N in blue and O in red) ions causes ferroelectricity (modified from[4]).

a

  ferroelectric system undergoing a phase transition, the order parameter is the spontaneous polarization (𝑃 𝑠 ). Discontinuous change of the 𝑃 𝑠 corresponds to a first-order phase transition, implying a sharp change of the saturation polarization at 𝑇 𝑐 (as reported in Fig. I-10-a, black curve).

Figure I- 10 :

 10 Figure I-10: (a) 1 𝑠𝑡 -order transitions present a discontinuous change of the spontaneous polarization 𝑃 𝑠 , implying a sharp change of the saturation polarization at 𝑇 𝑐 (black curve)[4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 < 𝑇 𝑐 (Eq. I.36)[2], and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared. At 𝑇 𝑐 , the free energy potential of the paraelectric and ferroelectric phases are equal, resulting in two equal minima at 𝑃 𝑠 = 0 and at a finite 𝑃 𝑠 value indicated by the black arrow[2]. For 𝑇 < 𝑇 𝑐 the absolute minimum is at larger values of 𝑃 𝑠 . For 𝑇 > 𝑇 𝑐 , there is a discontinuous change in the position of the absolute minimum.

Second-order phase

  transitions, instead, have the polarization 𝑃 𝑠 going continuously to zero at 𝑇 𝑐 [2] (Fig. I-11-a), and the singularity of 𝜀 𝑠 occurs at 𝑇 0 = 𝑇 𝑐 . Concerning the free energy potential (Fig. I-11-b), for temperatures below 𝑇 𝑐 the absolute minimum is at larger values of 𝑃 𝑠 , then it becomes flatter as temperature increases (𝑇 = 𝑇 𝑐 ), finally reaching a parabolic potential at even higher 𝑇 > 𝑇 𝑐[5,[START_REF] Uchino | Electrothermal phenomena in ferroelectrics[END_REF].

Figure I- 11 :

 11 Figure I-11: (a) 2 𝑛𝑑 -order transitions present a continuous change of the spontaneous polarization 𝑃 𝑠 (black curve)[4]. The static dielectric constant 𝜀 𝑠 extrapolates to a singularity at a temperature 𝑇 0 = 𝑇 𝑐 (Eq. I.36), and the blue curve presents the behaviour of its inverse 1/𝜀 𝑠 . (b) Landau free energies as a function of 𝑃 𝑠 squared[5]. At 𝑇 = 𝑇 𝑐 , the free energy potential becomes flat and evolves to a parabolic profile as 𝑇 > 𝑇 𝑐 .
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 54 𝜉 0 being called the BCS coherence length, which describes the average length in real space between the two electrons of the Cooper pair. It varies from hundreds or thousands of Å for conventional superconductors, and around tens of Å in high-𝑇 𝑐 superconductors (in which the BCS theory might be less adequate). The actual 2. Physical Properties of Functional Metal Oxides coherence length and the penetration depth are dependent of the mean free path ℓ = 𝜈 𝐹 𝜏 of the electrons measured in the normal state, with 𝜈 𝐹 the Fermi velocity and

Figure I- 12 :

 12 Figure I-12: Optical response as a function of frequency of a superconductor material being described by the Mattis-Bardeen model. (a) Real part of the conductivity 𝜎 𝑠𝑐 1 (𝜔). For each 𝑇 , the local minimum of 𝜎 𝑠𝑐 1 corresponds to 2∆. At 𝑇 = 0 K, 𝜎 𝑠𝑐 1 = 0 for 0 < 𝜔 < 2∆. (b) Imaginary part of the conductivity 𝜎 𝑠𝑐2 (𝜔), that diverges as 1/𝜔 approaches in the 𝑇 = 0 K limit. (c) Reflectivity 𝑅(𝜔) at different temperatures by using the parameters 𝜎 𝑑𝑐 = 10 5 Ω -1 cm -1 , 𝜈 𝑝 = 𝜔 𝑝 /(2𝜋𝑐) = 10 4 cm -1 and 𝑇 𝑐 = 1 K. For 𝜔 < 2∆ the reflectivity goes to unity, implying that superconductors are perfect mirrors in the range 𝜔 < 2∆/ℏ. (Modified from[1]).

Figure II- 3 :

 3 Figure II-3: Synchrotron emission spectrum, characterized by its brilliance as a function of frequency, generated by a bending magnet. The critical frequency 𝜔 𝑐 = 3𝑐𝛾 34𝜋𝑅 , in which the brilliance is maximum, is indicated by a dotted line[6].

  Figure II-4: Schematic representation of the Synchrotron SOLEIL particle accelerator. The numbers indicate different components: (1) the linear accelerator LINAC, (2) the booster accelerator, (3) the storage ring, (4) bending magnets, (5) undulators, (6) radio-frequency generators and (7) the beamlines.

Figure II- 6 :

 6 Figure II-6: The AILES beamline including the extraction system within the ring vacuum chamber (not represented), the optical set-up carrying the photon beam under vacuum and the three FTIR spectroscopic stations (AILES A, B and C).

  [START_REF] Kong | Fundamentals of ferroelectric materials[END_REF], electrons are accelerated in a circular motion and bending magnets are used to change the electrons' trajectory, generating synchrotron emission. In particular, the AILES beamline exploits a 2.3 Tesla bending magnet for the production of the IR beam. Notice that in addition to the classical emission by electrons deviated in the constant field region, i.e. in the center of the magnet, the change of magnetic field at the entrance and the exit of the magnet gives rise to the edge emission[START_REF] Mathis | Magnetic field discontinuity as a new brighter source of infrared synchrotron radiation[END_REF][START_REF] Roy | Infrared synchrotron radiation from an undulator[END_REF]. Both sources are exploited on the AILES beamline. The edge emission is the result of the abrupt change in the speed of the electrons at the entrance and the exit of the dipole, leading to a sudden longitudinal deceleration of the electrons. Final synchrotron properties are also changed in two ways: flux and polarisation.

Figure II- 7 :

 7 Figure II-7: Spatial distribution of photons in the MIR and the MIR : (a) 𝜔 = 1000𝜆 = 10 𝜇m and (b) 𝜆 = 100 𝜇m emitted from the source as collected on a "screen" of 26 mm × 103 mm placed at 1.27 m from the edge of the magnet, corresponding to the position of the extraction optics. The distributions were obtained using the Synchrotron Radiation Workshop (SRW) software.

Figure II- 8 :

 8 Figure II-8: Number of photons collected at the extraction optics for some infrared beamlines (calculation by G. Felice, Diamond Facility, Oxford).

Figure II- 9 :

 9 Figure II-9: Schematic view of the modified dipole chamber with the position for the extraction system. Insert: the removable extraction system (Mirrors M1 and M2) allowing for the infrared to be collected and re directed toward the rest of the beamline.

  Fig. II-10 responds to these requirements. All optical elements (M1 to M6) are placed in chambers under ultra-high vacuum down to the diamond window. The two plane mirrors M3 and M4 are enclosed in a radiation shielding made of thick walls of lead and polyethylene (radio-protection hutch). Because of this unfriendly location, these flat mirrors are motor-controlled, and the alignment is realized by camera-controlled monitoring.

Figure II- 10 :

 10 Figure II-10: General optical synoptic of the AILES beamline. Only the conveying of the beam to two spectroscopic stations (AILES A and AILES B) are represented.

  three AILES beamline stations are composed by FTIR Michelson interferometers of model IFS125 from Bruker. Indeed, the design of the majority of FTIR spectrometers used today is based on the two-beam interferometer originally designed by Michelson in 1891[91]. The main optical elements of such set-up consists of a movable mirror M1, a fixed mirror M2 and a beamsplitter BS, which divides the incident collimated beam into two equivalents parts (Fig. II-11), the optical axes of the two mirrors being roughly perpendicular to each other. The beam directed to the movable mirror M1 has a variable optical path length, in contrast with the beam arriving at the fixed M2. The movement of M1 creates a phase difference relative to the beam redirected to M2, generating an interference pattern at the BS, where both beams recombine[92]. The interference is caused by the phase shift coming from to the difference in the optical path (𝛿 = 2𝑑). The exact position of the movable mirror M2 is measured by an automated counting of the interference fringes created by a Helium-Neon (He-Ne) laser placed in the interferometer. The ultimate consequence is the conversion of the initial broadband light into a modulated interferogram signal (ac) which is different from the background IR radiation (dc, not modulated).

  Figure II-11: Schematic representation of a Michelson interferometer. The synchrotron IR source arrives at the interferometer with a broadband wavefront, which is divided by the BS into two beams. The movable mirror M1 is displaced and the two out-of-phase wavefronts recombine at the BS into a modulated signal. After interacting with the sample, the signal is detected by a bolometer.

  high resolution IFS125, for example, consists of a mobile arm of 𝑑 = 5 m, resulting in difference in the optical path of 2𝑑 = 10 m. Each AILES FTIR interferometer is supplemented by by several beamsplitters in order to cover the entire IR range: Quartz for the visible and NIR range, KBr and CaF 2 for the MIR and Mylar of various thicknesses (6, 50, 125 𝜇m) for the FIR and THz ranges. A set of detectors also covers continuously the large energy range (5 cm -1 -12500 cm -1 ) extracted by the beamline. The IR sources, detectors and beamsplitters are reviewed later in Section 1.6 (p. 89) and summarized in p. 93. Once the modulated beam is mechanically produced by the interferometer, a computer is used to convert back the pulsed signal into frequency spectrum. This is carried by a Fourier transformation, addressed in the following section.

3 .

 3 The incoming light source in the infrared domain, is a broadband radiation that is converted into an interferogram signal. The modulated signal after having interacted with the sample, is retrieved by a detector. In Fig. II-12-𝑎, 𝑏 and 𝑐, one observes a series of sinusoidal waves with increasing number of constituent frequencies. The complex waves in 𝑏 and 𝑐 look very different from the simple sinusoidal in 𝑎. It is striking to realize, however, that 𝑏 and 𝑐 are simply the sum of multiple functions of the 𝑎 type. By executing a Fourier transformation, the plot of amplitude vs. frequency is obtained, as shown in Fig. II-12.

Figure II- 12 :

 12 Figure II-12: The Fourier transform (FT) allows inter-conversion of frequency and time domains. (a) Through a FT operation, single sinusoidal wave is converted in single frequency peak, characteristic of a monochromatic light. (b) The FT converts two sinusoidal waves in two frequency peaks, representing a bichromatic light source. (c) A continuous light source in time space, implying multiple sinusoidal waves combined, gives a quasi-continuous series of peaks in the frequency domain.

Figure II- 13 :

 13 Figure II-13: Schematic representation of the vibrational potential energy distribution in phonons. Each quantified state (𝜈 = 1, 2, 3...) is composed of phonon modes, the quantified normal modes of the collective lattice vibrations in solids. Modified from [9].
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 16 Spectroscopic Station1.6.1 IR Radiation SourcesTo generate IR radiation, various types of radiation sources are commercially available, such as incandescent lamps, arc lamps, light-emitting diodes (LEDs), lasers and synchrotron light. In conventional IR laboratories, each region of the IR spectrum requires a specific light source. For the Near-Infrared region (NIR, 5000 -12500 cm -1 ; 2 -0.8 𝜇m), black-body emitters are used: incandescent lamps with a tungsten filament. When current passes through it, the resistance causes the filament's temperature to rise and the black-body emission to happen. At approximately 2500 ∘ C, its emission is centered at 𝜆 = 1.2 𝜇m, covering the entire NIR range and part of the visible[6]. At lower frequencies, in the Mid-Infrared region (MIR, 600 -5000 cm -1 ; 16 -2 𝜇m), a Silicon carbide rod (globar) is used as source. Its noise to signal ratio is presented in Fig.II-14. At 1200 ∘ C, its emission spectrum is centered at 𝜆 = 2.4 𝜇m in the MIR, with a photon flux of about ∼ 4 × 10 13 Ph/s at 1000 cm-1 

Figure II- 14 :

 14 Figure II-14: Noise to signal ratio for the synchrotron radiation (red) and for a globar conventional IR source (black) in the same measuring conditions: in the left panel a ZrO 2 /Si thin film was measured in the FIR range; whereas in the right panel a 100 𝜇m sample was measured in the MIR domain.
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 62 photons to enter. The incident beam is modulated by the FT interferometer, so the bolometer detects only the AC modulated signal, allowing less contributions from the thermal radiation. The detector is cooled down with liquid He (4.2 K) for FIR measurements and it is further pumped to achieve 1.6 K for the THz range.

Figure II- 15

 15 Figure II-15: (a) Simple schematic representation of a bolometer detector (FIR, 2 -1000 cm -1 ). The detecting element is a sensitive thermistor, composed of Borondoped Silicon. The bolometer is cooled down with liquid He (interior vessel) and liquid Nitrogen (exterior vessel). Modified from [10]. (b) Photo of the detector connected to the Bruker IFS125 FT interferometer.

Figure II- 16

 16 Figure II-16: (a) Schematic transversal cut (view from top) representation of the homemade MCT HgCdTe photodetector[11], which allows detection of signals in the MIR range (500 -5000 cm -1 ). (b) Photo of the homemade detector connected to the Bruker IFS125 FT interferometer.

1. 7

 7 Sample environmentsThree types of experimental set-ups were used to measure both reflectance and transmission data as a function of temperature. Fig. II-17 presents schematics of the optical set-ups and Fig. II-18, instrument photos. To achieve low temperatures, a pulse tube Helium close cycle cryogenerator provided by Cryomech (PT Chapter II. Techniques and Methods 405) is exploited (photo in Fig. II-18-a-b), running on closed loops of helium and cooling down samples at 5 K in 1h30 (Fig. II-17-a-b). Indeed, for both transmission and reflectivity measurements, the control of the temperature is assured using a closed helium cycle cryostat, a temperature controller (from Lakeshore) and a set of Silicon diode sensors connected to the temperature controller. This cryostat allows measurements as a function of temperature (5 -360 K) in reflectance or transmission configurations. Inside the cryostat, the sample support is mechanically decoupled from its cold finger, the thermal transfer between the sample support and the cold head being obtained by Copper mesh. Indeed, if the sample was connected directly to the cold finger of the cryostat, it would follow the shrinking with temperature of the long Copper rod bringing the low temperature to the cold finger. Instead, the decoupling of the sample support limits therefore displacement of the sample due to the thermal contraction of the cryostat during a temperature cycle. Moreover, a resistive heater allows the control of the sample temperature during measurements with a precision of ±0.1 K. All the system is automated via a Labview program Selia, developed by Prof. Dragoe (ICMMO, Paris-Saclay), allowing to perform infrared measurements automatically through a programmed temperature cycle. This is especially advantageous as it allows measuring both the sample and the reference in the same temperature conditions.

Figure

  Figure II-17a shows a schematic representation of the reflectance set-up, which first employs a series of flat mirrors to redirect the IR beam from the spectrometer (located on the right side) to a toroidal mirror. All the mirror supports are stable, contributing to the reproducibility of the measurements. The pink arrows indicate the optical path of the IR beam. The toroidal mirror allows to focus the beam on the sample holder, within the cryostat sample chamber. The sample reflects the IR beam at an angle of 11 ∘ , the signal is then gathered by a second toroidal mirror and is redirected, towards the detector (left side). To obtain a reference for reflectance measurements, an in-situ thermal gold evaporator is used, allowing the deposition of a gold layer on top of the sample. The reflection of the gold layer can be considered 100% in the IR range. Notice that the sample is mounted on a conic sample holder in order to collect only reflection from the sample, as light incident on the cone

Fig. II- 17

 17 Fig. II-17-b represents the set-up used to obtain room and low temperature transmission data. In this set-up, the IR beam is deflected by a flat mirror and directed onto a toric mirror located inside the cryostat sample chamber, passing through the sample. Different vacuum windows, each specific of a spectral range, separate the medium vacuum from the spectrometer (∼ 10 -3 mbar) from the high vacuum inside the cryostat (∼ 10 -6 mbar). The higher vacuum is needed to limit the deposition of ice inside the cryostat at lower temperatures. Polypropylene windows of 50 𝜇m thick are used for THz and FIR ranges, whereas Thallium Bromoiodide (KRS-5) windows are used for the MIR part. The high temperature transmission set-up is represented in Fig. II-17-c. In this ensemble, the IR beam passes directly through the sample placed in the center of the oven stage. Indeed, the control of temperature is obtained using a T95 Linkam stage (Fig. II-17-c and photo in Fig. II-18-c) manually adapted to the spectrometer. This oven stage allows transmission measurements from room temperatures to 1200 ∘ C (Fig. II-17-c) under vacuum. The temperature ramp is set in a touch pad

  Chapter II. Techniques and Methods called the Hohenberg-Kohn theorem. As a consequence, the integration of the density over space provides the number 𝑁 of electrons ∫︁ 𝜌(r)dr = 𝑁.(II.28)As mentioned, the ultimate goal of DFT is to calculate a wave-function based term, this term being, however, extremely difficult to obtain as it requires integrals over all the 𝑁 -electron wave-function for each electron position in space Ψ(r 1 , r 2 , ..., r 𝑁 ). Thanks to the density-based term in Eq. II.27, one can now simplify the wave-function calculation as "only" the integration over the 3 coordinates of space for r. This is translated by⟨Ψ| 𝑁 ∑︁ 𝑖 𝑉 𝑒𝑥𝑡 (r 𝑖 )|Ψ⟩ = ∫︁ dr𝑉 𝑒𝑥𝑡 (r)𝜌(r). (II.29)The density in Eq. II.29 is described by a function of the wave-function Ψ. Since 𝜌(r) univocally determines 𝑉 𝑒𝑥𝑡 (r), it indirectly provides as well the ground-state wave-function Ψ 0 , which should otherwise be obtained by solving the full manybody Schrödinger equation[START_REF] Gaigeot | Theory on DFT and DFT-based molecular dynamics simulations, and more[END_REF]. One external potential corresponds, therefore, to one single electronic density, and vice versa. The theorem can be summarized as:Knowledge of the density 𝜌(r) gives knowledge of 𝑉 𝑒𝑥𝑡 (r) and of Ψ 0 , which in turn is a functional of the densityΨ 0 [𝜌].Therefore, all properties of the electronic system, in particular any expectation value of an observable Ô = ⟨Ψ 0 | Ô|Ψ 0 ⟩ are functionals of 𝜌(r), thus Ô[𝜌] for the observable Ô. The total energy 𝐸 of the system becomes now a functional of the density 𝐸[𝜌], 𝐸[𝜌] = ∫︁ dr𝑉 𝑒𝑥𝑡 (r)𝜌(r) + 𝐹 𝐻𝐾 [𝜌]. (II.30) 𝐹 𝐻𝐾 [𝜌] being the Hohenberg-Kohn functional defined as: 2. Computational Tools 𝐹 𝐻𝐾 [𝜌] = 𝑇 [𝜌] + 𝑉 𝑒𝑒 [𝜌], (II.31) with 𝑇 [𝜌] = ⟨Ψ[𝜌]| T |Ψ[𝜌]⟩ (II.32) and 𝑉 𝑒𝑒 [𝜌] = ⟨Ψ[𝜌]| V𝑒𝑒 |Ψ[𝜌]⟩. (II.33) The functional 𝐹 𝐻𝐾 [𝜌] is universal and valid for any electron system. Its exact value is, however, not known. The lack of an exact value comes from the 𝑉 𝑒𝑒 term inside 𝐹 𝐻𝐾 [𝜌]: 𝑉 𝑒𝑒 [𝜌] arises from the transformation of its wave-function-based expression 𝑉 𝑒𝑒 , to its density-based expression 𝑉 𝑒𝑒 [𝜌], written:

  26) and provides a numerical solution for a homogeneous electron gas developped in the 80's[100]. For inhomogeneous electron systems (molecules, solids...), DFT becomes non-exact, and considered "less ab-initio" than other wave-function based methods. Its final energy functional can be written as𝐸[𝜌] = 𝑇 [𝜌] + ∫︁ d 3 r𝑉 𝑒𝑥𝑡 (r)𝜌(r) + ∫︁ ∫︁ 𝜌(r)𝜌(r ′ ) |r 𝑖 -r𝑗 | drdr ′ + 𝐸 𝑥𝑐 [𝜌], (II.36) the total energy functional 𝐸[𝜌] being the sum of the external interaction energy functional 𝑉 𝑒𝑥𝑡 [𝜌] and the Hohenberg-Kohn functional 𝐹 𝐻𝐾 [𝜌] (Eq. II.30). The later is expressed in terms of the kinetic energy functional 𝑇 [𝜌], and of the classical Coulomb/Hartree energy functional -which does not account for spin exchange and electron correlation -and in terms of the exchange-correlation functional 𝐸 𝑥𝑐 [𝜌] dependent of 𝑔(r, r ′ ). Exact values for 𝐹 𝐻𝐾 are obtained through approximations depending on the system: local, non local, meta functionals, etc.A benchmark in the theory of modern DFT was the development of the Kohn-Sham theory. The premise consists in a system of non-interacting electrons being exactly described by an anti-symmetric wave-function of one Slater determinant type, made of 1-electron orbitals 𝜑 𝑖 (r) (Eq. II.26). This means that for any real system of density 𝜌(r) containing correlations, there exists a system of independent electrons of orbitals 𝜑 𝑖 (r) with the same electronic density. The mono-electron orbitals can be decomposed in a linear combination of single independent electron orbitals, as defined in the Slater determinant in Eq. II.26. The density of the non-interacting system can be calculated by𝜌(r) = 𝑁𝑠 ∑︁ 𝑖 𝜑 * 𝑖 (r)𝜑 𝑖 (r) = 𝑁𝑠 ∑︁ 𝑖 |𝜑 𝑖 (r)| 2 .(II.37)The Kohn-Sham orbitals 𝜑 𝑖 (r) have no physical meaning other than constructing the density 𝜌(r) with 𝑁 𝑠 the number of occupied orbitals, constrained to ∫︀ 𝜌(r)dr = 𝑁 . The energy functional is thus expressed in terms of the 𝑁 𝑠 and 𝜑 𝑖 (r) orbitals.Solving the Schrödinger equation givesĤ𝐾𝑆 𝜑 𝑖 (r) = 𝜖 𝑖 𝜑 𝑖 (r), (II.38)in which the external potential term 𝑉 𝑒𝑥𝑡 (r) inside Ĥ𝐾𝑆 gives rise to the density 𝜌(r) and the 𝜑 𝑖 (r) orbitals are solutions of the Kohn-Sham 1-electron Schrödinger equations.2. Computational ToolsAlthough DFT has become a widespread method thanks to the Kohn-Sham equations, its feasibility and agreement with experiments depends on the choice of exchange and correlation functional 𝐸 𝑥𝑐 [𝜌]. These functionals are constructed by parameterizing an analytical function 𝐹 (𝜌(r), ∇𝜌(r)) that fulfills known properties (such as asymptotic 5 properties and sum rules), and by calculating the Taylor expansion of the density 𝜌(r). The 𝐸 𝑥𝑐 [𝜌] choice depends, therefore, on the type of physical-chemistry system studied and the type of atomic bonds, having different degrees of experimental parameterization. Their complexity increases the calculation time, thus a fine balance between results' precision and computational resources is needed. As examples, one can cite the LDA (Local Density Approximation) that uses the perfect electron gas appromixation; GGA (Generalized Gradient Approximation) using density gradient corrections; Hybrid functionals (using Hartree-Fock exchange + GGA approaches) and Meta-GGA (using higher orders of density derivatives). The use of Hartee-Fock based functionals, also called "pure" functionals, generate band-gaps that are too high compared to experimental values. As the band gap is correlated to the dielectric function, it is particularly important in IR spectra simulation to choose the right functional as to obtain a band-gap value close to measurements. Therefore, hybrid or GGA-based functionals are frequently used in this case.
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 24 𝑎,𝑏,𝑐,𝑑 𝛾 𝑎𝑏𝑐𝑑 ℰ 𝑎 ℰ 𝑏 ℰ 𝑐 ℰ 𝑑 ... (II.42) 𝜇 is the dipole moment, 𝛼 is the electric dipole polarizability, and 𝛽 and 𝛾 are the first and second hyperpolarizabilities, respectively[102]. The high frequency dielectric tensor components 𝜖 𝑖𝑗 ∞ are obtained from the corresponding components of the polarizability tensor 𝛼[103, 99]. The polarizability tensor 𝛼 is itself obtained as the second derivative of the total energy for the perturbed system with respect to the electric field[103].

  Chapter II. Techniques and Methods geometrical phase change occurred in the system, also called the Berry phase[105, 106, 107]. Formally, it can be defined as the geometric phase difference 𝛾 𝑛 (𝐶) of a system obtained during a closed adiabatic cycle 𝐶, which are translated into changes in the geometrical properties 𝑅 of the Hamiltonian Ĥ[105]. The geometrical phase factor 𝛾 𝑛 (𝐶) is given, therefore, by a closed circuit integral in parameter space and depends on the natural basis of the eigenstates |𝑛(𝑅)⟩ of Ĥ(𝑅), such that 𝛾 𝑛 (𝐶) = 𝑖 ∮︁ 𝐶 ⟨𝑛(𝑅)|∇ 𝑅 𝑛(𝑅)⟩ d𝑅.

  Berry phase, is related to the small displacements 𝑢 𝛼𝑗 of each atom 𝛼 along the three Cartesian coordinates, and the intensities are obtained by taking the derivatives of the dipole moment as a function of such displacements[108], given by 𝑍 * 𝛼,𝑖𝑗 = 𝜕 𝜕𝑢 𝛼𝑗 𝜇 𝑖 . (II.45)

27 .

 27 An example of Hf 0.5 Zr 0.5 O 2 solid solution is represented in Fig. II-19: both the solutes Zr and Hf can occupy any of the "green" and "pink" mixed atomic sites, generating a total of 70 different possible combinatorial configurations using a super-lattice system composed of 2 unit cells

Figure II- 19 :

 19 Figure II-19: Schematic representation of three possible configurations for Hf 0.5 Zr 0.5 O 2 solid solution in its orthorhombic crystal structure. The configurations are generated due to the combinations of different mixed atomic sites for Zr and Hf inside a 1 × 1 × 2 super-lattice (composed of 2 individual unit cells in the 𝑧 axis): the 50 %/ 50 % composition gives 4 Hf and 4 Zr atoms randomly dispersed inside the crystal matrix. Each of the 2 unit cells in the 𝑧 direction contains: (a) 3 Zr (Hf) atoms and one Hf (Zr) atom; (b) 2:2 Zr:Hf atoms side-by-side; (c) 2:2 Zr:Hf atoms diagonally placed.

II. 51 )Figure

 51 Figure II-20: (a) Schematic representation of the PbZr 0.25 Ti 0.75 O 3 solid solution supercell (2 × 2 × 2) configurations containing 8 unit cells (forming a cube). The pink cubes represent the unit cells of PbZrO 3 , whereas the blue cubes represent the cells of PbTiO 3 . The configurations are generated due to the combinations of different mixed atomic sites for Zr and Ti: the 25%/ 75 % Zr/Ti composition gives 2 Zr and 6 Ti atoms dispersed inside the crystal matrix; (b) the three configurations of cubic supercells (named A, B and C); (c) the five configurations of tetragonal supercells (named A, B, C, D and E).

(𝑘 = 2 )

 2 , triplets (𝑘 = 3), quadruplets (𝑘 = 4) and so on, separated by their atom neighbor distance 𝑙. Each possible configuration, named 𝜎, gives rise to its own correlation function ξ𝑓 (𝜎, 𝑁 ), representing the average function for the clusters of type 𝑓 = (𝑘, 𝑙) in a specific configuration 𝜎 with 𝑁 atoms[120]. This function represents, therefore, the order in which a series of clusters is spread inside the crystal with configuration 𝜎. The final goal of the SQS method is to find the configuration 𝜎 with the correlation function ξ𝑓 (𝜎, 𝑁 ) the closer to the one of the true disordered system ξ𝑓 random such that[START_REF] Junier | Criblage de nouveaux matériaux ESO's par calcul DFT et Machine Learning[END_REF] ∆𝜉 𝑓 = ξ𝑓 (𝜎, 𝑁 ) -ξ𝑓 random ≈ 0.(II.53)
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 56 . (II.55) It is possible then to generalized the correlation function 𝜉 𝑓 for a cluster of type 𝑓 at the atomic site 𝑝 as a function of the cluster multiplicity 𝑚 𝑓 , the list of cluster points 𝑐 and the list of clusters 𝐶 (𝑓,𝑝) of type 𝑓 having the atomic site 𝑝. The generalized function becomes[122] 𝜉 𝑓 (𝑝) = 1 𝑚 𝑓 ∑︁ 𝑐 ∈ 𝐶 (𝑓,𝑝) The final correlation function ξ𝑓 (Eq. II.53) averaged over all atomic sites in the crystal is obtained by ξ𝑓 = ⟨𝜉 𝑓 (𝑝)⟩ 𝑝 = 1 𝑁 𝑁 ∑︁ 𝑝 𝜉 𝑓 (𝑝). (II.57) Using equations II.57 and II.53, one can obtain the configuration 𝜎 with the correlation function ξ𝑓 (𝜎, 𝑁 ) the closer to the one of the true disordered system
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 3 PbZr 1 -x Ti x O 3 Material A Complementary Experimental/Ab Initio Calculations Approach of a Solid Solution Chapter III presents the published article on the IR absorption study of PbZr 1 -x Ti x O PZT) thin films. Chapter III starts with the State of the Art concerning this piezoelectric material, followed by a complementary description of the Materials and Methods addressed in our paper, ending with the full version of the published paper.

devices and actuators 1 . 3 (

 13 Figure III-1: Room temperature values of various (a) dielectric permittivities and (b) piezoelectric coefficients 𝑑 33 as a function of 𝑇 𝑐 for multiple piezoceramics, such as PZT and its lead-free alternatives (NBT, KNN and BT based ceramics)[12].

  content. In agreement, X-ray diffraction measurements by Kelman et al. were carried out in polycrystalline PZT (Zr:Ti, 35:65) films (< 150 nm) deposited onto Si wafers imposing biaxial tension. The film's crystal structure is similar to a rhombohedral phase, instead of tetragonal structure observed in bulk PZT 35:65 ceramics.

  theoretical simulations, Grinberg et al. used a similar DFT supercell method to investigate neutron scattering pair-distribution functions of PZT solid solutions. The authors used 4×2×1 and 3×2×1 supercells to describe the system in a 50:50 Zr:Ti composition. An interchange between electrostatic, short-range repulsive and bonding interactions were found to be responsible for the distortions inside the perovskite structure, depending mostly on the Zr or Ti-cation arrangement[149]. Another PZT supercell method was investigated by Pontes et al. using a multiple one unit cell stack to form a slab of finite thickness. The authors obtained the band gap for different positions of Zr substitutions inside the slab, which change of about 0.05 eV depending if the substitution is carried out inside the slab or in a terminated position. Furthermore, density of states results reveals that Zr's atomic orbitals do not contribute directly to the band gap energy range[150]. Despite the importance of such DFT results using the supercell method, IR theoretical spectra obtained with such technique were still lacking in the literature. To help infer different crystal phases and ferroelectric properties, IR spectroscopy is a powerful tool. Araujo et al.[151] investigated the monoclinic to tetragonal phase transition in bulk PZT (Zr:Ti, 51:49), being able to quantify the transition temperature at 𝑇 = 237 K. In 2018, Komandin et al. compared the FIR and THz responses of PZT (Zr:Ti, 52:48) ceramics and thin films (∼ 250 nm). They concluded that dielectric permittivities for PZT films are as high as the ones for Chapter III. IR Spectroscopy of PbZr 1 -x Ti x O 3 Material: A Complementary Experimental/Ab Initio Calculations Approach of a Solid Solution ceramics, within a ∼ 25% range[152]. Regarding PZT compositions different from the MPB, Sivasubramanian et al.[153] investigated bulk PZT for 𝑥 = 0.0 to 0.525 using FIR reflectance spectroscopy. The IR data revealed an incomplete softening of the lowest TO mode towards the MPB (Zr:Ti, 52:48) composition. The oscillator strength of this mode was shown to carry nearly all the contribution to the lattice part of the dielectric constant, highlighting the importance of polar mode assignment.

  3 (STO)/Si substrate. A total of 200 scans for both the sample and the reference were averaged to obtain the absorbance, 𝐴𝑏𝑠, using the relation 𝐴𝑏𝑠 =log 𝑇 𝑠𝑎𝑚𝑝𝑙𝑒 /𝑇 𝑟𝑒𝑓 . For all films' measurements, a high precision sample holder allowed placing the sample and the reference at the same position relative to the incident beam. For the 90 nm thick PZT 75 films, also measured as a function of temperature in the range 300 K to 570 K (Fig. III-2-a-c), a high temperature T95 Linkam oven stage adapted to the spectrometer was placed in the sample compartment with suitable filtering of the high temperature emission (Fig. II-17-c, p. 95). The same measuring conditions and temperatures were used for both the sample and reference in the two spectral ranges.Nevertheless, it was necessary to remove some residual fringing from a nonperfect compensation of the substrate using the macro by Faggin & Hines[14], developed for the software IGOR Pro from Wavemetrics, as presented in Fig.III-2-afor the PbZr 25 Ti 75 O 3 (90 nm)/STO/Si sample. The fringe removal process does not distort spectral features nor the spectral baseline. Moreover, in Fig.III-2-a-b, one also observes the high baseline of the absorbance data. Indeed, the intrinsic Silicon substrate becomes metallic and therefore IR opaque as temperature increases.
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 2 Materials and Methodslected by the user[15]. The following section presents the full version of the published PZT article.

Figure III- 2 :

 2 Figure III-2: High temperature measurements of PbZr 25 Ti 75 O 3 (90 nm)/STO/Si (a)absorbance data as measured. Note the high amount of interference fringes arising from refractive index mismatches between substrate and the layer[13] ; (b) filtered absorbance data. The residual fringing is removed using the macro by Faggin & Hines[14], developed for the software IGOR Pro from Wavemetrics. This process does not distort spectral features or the spectral baseline[14]. (c) baseline removed data, obtained by subtracting spline type baselines in IGOR Pro. A spline is a polynomial continuous curve that passes through points ("nodes") selected by the user[15].

Figure 1 .

 1 Figure1. Simplified phase diagram for various compositions and temperatures of PbZr 1-x Ti x O 3 (x = 0 to 1), together with their ferroelectric and structural properties. The compositions and structures of our simulations and measurements are highlighted with red triangles and stars, respectively. AF stands for antiferroelectric and MPB for morphotropic phase boundary. The remanent polarization (P) vector is presented as a blue arrow. All simulations were carried at 0 K, however they are presented here at the finite temperatures where the structure is stable.

Figure 2 .

 2 Figure 2. Schematic representation of the PbTiO 3 vibration modes split into two groups: overall vibrations at low frequencies, highlighted by the gray line (E at 83.1 cm -1 and A 1 at 144.9 cm -1 framed in gray) and internal vibrations (of TiO 3 ) at high frequencies (E at 210.2, E at 271.0, B 1 at 276.2, A 1 at 344.4, E at 515.5, A 1 at 655.4 cm -1 ). The gray, blue, and red spheres represent the Pb, Ti, and O atoms, respectively. The simulated frequencies are presented for each mode. Notice that the B 1 mode is silent.

Figure 3 .

 3 Figure3. Infrared spectra obtained by ab initio calculations for the two primary building blocks of PZT,17 that is, tetragonal PT and orthorhombic PZ, each TO mode is convoluted at a bandwidth (fwhm) of 30 cm -1 . Because of the large number of PZ modes (presented in Table1), only the PT modes are identified.

Figure 4 .

 4 Figure 4. (a) Crystallographic structure of a 2 × 2 × 2 supercell of PZT 75 in configuration A. (b) Simplified representation of the three configurations of cubic supercells (purple cubes, cells of PbZrO 3 ; blue cubes, cells of PbTiO 3 ). (c) Simplified representation of the five tetragonal configurations at lower temperature (the tetragonal cell dimensions are exaggerated for clarity). The arrows represent the transformation from the three forms of cubic supercells into the five tetragonal supercells: through cooling, cubic A becomes tetragonal A and C, cubic B becomes tetragonal B and D, and cubic C becomes tetragonal E.

Figure 5 .

 5 Figure 5. Infrared absorbance spectra of PZT 75 obtained by ab initio calculations: (a) for all five tetragonal supercell configurations, as defined in Figure 4, (b) obtained by combining supercells spectra with weights deduced from the energies of the tetragonal configurations at T = 673 K (blue curve) and from the energies of the corresponding cubic configurations at T = 873 K (red curve).

Figure 6 .

 6 Figure 6. Infrared spectra obtained by ab initio calculations for different compositions of bulk PbZr 1-x Ti x O 3 in (a) cubic phase and (b) tetragonal phase. Schematic representation of the PbZr 1-x Ti x O 3 cubic and tetragonal structures is shown for clarity (Pb is represented in gray, Ti/Zr in blue/magenta, and O in red).

Figure 7 .

 7 Figure 7. Measured absorbance of PZT 75 , PT, and PZ thin films. (A) IR absorbance of the PZT 75 /STO/Si(001) films of thickness 90, 45, 10, and 5 nm; (B) IR absorbance of the PT and PZ/STO/Si(001) films of thickness 87 and 200 nm, respectively (normalized at maximum for comparison).

Figure 8 .

 8 Figure 8. Far-infrared absorption spectra of PZT 75 . (a) Absorbance spectra of PZT 75 90 nm measured from 300 to 570 K; (inset) detail view of the higher energy region showing the weak high energy mode splitting with temperature. (b) Infrared spectra obtained by ab initio calculations using the supercell method for bulk PZT 75 in tetragonal and cubic phases. The LO frequencies for the most polar modes in the tetragonal phase are indicated in dashed blue lines. For the nonpolar cubic phase, all LO are predicted at the same frequency as the TO modes.

Chapter

  IV is dedicated to the complete IR absorption study of multiple crystal phases of Hf 0.5 Zr 0.5 O 2 (HZO) thin films deposited on intrinsic Silicon. It contains the State of the Art concerning doped-HfO 2 ferroelectrics, a detailed description of the Materials and Methods addressed, followed by Complementary DFT Results and the full version of the submitted article.

2

 2 and HfO 2 , and the HZO solid solution using the supercell method. The complementary experimental and theoretical study identifies IR signatures of the ferrroelectricity in HZO films. Beyond band identification, the DFT IR spectra can be averaged using a mix of different crystal phases compositions (e.g. 70% polar o-phase + 30% m-phase).Such DFT IR spectra mixing allows quantification of the percentage of different structures inside the different HZO films thicknesses. Furthermore, in order to obtain a whole optical description of the HZO system, a Kramers-Kronig constrained variational fit, based on the Drude-Lorentz model, was used for the extraction of various optical functions from the room temperature absorbance broadband IR data. As the film's thickness increase, we observed the doubling of the 247 cm -1

1 .

 1 Figure IV-1: Schematic temperature-pressure phase diagram for a mix of bulk ZrO 2 and HfO 2 . Fabrication temperatures used are the average of the ones for ZrO 2 and HfO 2 .

  Consider for instance two important parameters in device characterization: the activation field 𝐸 𝑎 and the characteristic time 𝜏 0 for domain switching[169]. These two parameters are proportional to external field and domain switching time, respectively. If 𝐸 𝑎 and 𝜏 0 values are large, the switching occurs slowly under a given electric field. In HZO, the estimated 𝐸 𝑎 and 𝜏 0 values are 8.94 MV cm -1 and 1.0 × 10 -10 s, values much larger than for PZT (0.25 MV cm -1 and 10 -11 s)[169]. Such values indicate that the ferroelectric switching in HZO requires higher energy for equivalent thickness and is more time consuming when compared toPZT[166]. This is consistent with the much higher coercive field (0.8-2 MV cm -1 ) of HZO materials compared with that of PZT (∼0.1 MV cm -1 )[169].

  10 or 20%). Smaller dopings are challenging to achieve homogeneously throughout the films and are more difficult for mass production[164]. (ii) HZO have lower processing temperature (∼ 450 ∘ C) compared to higher temperatures for other dopants (∼ 650 ∘ C)[164], such as Si, Al, Y, Gd and Sr-doped HfO 2 [174]. (iii) Concerning the ferroelectric properties, reminiscent polarization is attributed to the already mentioned transformation from t-to polar o-phase[161, 163] in both ZrO 2 and HfO 2 , which favours ultra-thin films (down to 1 nm[175]). As thickness increases, however, the ferroelectricity is significantly degraded due to the formation of nonferroelectric m-phase[164].

- 4

 4 Figure IV-2: Examples of HZO configurations in the 50%/50% Zr/Hf composition (pink/green), generating 8 mixed atomic sites for (a) t-phase (137 P4 2 /nmc) in the 1 × 2 × 2 supercell; (b) m-phase (14 P2 1 /c) in the 1 × 1 × 2 and (c) polar o-phase (29 Pca2 1 ) 1 × 2 × 1. The Oxygen atoms are represented in red. The unit cell (inside the supercell) has 6 atoms for the t-phase and 12 atoms for m-and polar o-phases.This is the reason why the supercell for the t-phase is doubled in one more direction (1 × 2 × 2), compared to 1 × 1 × 2 for example. Therefore, total number of atoms of the supercell is 24 for each phase.

Figure IV- 3 :

 3 Figure IV-3: Examples of spectroscopic data pretreatment. (a) Original high-𝑇 data (blue spectrum) presents high distorted baseline which comes from a bad compensation of the Si reference signal. The intrinsic Si substrate becomes metallic with the increase of temperature and therefore IR opaque. (b) Merging of different spectral ranges: the THz and FIR data overlap smoothly with same intensities. The MIR data had to be rescaled in order to find a common overlapping intensity value. (c) Filtering of FIR low frequency data using a Savitzky-Golay low-pass filter. (d) Final merged broadband data.

Figure IV- 6 :

 6 Figure IV-6: Theoretical average spectra of 50% HfO 2 + 50% ZrO 2 for multiple crystal phases.

Figure IV- 7 :

 7 Figure IV-7: Examples of HZO SQS cells in the 50%/50% Zr/Hf composition (pink/green), generating 8 mixed atomic sites for (a) t-phase; (b) m-phase and (c) polar o-phase. The Oxygen atoms are represented in red. Although the SQS cells do not have the t-, m-and polar o-crystal phases, the unit cells (inside the SQS cell) have the appropriate space groups, containing 6 atoms for the t-phase and 12 atoms for m-and polar o-phases. The total number of atoms inside the SQS cell is 36.

3 .

 3 Fig. IV-7 for the three phases (t-, m-and polar o-). Once the SQS cell is generated using the ATAT[119, 120] tool kit, the coordinates of the 36-atoms cell are converted using a Python code, in order for them to be read by the Crystal code. Then, the DFT calculation can be carried and the IR spectra obtained. The results are presented in Fig. IV-8 and are named HZO SQS FIXDEF.

Figure IV- 8 :

 8 Figure IV-8: DFT IR spectra obtained using the SQS method for (a) m-phase, (b) polar o-phase and (c) t-phase.

Figure IV- 9 :

 9 Figure IV-9: DFT IR spectra obtained using the SQS method by fixing the crystal system (left panel, named HZO SQS FIXDEF) and letting the geometry optimize freely (right panel, named HZO SQS). Results are presented for m-phase (green) and polar o-phase (pink).

Figure 1 .

 1 Figure 1. | Crystal structures of HZO samples (a) Different possible space groups for HfO 2 and ZrO 2 bulk compounds. Blue represents Zr or Hf, and O in red. The ground stable m-phase transits to t-phase and further c-phase as temperature increases. A different path is obversed for the increase of hydrostatic pressure: the m-phase transits to o-phase Pbca and then to another o-phase space group, Pnma. If strain and confinement are present, the polar o-phase Pca2 1 is observed. In addition, suggested schematic representation of HZO thin film phases for (b) two different deposition pressures and (c) different measuring conditions (temperatures and thickness) are presented. In (b), for the low argon pressure (5 × 10 -3 mbar), HZO is dielectric (t-phase, blue zone).The HZO sample fabricated using this procedure has 10 nm (HZO10). At high argon pressure (5 × 10 -2 mbar), HZO is ferroelectric, consisting of a mix of m-and polar o-phases. The samples that underwent this deposition procedure were 11, 17, 21 and 52 nm (HZO11-52). The thicker the films, the more the m-phase (purple zone) is stable and present. The rest of the deposition procedure is the same for all thicknesses: rapid thermal annealing at 450 • C during 30 seconds under nitrogen atmosphere. Note that the thickness horizontal axis is not at scale. In (c), measured temperatures (red stars) and stable crystal phases (colored zones) are reported. At high temperatures the polar o-phase (orange zone) is favored, whereas at low-T the m-phase (purple zone) is favored for samples fabricated using high argon pressure.

Figure 2 .

 2 Figure 2. | IR absorption spectroscopy (a) Schematic representation of absorption measurements of HZO thin films deposited on intrinsic Si (001) substrate. Thin film signal I F(sample) (left) and reference signal I F(reference) (right) are measured in the same experimental conditions. The IR absorbance (A) spectra is obtained by calculating A = -log(I F(reference) /I F(sample) ). (b) Room-temperature IR absorbance for different HZO thickness: 10 nm (mix t-/m-phase); 11, 17 and 21 nm (mix polar o-/m-phase) and 52 nm (m-phase). The spectra are plotted as measured with no shift on the absorbance of the curves. (c) Measured absorbance at high-temperatures of 21 nm ferroelectric HZO. d) Measured absorbance at low-temperatures of 17 nm ferroelectric HZO. Spectra in (c) and (d) were shifted in absorbance for clarity, therefore represented in arbitrary units.

Figure 3 .

 3 Figure 3. | DFT far-infrared spectra of parent compounds HfO 2 and ZrO 2 . In (a, b, c) the DFT spectra of HfO 2 is presented and in (d, e, f) for ZrO 2 . The m-phase (top panel, red), o-phase (middle panel, green) and t-phase (bottom panel, gray) are reported.

Figure 5 .

 5 Figure 5. | Comparison between far-infrared (FIR) spectra of experimental HZO thin film measurements (a-c) and theoretical mixes (d-f) of different compositions of DFT supercell spectra for the HZO compound. Experimental FIR spectra are (a) HZO10 (b) HZO11, HZO17 and HZO21, (c) HZO52. The theoretical DFT FIR spectra mixes are (a) 70% t-phase (P4 2 /nmc) + 30% m-phase, (b) from 60 to 90% polar o-phase (space group 29, Pca2 1 ) mixed with corresponding 40 to 10% m-phase, (c) 100% stable m-phase (14, P2 1 /c).

Figure 6 .

 6 Figure 6. | Optical functions extracted using a Drude-Lorentz model (a) IR absorption data (15-5500 cm -1 ) for the 21 nm HZO sample (blue) and fit (orange dotted line) (b) Real (blue) and imaginary (orange) parts of the dielectric function (c) Real (blue) and imaginary (orange) parts of the refractive index d) Real (blue) and imaginary (orange) parts of the optical conductivity.

Figure 7 .

 7 Figure 7. | Real part of the dielectric function ε 1 and IR absorbance data and fit for multiple thickness (a) The optical function ε 1 was obtained through a Kramers-Kronig constrained variational fitting carried for multiple film thickness: 10 nm (t-phase); 11, 17 and 21 (mix polar o-, m-phases); 52 nm (m-phase). (b) IR absorbance data (full-lines) and fit (dashed-lines) for the same films. Notice that both (a) and (b) plots are in logarithm scale. The inset in (b) shows a magnification on the far-infrared region (normal frequency scale).

Figure S5 .

 S5 Figure S5. Dielectric loss function (blue curves, left vertical axis) and absorbance data (green dashed curves, right vertical axis) for all sample thickness.

Figure S6 .

 S6 Figure S6. Different mixing compositions for two HZO phases: o-phase and m-phase, ranging from 100% to 0% m-phase. Both theoretical spectra has their intensities normalized to the 3-atom elemental unit HfZrO 2 .

Cuprates, as one

  Figure V-1: (a) Schematic phase diagram for a generic Cuprate material. (b) Phase diagram of Nd 1 -x Sr x NiO 2 as a function of Sr 𝑥-doping[16]. A superconductive dome is observed at Sr doping of 0.12 < 𝑥 < 0.235, with optimal doping at 𝑥 = 0.15 and 𝑥 = 0.20.

Fig. V- 2

 2 Fig. V-2 presents the pretreatment of the Nickelate/STO MIR data and its merging to the FIR spectra. A detailed explanation follows. MIR and FIR data acquisition were carried using polypropylene windows inside the spectrometer, that separate the higher vacuum (∼ 10 -6 mbar) of the cryostat sample chamber from the vacuum of the interferometer's optics chamber (∼ 10 -3 mbar). A scheme of the low-temperature set-up is presented in Section 1.7, Fig. II-17-a (p. 95). Due to a a non-perfect compensation of the reference, remaining CH 3 and CH 2 bands from the polypropylene windows can be observed in the as measured MIR data at around ∼ 1400 and ∼ 3000 cm -1 (Fig. V-2-a). The same happens for the KBr beamsplitter, that has a large band in the 5000 -6000 cm -1 range (Fig. V-2-a). In order to remove such non-Nickelate contributions to the MIR response, a 2 𝑛𝑑 order polynomial curve is used (green line in Fig. V-2-b).

point. A 4

 4 𝑡ℎ order polynomial resulted in the best filtering. The Savitzky-Golay filter's main advantage comparing to other smoothing techniques (such as moving averages) is that it preserves the original shape and features of the signal[START_REF] Savitzky | Smoothing and differentiation of data by simplified least squares procedures[END_REF]. The filtered MIR data is presented in Fig.V-2-c. Moreover, as the as measured MIR reflectance was greater than 1 (Fig.V-2-a), the absolute reflectance was normalized to 1.The merging of FIR and MIR data was carried by normalizing the MIR spectra in relation to the FIR curves at one overlapping frequency (640 cm -1 ), such that𝑅 merged 𝑀 𝐼𝑅 (𝜈) = 𝑅 𝑀 𝐼𝑅 (𝜈) × 𝑅 𝐹 𝐼𝑅 (640 cm -1 ) 𝑅 𝑀 𝐼𝑅 (640 cm -1 ) (V.1)with 𝜈 the frequency. The merging results in the spectra presented in Fig. V-2-d.

Figure V- 2 :

 2 Figure V-2: (a) As measured MIR data presenting the CH 3 and CH 2 bands from the polypropylene windows at around ∼ 1400 and ∼ 3000 cm -1 . The KBr beamsplitter large band in the 5000 -6000 cm -1 range is also observed (b) MIR data cleaning tests using a linear and 2 𝑛𝑑 order polynomial to remove non-Nickelate contributions. (c) MIR data after Savitzky-Golay low-pass filtering of interference fringes. (d) Merging of FIR and MIR data by normalising the MIR at an overlapping frequency (640 cm -1 ). Note that the spectra for multiple temperatures are overlapping, confirming the temperature independence of the MIR range. 203

Figure V- 3 : 2 .

 32 Figure V-3: (a) Original ∆𝑅/𝑅 THz data as a function of temperature (5 -19 K). ∆𝑅/𝑅 is obtained by calculating [𝑅 𝑇 (𝜈) -𝑅 20𝐾 (𝜈)]/𝑅 20𝐾 (𝜈) for each temperature. (b) Filtered ∆𝑅/𝑅 THz data. The THz noise is filtered using a Savitzky-Golay low-pass filter.

Fig. V- 4 presents

 4 the STO broad range IR spectrum at 𝑇 = 20 K (orange line) and the VDF fit (blue circles).

Figure V- 4 :

 4 Figure V-4: STO experimental broad range IR spectra at 𝑇 = 20 K (orange line) and the point-by-point "Variational Dielectric Function" (VDF) fit (blue circles). The frequency log scale plot highlights the THz part, whereas the inset presents the MIR range. The high quality of the fit can be observed.

Figure V- 6 :

 6 Figure V-6: (a) Schematic representation of the the multi-layer stacking model, with the NSNO layer on top of the STO substrate. Each layer is characterized by its complex refractive index ñ and corresponding angle in incidence 𝜑. The NSNO layer is also characterized by its thickness 𝑑 1 ≈ 10 nm. 𝑛 0 is refractive index of air. (b) STO substrate modeled by the VDF fit (blue dashed line), multi-layer stacking fit for the NSNO/STO (orange dashed line), experimental spectra of STO (red) and NSNO/STO (blue) at 𝑇 = 300 K.

Figure 1 .

 1 Figure 1. Reflectance spectroscopy of a Nd 0.8 Sr 0.2 NiO 2 /STO thin film. (a) Schematic view of Nd 0.8 Sr 0.2 NiO 2 /STO thin-film sample and incoming I 0 and reflected light intensity I R = RI 0 (R is the reflectance). Crystal structures are represented in the magnification circles. (b, c) Broad-band reflectance spectra of Nd 0.8 Sr 0.2 NiO 2 /STO thin film (red line) and STO substrate (blue line) at 300 (b) and 20 K (c), respectively. The insets show the Drude-Lorentz (D + L) best fit of NdSrNiO/STO as obtained using an air/film/STO trilayer model (see Figure S3 in the SI for details) and a Drude-Lorentz conductivity (eq 1) for the film.

  ΔR/R = (I R (T) -I R (20 K))/I R (20 K) as obtained by dividing the light intensity reflected by the film or STO (I R (T)) at all temperatures by the signal (I R (20 K)) at the reference temperature T = 20 K (>T c ). The results are shown in a 2D intensity plot for STO and Nd 0.8 Sr 0.2 NiO 2 film (Figure 2c,d, respectively) as a function of both temperature and frequency (the same results are shown as threedimensional (3D) plots in Figure S4 in the SI). The 2D plots clearly highlight the differences between the bare substrate and the film THz properties vs T, supporting a different origin for the modification of the reflectance spectra at the lowest temperatures. ■ DISCUSSION OF RESULTS

Figure 2 .

 2 Figure 2. Temperature-dependent analysis of a Nd 0.8 Sr 0.2 NiO 2 /STO THz reflectivity. (a) Absolute THz reflectance of the STO substrate at different temperatures. (b) THz reflectance of the Nd 0.8 Sr 0.2 NiO 2 film over the STO substrate at different temperatures. At frequencies (ω > 50 cm -1 ), the curves merge toward a common absolute value. (c, d) Contour plots of the relative THz reflectance for both the sample and bare substrate, as a function of temperature (5-20 K) and frequency. Relative spectra were calculated by dividing the measurements by equivalent measurements at 20 K.

Figure 3 .

 3 Figure 3. Optical conductivity and superconducting gap of Nd 0.8 Sr 0.2 NiO 2 superconductive film. (a, b) Real and imaginary parts of the optical conductivity of the Nd 0.8 Sr 0.2 NiO 2 superconductive film at 300 K (a) and 20 K (b), as extracted through a Drude-Lorentz fitting model (eq 1). Dashed and dotted lines show the real parts of the Drude and MIR oscillators, respectively. (c) Comparison between experimental relative reflectance (solid circles) at 5, 10, and 15 K with the relative reflectance deduced from the Mattis-Bardeen model (M-B, red, discontinuous lines) and the Drude model (black, dotted lines). This calculation was performed by taking the Drude term at 20 K and including the STO indices at 5, 10, and 15 K. (d) Superconducting gap values (green diamonds) as a function of temperature as determined by the M-B model at finite T (see text). The experimental data can be described in eq 5. The gap extrapolation to 0 K gives 2Δ ≃ 26.5 cm -1 (∼3.3 meV) in good agreement with the literature.

Figure S3 :

 S3 Figure S3: Schematic representation of the multiple reflections occurring in a single film (ñ1, d1) deposited on a substrate (ñ2) and in contact with air (n0).

4 . 3 5.

 43 Figure S4: THz relative reflectance measurements of Nd0.8Sr0.2NiO2 and STO substrate as a function of temperature and frequency. The relative heat plots are shown in Fig. 2c,d of the main text.

Figure B :

 B Figure B: Summary of main Chapter III results: IR measurements of ferroelectric PZT 75 thin film as function of temperature, probing the tetragonal to cubic phase transition; coupled with DFT simulations for both phases using the SC method.

  Figure C: Summary of main Chapter IV results: (a) IR measurements of ultra-thin ferroelectric HZO films as function of thickness; (b) extraction of optical functions, such as the real part of the dielectric function 𝜀 1 and therefore 𝜀 𝑠 ; (c) quantification of mixed phases using DFT IR spectra simulations; (d) DFT simulations of HZO solid solutions using two different approaches, the SC and SQS methods.
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  Afin d'étudier la grande variété de structures cristallines et de transitions de phase existantes dans les oxydes métalliques fonctionnels, la spectroscopie infrarouge (IR) est un outil non destructif important, qui est examiné au Chapitre II (p. 86). Cependant, des défis surviennent lors de la mesure du spectre IR, lorsque de tels matériaux sont déposés sous forme de films minces. Les contributions provenant des substrats peuvent impacter l'analyse de la réponse propre du film.Une autre difficulté survient lorsque l'épaisseur du film diminue, car il y a moins de matière à sonder pour exciter et détecter sa réponse optique. Une grande quantité de photons, c'est-à-dire une haute brillance et stabilité, est donc nécessaire pour mesurer de tels systèmes de films minces de manière reproductible, ce qui est difficile à obtenir avec les sources IR conventionnelles. Par conséquent, les mesures dans un large domaine de l'IR de tels films minces nanométriques sont rares dans la littérature. Dans cette thèse sur articles, la haute brillance et la grande stabilité de la lumière synchrotron IR de la ligne de faisceau AILES du Synchrotron SOLEIL sont exploitées, en association avec des simulations de théorie de la fonctionnelle de la densité (DFT), pour sonder et interpréter les spectres de différents films minces fonctionnels. En effet, les premières études IR d'échantillons de films minces nanométriques dans différentes conditions de température pour trois familles d'oxydes PbZr 1-𝑥 Ti 𝑥 O 3 , Hf 1-𝑥 Zr 𝑥 O 2 et Nd 1-𝑥 Sr 𝑥 NiO 2 , sont rapportées. Un État de l'Art détaillé concernant chaque famille de composés, ainsi que leurs diagrammes de phase, se trouve au début des chapitres d'articles III, IV et V. Un résumé des principaux résultats suit : • PbZr 1-𝑥 Ti 𝑥 O 3 , un composé piézoélectrique très largement étudié, est l'un des isolants ferroélectriques les plus populaires pour les transistors à base d'oxyde en raison de sa grande polarisation (15-45 𝜇C•cm -2 ) et d'une bande interdite d'environ 3,5 eV[47]. Dans les films minces nanométriques, ce matériau présente toujours des défis pour les chercheurs en raison de son diagramme de phase hétérogène et de sa grande plage de compositions possibles.• Hf 1-𝑥 Zr 𝑥 O 2 est un matériau ferroélectrique découvert récemment[36] qui présente des propriétés de polarisation particulièrement élevées dans les films minces d'épaisseur inférieur à de 25 nm. En lien avec la coexistence de multiples phases cristallines en fonction de la composition et de la température, Hf 1-𝑥 Zr 𝑥 O 2 est un exemple de la variété de l'ordre structural dans la famille des oxydes de métaux de transition. Pour ce matériau ferroélectrique sans plomb ultramince composé d'un mélange de phases cristallines et d'une très longue durée de rétention 7 de la polarisation, l'origine de la ferroélectricité est encore un débat ouvert.• Nd 1-𝑥 Sr 𝑥 NiO 2 , une classe de supraconducteurs non conventionnels récemment découverte[48] qui intrigue la communauté scientifique en raison de son mécanisme d'appariement inexpliqué et de ses nombreuses similitudes et différences avec la famille des cuprates, met une fois de plus en évidence la diversité à l'intérieur des oxydes métalliques fonctionnels. Chacune des trois études a généré un article individuel, qui est présenté intégralement -sous le format article -à l'intérieur du corps du manuscrit. Cette thèse sur articles est divisée comme suit : Chapitre 1 fournit les modèles théoriques nécessaires pour comprendre la réponse optique des films minces d'oxydes de métaux de transition fonctionnels dans le domaine IR. Les phénomènes physiques observés dans les trois familles étudiées, c'est-àdire la piézoélectricité, la ferroélectricité et la supraconductivité, sont décrits. Chapitre 2 est dédié aux principales techniques et méthodes, à la fois expérimentales et computationnelles, utilisées pour étudier les propriétés IR des les films minces. Il est divisé en Techniques Expérimentales et Outils de Calcul. Chapitre 3 se concentre sur l'étude de PbZr 1-𝑥 Ti 𝑥 O 3 , pour laquelle la spectroscopie d'absorption IR a été couplée à une méthode DFT adaptée pour le calcul de solutions solides en tenant compte de la diversité des configurations par l'utilisation des super-réseaux 2×2×2. Cela a permis de comprendre l'évolution des spectres avec la température (pendant la transition de phase tétragonale à cubique) et avec les compositions en 𝑥. Chapitre 4 rend compte des mesures IR des films Hf 0.5 Zr 0.5 O 2 de 10 à 52 nm, à l'intérieur et à l'extérieur de la gamme ferroélectrique du système, ainsi que des simulations DFT pour les composés parentaux ZrO 2 et HfO 2 , et la solution solide Hf 0.5 Zr 0.5 O 2 . L'étude a permis d'identifier différentes fonctions optiques et une possible signature IR de la perte de ferroélectricité dans les films plus épais, ainsi qu'une analyse quantitative des différentes phases cristallographiques présentes dans les films, pour la première fois obtenue par spectroscopie IR. Chapitre 5 est dédié aux études optiques de Nd 0.8 Sr 0.2 NiO 2 , dans lesquelles les différentes fonctions optiques (conductivité complexe, réflectance) ont été mesurées et extraites à des températures supérieures et inférieures à la température critique 𝑇 ∼ 13𝐾. Grâce au modèle Mattis-Bardeen, différentes constantes optiques ont été déduites d'un ajustement numérique, telles que le temps de diffusion juste au-dessus de 𝑇 𝑐 (𝜏 ∼ 6.7 × 10 -14 s) et la fréquence de plasma 𝜔 𝑝 = 3500 cm -1 , combinée avec une bande d'absorption dans l'infrarouge moyen (MIR) à 𝜔 𝑀 𝐼𝑅 0 2500 cm -1 , une bande dans le proche infrarouge (NIR) à 𝜔 𝑁 𝐼𝑅 0 10000 cm -1 et une bande interdite (2∆) d'environ 3,3 meV. Cette thèse sur articles se termine par une section Conclusions et Perspectives, dans laquelle les principales réalisations des études sont répertoriées et les améliorations futures ainsi que certaines parties manquantes du puzzle sont discutées.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  2.3 p.110 and 2.3.2 p.112) are used to simulate Hf 0.5 Zr 0.5 O 2 and PbZr 0.25 Ti 0.75 O 3 systems.

  𝑄/𝐴 𝑠 , for 𝑄 the charge accumulated in the capacitor surface and 𝐴 𝑠 the surface area. By undergoing a voltage 𝑉 cycle and by knowing the capacitance 𝐶, one can infer the polarization 𝑃 of the system using 𝑄 = 𝐶 × 𝑉 . The characteristic

	2. Physical Properties of Functional Metal Oxides
	ferent types of ferroelectric phase transitions are examined in Section 2.2.2 (p. 52).
	I-8-a). The po-
	larization 𝑃 in these materials is measured using a reference capacitor. 𝑃 is defined
	by 𝑃 = hysteresis behaviour of a ferroelectric differs from the one of a dielectric crystal,
	as these crystals usually do not show important hysteresis during an electric cycle.
	Ferroelectricity is intrinsically related to phase transitions, in which the reminiscent
	polarization disappears above a certain temperature called the transition tempera-
	ture or Curie point 𝑇 𝑐 . For 𝑇 > 𝑇 𝑐 the material is in a paraelectric state, where a
	rapid drop in the dielectric constant as the temperature increases is observed. Dif-

  2 𝑇 𝑂 of all polar modes are temperature independent, implying, for exam-2. Physical Properties of Functional Metal Oxides ple, that a mode frequency 𝜔 𝑇 𝑂 reduced by a factor 2 causes a ∆𝜀 𝑇 𝑂 increased four times. From the Lyddane-Sachs-Teller relation (Eq. I.20), the softening of the TO mode continues until 𝜔 𝑇 𝑂 → 0, giving 𝜀 𝑠 → ∞. Assuming 𝜔 𝐿𝑂 and 𝜀 ∞ temperature independent, with 𝜔 𝑇 𝑂 = 𝜔 𝑆𝑀 (𝑆𝑀 = soft mode), one obtains the Cochran law

	with 𝒜 is the Cochran constant	
	𝜔 2 𝑆𝑀 = 𝒜(𝑇 -𝑇 𝑐 ).	(I.38)
	There are not many known pure displacive ferroelectrics, an example of them
	being PbTiO 3 [78] (𝑇 𝑐 = 763 K), in which the low-frequency dielectric anomaly is
	caused only by softening of the optical soft phonon (Fig. I-8-b). In a different case
	of softening of polar modes, pure incipient ferroelectrics such as SrTiO 3 and KTaO 3 ,

  I-10-b. Indeed, for 𝑇 = 𝑇 𝑐 the free energy function has two equal minima at 𝑃 𝑠 = 0 2. Physical Properties of Functional Metal Oxides and at a finite 𝑃 𝑠 value indicated by the black arrow. For temperatures below 𝑇 𝑐 , however, the absolute minimum is at larger values of 𝑃 𝑠 (note that the horizontal axis is 𝑃 𝑠 squared). On the contrary, as 𝑇 increases and becomes greater than 𝑇 𝑐 , there is a discontinuous change in the position of the absolute minimum.

  𝑒 * and mass 𝑚 * , Ψ(r) vanishing at 𝑇 𝑐 . The total free energy of the system 𝐹 𝑠 near > 0 and 𝛼(𝑇 ) > 0 for 𝑇 > 𝑇 𝑐 ; and 𝛽(𝑇 ) > 0 and 𝛼(𝑇 ) < 0 for 𝑇 < 𝑇 𝑐 . The effective magnetic penetration 𝜆 eff is intrinsically related to the London penetration depth 𝜆 𝐿 , the main difference being the use of both the effective charge 𝑒 * and mass 𝑚 * , as well as the two phenomenological quantities 𝛽(𝑇 ) and

	2. Physical Properties of Functional Metal Oxides
	in the presence of spatial gradients and magnetic field B(r) = ∇A(r), the current density J 𝑠 (r) becomes
	J 𝑠 (r) = -	𝑒 *2 𝑚 * 𝑐	|Ψ ∞ | 2 A(r),	(I.41)
	which is obtained by minimization of the free energy 𝐹 𝑠 (𝑇 ) with respect to arbitrary
	variations of the vector potential A. Ψ ∞ represents a constant value of Ψ(𝑟) and 𝑐 is the speed of light. Following Maxwell's equation, J 𝑠 (r) = 𝑐 4𝜋 ∇A. Applying the curl-operator to both terms of the J 𝑠 (r) equation gives the temperature-dependent
	effective magnetic penetration depth,			
	𝜆 2 eff (𝑇 ) =	𝑚 * 𝑐 2 𝛽(𝑇 ) 4𝜋𝑒 *2 |𝛼(𝑇 )|	,	(I.42)
	with 𝛽(𝑇 ) and 𝛼(𝑇 ) being the two phenomenological quantities that must satisfy
	𝛽(𝑇 ) 𝛼(𝑇 ). The London penetration depth is written in function of the electron density
	𝑛 𝑠 and is given by			
	𝜆 2 𝐿 =	𝑚𝑐 2 4𝜋𝑛 𝑠 𝑒 2 .	(I.43)
	In Eq. I.42, due to the 𝑇 dependency of 𝛼(𝑇 ), 𝜆 eff (𝑇 ) diverges as (𝑇 𝑐 -𝑇 ) 1/2
	𝑇 𝑐 is given by the space integral			
	∫︁			
	𝐹 𝑠 (𝑇, Ψ, A) =		𝑓 𝑠 (𝑇, Ψ(r), A(r))dr,	(I.40)
	𝑉		
	in which A(r) is the vector potential in function of position r. As the particle is

  In the normal coordinate the IR absorption is given by the dipole moment induced by the normal coordinate[55]. Using the Taylor expansion for the microscopic polarization 𝜇[55], 𝑓 𝑖 as function of the vibronic occupation number 𝜈 𝑘 𝑓 𝑖, one obtains [𝜇] 𝑓 𝑖 = ⟨..𝜈 𝑘𝑓 ..|𝜇|..𝜈 𝑘𝑖 ..⟩.(II.12)

	𝜇 = 𝜇 0 +	∑︁ 𝜕𝜇 𝜕𝑄 𝑘	𝑄 𝑘 + ...	(II.11)
	the square of the second term being proportional to the IR absorption intensities
	(further discussion is presented in Section 2.1, p. 105). Using the dipole moment
	transition matrix [𝜇]			

  13, one can derive the IR selection rules as a function of two constants 𝐶 1 and 𝐶 2 to obtain

	[𝜇] 𝑓 𝑖 =	(︂ 𝜕𝜇 𝜕𝑄 𝑘	)︂	(𝐶 1 𝛿 𝑓 𝑖+1 + 𝐶 2 𝛿 𝑓 𝑖-1 ),	(II.15)

in which 𝛿 represents the orthogonality of the Hermite functions 3 for the two tran-1. Experimental Techniques sition states with ∆𝜈 = ±1. To obtain a nonzero transition moment (IR active), both conditions need to be satisfied, known as the selection rules:

(︂ 𝜕𝜇 𝜕𝑄 𝑘

  1 -x Ti x O 3 Material: A Complementary Experimental/Ab Initio Calculations Approach of a Solid Solution to the dielectric properties[129]. From Fig. III-1, one observes that PZT remains the material with highest piezo properties[138]. The lower performances of alternative alkalis systems come from their narrow sintering temperature range, lower piezo con-

	stants and high corrosion behaviour. In 2009, a new promising PZT substitute was
	developed: barium zirconate titanate-barium calcium titanate (BZT-BCT), reach-
	ing higher piezo constants (𝑑 33 > 600 pC/N). Its technological use is, however, still
	far from industrial scale due in part to its poor temperature stability[139].
	As the replacement of Lead in such materials is not yet optimal, PZT still remains
	in the center of scientific and commercial interest. Indeed, its high Curie temperature

is particularly important for applications in various piezoelectric devices

[139]

. While the temperature dependence in bulk materials is well-understood[140, 141, 142],

  1 -x Ti x O 3 Material: A Complementary Experimental/Ab Initio Calculations Approach of a Solid Solution

1-x Ti x O 3 Material: A Complementary Experimental/Ab Initio Calculations Approach of a Solid Solution
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Table 1 .

 1 Cell Structural Parameters a

			PZT 75 supercells parameters (Å)			supercells weight (%)
	supercells configurations	a	b	c	energy (meV)	673 K	873 K
	A	7.82 (5)	7.83 (1)	8.46 (7)	21.4	24	19
	B	7.83 (4)	7.83 (4)	8.43 (0)	0	17	23
	C	7.80 (9)	7.80 (9)	8.57 (8)	3.2	16	19
	D	7.84 (4)	7.86 (1)	8.40 (3)	14.1	27	23
	E	7.84 (8)	7.84 (8)	8.42 (0)	7.6	15	15
	weighted average at 873 K	7.83 (2)	7.83 (6)	8.45 (6)			
	weighted average at 673 K	7.80 (0)	7.83 (2)	8.43 (9)			
	XRD PZT 75 powder	7.88 (5)	7.88 (5)	8.27 (0)			
	XRD PZT 75 90 nm	7.92	7.92	8.24			
	a						

Table 2 .

 2 Maxima of the Observed IR Bands (exp) at Room Temperature for PT (87 nm), PZT 75 (90 nm), and PZ (200 nm) Thin Films with Simulated Bulk Frequencies a

				TO (LO) Frequencies (cm -1 )			
		PT		PZT 75			PZ	
	mode symmetry	simulation	exp	simulation	exp	mode symmetry	simulation	exp
	E	83 (124)	85	75 (117)	66	B 3u	48 (66)	59
	A 1	145 (192)	130-150	154	147	B 3u	61 (108)	73
	E	210 (414)	210	204 (399)	201	B 3u	87 (117)	
	E	271 (271)	267	252	-	B 1u	113 (132)	111
	B 1	276		-		B 1u	156 (673)	-
	A 1	344 (437)	332-397	355 (438)	334-381	B 1u	163 (196)	
	E	515 (693)	499-544	486-608(510-704)	531	B 1u	164 (177)	
	A 1	655 (796)	613	650 (741)	730	B 1u	183 (172)	
						B 2u	221 (229)	218
						B 2u	221 (215)	
						B 2u	245 (366)	-
						B 2u	255 (614)	292
						B 2u	377 (355)	416
						B 2u	471 (367)	-
						B 3u	484 (635)	510
						B 3u	487 (418	
						B 3u	528 (500)	542
	a							

Table S3 :

 S3 Interatomic distances for all the tetragonal PZT 75 configurations.

		Chapter IV		
	A	yy 6.8184 Quantification of crystalline phases 111.4028 121.1391 22.0208 6.8405	ε ∞,zz 6.4299
	B C D	135.1420 95.4987 139.1856 in Hf 0.5 Zr 0.5 O 2 thin films through 134.7290 23.5692 6.8784 6.8784 6.7085 20.9106 6.7085 6.7085 128.8508 23.6653 6.8772 6.8615	6.4749 6.2966 6.4833
	E	117.1348 complementary infrared spectroscopy 6.8425 22.8056 6.8425 6.8425 6.4481
		and ab initio supercell simulations
	Configurations	Ti-O ( Å)		Zr-O ( Å)
		Tetragonal	Distance to 1 st Distance to 2 nd Distance to 1 st Distance to 2 nd neighbor O (1) neighbor O (2) neighbor O (1) neighbor O (2)
		A	1.772	1.962	1.964	2.036
		B	1.778	1.972	1.963	2.076
		C	1.766	1.940	1.966	2.083
		D	1.784	1.943	1.955	2.072
		E	1.772	1.953	1.976	2.074
				S5	

Table IV .

 IV .1, in which the values were normalized by the m-phase lowest energy. 1: Formation energies (eV) for multiple crystal phases and space groups for ZrO 2 and HfO 2 . The values were normalized by the ground stable m-phase (14 P2 1 /c). The values displayed are in ascending order. Note that DFT calculations are performed at zero temperature and pressure.

		Formation Energy (eV)
	Crystal Phase	ZrO 2	HfO 2
	Monoclinic (14 P2 1 /c)	0.000	0.000
	Orthorhombic (61 Pbca)	0.034	1.239
	Orthorhombic (29 Pca2 1 )	0.046	1.252
	Monoclinic (11 P12 1 /𝑚)	0.053	1.280
	Tetragonal (137 P4 2 /nmc)	0.068	1.306
	Cubic (225 Fm3m)	0.130	1.312
	Triclinic (2 P-1)	0.142	1.360
	Orthorhombic (62 Pnma)	0.265	2.271

  .2 summarizes the band gaps and formation energy values using the different approaches.TableIV.2: Band gap and formation energies for t-, polar o-and m-phases using different simulation methods. Values are in eV. Literature references: (i) experimental values for 𝑎 Ref[18], 𝑐 Ref[19, 20], 𝑑 Ref[19, 21, 22, 23], note that in 𝑒 Ref[24] the HZO band gap is for a mix of polar o-and m-phase; (ii) theoretical values for 𝑏 Ref[25] as the band gaps for HfO 2 and ZrO 2 in the polar o-phase are only obtained by DFT.

					3. Complementary DFT Results
		Tetragonal (t-, 137 P4 2 /nmc)	Orthorhombic (polar o-, 29 Pca2 1 )	Monoclinic (m-, 14 P2 1 /c)
	Simulation Method	𝜀 ∞	𝜀 𝑠	𝜀 ∞	𝜀 𝑠	𝜀 ∞	𝜀 𝑠
	ZrO 2	4.80	65.16	4.75	24.11	4.56	18.88
	HfO 2	4.34	61.98	4.29	23.72	4.12	20.14
	Average ZrO 2 -HfO 2	4.57	63.57	4.52	23.92	4.34	19.51
	HZO SC	4.58	60.37	4.52	21.88	4.35	17.51
	HZO SQS FIXDEF	4.58	56.39	4.52	21.87	4.57	45.68
	HZO SQS	Tetragonal	Orthorhombic 4.52 24.06	Monoclinic 4.35 19.06
	Literature	(t-, 137 P4 2 /nmc)	(polar o-, 29 Pca2 1 )	(m-, 14 P2 1 /c)
	Simulation ZrO 2 Method ZrO 2 HfO 2	Band 4.45 𝑎 gap 5.85	Energy 48 -70 𝑏 -5374.1393 5.70 Band 3.88 -4.84 𝑐 25 -31 𝑑 Energy gap -5379.1398 24 -57 𝑑 ∼ 6 𝑔 24 -29 𝑑 3.61 -4.00 𝑐 19 -25 𝑓 Band 4.58 𝑒 16 -26 𝑓 Energy gap 5.45 -5379.4672
	HfO 2 HZO	6.65	-5421.0488 6.38 60 ℎ 3 ∼ 4 𝑐	-5426.0169 24 -34 𝑖	4.13	-5427.4186 20 -26
	Average ZrO 2 -HfO 2	6.25	-5397.5940 6.04	-5402.5783	4.79	-5403.4429
	HZO SC	6.09	-5402.7591 5.85	-5402.7959	5.63	-5402.8478
	HZO SQS FIXDEF	6.08	-5402.7552 5.88	-5402.7949	6.13	-5402.7523
	HZO SQS			5.88	-5392.3617	5.64	-5392.4076
	Literature						
	ZrO 2	5.0-5.8 𝑎		5.40 𝑏		4.9-5.8 𝑐	
	HfO 2	5.1-5.9 𝑎		6.45 𝑏		5.5-5.85 𝑑	
	HZO			5.5 𝑒			

ℎ Table IV.3: High-frequency (𝜀 ∞ ) and static (𝜀 𝑠 ) dielectric constants for t-, polar o-and m-phases using different simulation methods. Literature references are: 𝑎 Ref[26], 𝑏 Ref[27, 28], 𝑐 Ref[29], 𝑑 Ref[30, 31], 𝑒 Ref[32], 𝑓 Ref[33, 30, 31], 𝑔 Ref[34],

Table IV

 IV 𝑎 3.59 𝑎 5.17 𝑎 66.63 𝑎 -67.10 𝑏 HfO 2 3.58 𝑐 3.58 𝑐 5.20 𝑐 66.55 𝑏 -66.64 𝑐

				Tetragonal (t-, 137 P4 2 /nmc)	
	Simulation Method	a	b	c	𝛼	𝛽	𝛾	Volume
	ZrO 2	3.58 3.58 5.16 90.00 90.00 90.00	65.88
	HfO 2	3.57 3.57 5.14 90.00 90.00 90.00	65.37
	Average ZrO 2 -HfO 2	3.57 3.57 5.15 90.00 90.00 90.00	65.62
	HZO SC	3.59 3.58 5.13 89.99 89.99 89.99	65.93
	HZO SQS FIXDEF	3.58 3.58 5.16 90.00 90.00 90.00	66.13
	Literature							
	ZrO 2 3.59 HZO 𝑏 3.56 3.56 5.13				65.02

.4: Simulated lattice parameters for the t-phase using different simulation methods. The distances a, b and c are in Å; the angles are in degrees and the volumes in Å 3 . Literature references: (i) experimental values for 𝑎 Ref

[36] 

and 𝑐 Ref

[37]

;

  TableIV.6: Simulated lattice parameters for the m-phase using different simulation methods. The distances a, b and c are in Å; the angles are in degrees and the volumes in Å 3 . Literature references: (i) experimental values for 𝑎 Ref[38] and 𝑏 Ref[36, 42]; (ii) theoretical values for 𝑐 Ref[30].

								1 )
	Simulation Method	a	b	c	𝛼	𝛽	𝛾	Volume
	ZrO 2			4.90	4.92	5.11	90.00 90.00 90.00	123.12
	HfO 2			5.03	5.05	5.22	90.00 90.00 90.00	132.49
	Average ZrO 2 -HfO 2 HZO SC HZO SQS HZO SQS FIXDEF Literature ZrO 2 HfO 2 𝑐 HZO Simulation Method ZrO 2 HfO 2 Average ZrO 2 -HfO 2 HZO SC HZO SQS	4.96 5.04 5.05 5.03 5.07 𝑎 4.90 -5.02 4.89 -5.11 5.07 -5.30 4.98 5.16 5.06 5.25 5.07 5.25 5.05 5.20 5.08 𝑎 5.26 𝑎 5.01 𝑑 5.05 𝑑 5.24 𝑑 a b c 5.15 5.21 5.37 90.00 99.21 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.11 89.95 89.99 90.00 90.00 90.00 𝛼 𝛽 𝛾 5.14 5.19 5.30 90.00 99.42 90.00 5.14 5.20 5.31 90.00 99.31 90.00 5.14 5.19 5.30 90.00 99.87 90.00 132.3 Monoclinic (m-, 14 P2 1 /c) 127.80 134.31 134.42 132.08 135.5 𝑏 121.0 -138.1 Volume 140.79 139.67 140.19 141.39 5.14 5.19 5.29 89.97 99.36 90.05 141.12
	HZO SQS FIXDEF	5.03	5.08	5.19 90.00 90.00 90.00	132.62
	Literature					
	ZrO 2	𝑎	5.15	5.20	5.32			140.3
	HfO 2	𝑏	5.07 -5.12 5.14 -5.17 5.29			135.8 -137.9
	HZO 𝑐	5.11	5.18	5.28			137.6

𝑏

Table

IV

.5: Simulated lattice parameters for the polar o-phase using different simulation methods. The distances a, b and c are in Å; the angles are in degrees and the volumes in Å 3 . Literature references: (i) experimental values for 𝑎 Ref

[38]

, 𝑑 Ref

[36]

; (ii) theoretical values for 𝑏 Ref

[30] 

and 𝑐 Ref

[30, 39, 40, 41]

.

As the SQS method remains exploratory in this PhD thesis, more calculations are needed for multiple phases in order to draw a tendency.

Table

  

	137, P 42 /mnc) energy = 89 meV	Orthorhombic (29, Pca 21 ) energy = 52 meV	Monoclinic (14, P2 1 /c) energy = 0 meV
	Mode Symmetry	Simulation	Observed HZO10	Mode Symmetry	Simulation	Observed HZO21	Mode Symmetry	Simulation	Observed HZO52
	E u	116	∼100	A 1	136	160			
				B 1	238	237	B u	230	234
	A 2u	325	335	B 2	255	260	A u	249	257
				A 1	333	335	B u	337	333
	E u	447	445	B 1	397	404	A u	405	408
				A 1	460				
				B 1	530	497	B u	503	483
							A u	594	576
				A 1	597	613			
				B 2	640	636			
				B 1	748		B u	738	673

Table 3 .

 3 Different values for the static dielectric constant ε s for HZO samples in multiple film thickness(52, 21, 17, 11, 10 nm).
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Table S1 .

 S1 Starting-point parameters based in a Drude-Lorentz oscillator function for the Variational Dielectric Function algorithm.

	DFT Calculations		Sample	ω 0	ω p	Γ		
		HZO10 100 594 101 190 403 97 Tetragonal (t-, 137 P4 2 /nmc) Orthorhombic (polar o-, 29 Pca2 1 )	Monoclinic (m-, 14 P2 1 /c)
	Configuration	122	212	250 389 66 335 614 61 221 112 121	211 112 121 211
	A	406 648 73 P2 1 /m P2 1 /m P2 1 /m Pc P1	Pc	P2 1	Pc	P1
	B	Pm	Pm	500 376 84 591 600 97 P1 P1 P1	P1	P1	P1	P1
	C	760 543 215 Pmm2 Pmm2 P4 2 mc P1 P1	P1	P1	P1	P1
	D	Pm	1040 537 351 HZO11 154 580 167 Pm P1 P1 P1	P1	P1	P1	P1
	E	Pmc2 1 Pmc2 1	230 123 18 P1 P1 P1	P2 1	P1	P1	P1
	F	255 215 31 331 334 21 Pmmn Pmmn P 4m2 P1 P2 1	P1	P1	P1	P1
	G	Pmm2 Pmm2	404 540 68 P1 P1	P1	P1	P1	P1
	H I	P1 P 4m2	510 163 53 P2 1 P1 610 107 28 HZO17 160 483 181 P1 P 4m2 P1 Pna2 1 P2 1 P2 1	P1 P1	P1 P1	P1 P1
	J	Pmmn Pmmn	235 166 29 260 140 23 Pc Pc	P2 1 P2 1 P2 1 P2 1
	K			335 573 53 Pc P1	P1	P1	P1	P1
	L			406 551 68 500 301 62 Pc P1	Pc	P2 1	Pc	P1
	M			610 237 51 Pc	Pc	Pc	Pc	P1
	N		800 HZO21 157 325 153 75 48 Pna2 1			P1
				235 148 17		
				260 241 31		
				335 462 31		
				400 520 51		
				500 378 71		
				610 164 34		
			HZO52 154 442 152		
				228	92	11		
				255 254 41		
				332 463 39		
				406 478 51		
				485 415 84		
				574	93	21		
				619 347 110		
				851 839 423		
									19/32 20/32

Table S2 .

 S2 Space groups for all configurations of the t-, polar o-and m-phases.

	21/32

  superconductivity in this class of compounds is limited to thin films, it gives rise to difficulties in accurately measuring the film's individual optical response. The contribution of the substrate must be taken into consideration, and if the substrate's optical response changes as a function of temperature, as in the case of STO, additional complications arise when trying to probe the superconducting phase at low-𝑇 . As direct The relative and absolute reflectance data of Nd 0.8 Sr 0.2 NiO 2 over STO at room-𝑇 , as well as above and below the critical temperature (𝑇 ∼ 13 K), are analyzed to derive the different optical constants from the fitting. The scattering time at 300 K is found to be 𝜏 ≈ 1.3×10 -14 s with plasma frequency of 𝜔 𝑝 ≈ 5500 cm -1 . Combined with an absorption band in the Mid-InfraredThe electronic and structural properties of the Nickelate and Cuprate superconductors present multiple similarities (TableV.1). Both materials feature perovskite typebuilding blocks, consisting of a metal atom (Copper or Nickel) in the center of an oxygen octahedron, forming a MetalO 6 structure. In Cuprates, this structure includes CuO 2 planes that can be separated by a spacer layer made up of different atoms, such as Bi, Sr, or Ca[START_REF] Santander-Syro | Electrodynamique dans l'etat normal et supraconducteur de Bi 2 Sr 2 CaCu 2 O 8+𝛿 : etude par spectroscopie infrarougevisible[END_REF]. This 2D nature of the CuO 2 planes results in significant anisotropy and leads to different electronic responses depending on the direction in which the material is measured. The Nickelate family exhibits a similar situation, with NiO 2 planes stacked with spacer layers that are conventionally referred to as infinite-layer material.

			1. State of the Art
		Nickelate Family	Cuprate Family
			3𝑑 9 electrons
		Perovskite structure with MetalO 2 planes
	Similarities	𝑇 𝑐 changes with spacer-ions/dopants
	(MIR) centered at 𝜔 𝑀 𝐼𝑅 0 ratio 𝜔 2 𝑝 /(𝜔 2 𝑝 + (𝜔 𝑀 𝐼𝑅 𝑝 ) 2 ) ≈ 0.32, indicating the presence of strong electron correlations in ≈ 2500 cm -1 with amplitude 𝜔 𝑀 𝐼𝑅 𝑝 Infinite-layer structure ≈ 8000 cm -1 , we obtain the No pseudogap Opening of pseudogap the NiO 2 plane with a similar intensity to cuprates. No AF order AF order at low hole-doping Differences Metallic parent NdNiO 2 Mott insulator parent compounds
	CDW in parent NdNiO 2 CDW in optimally or underdoped 1 State of the Art SC only in thin films SC in Bulk and thin films
	Table V.1: Summary of similarities and different aspects between the Nickelate and Cuprate families.
	Electronically both systems contain 𝑑-electrons that contribute to the conduction

extraction of optical properties using a conventional Drude-Lorentz model is limited, an iterative algorithm based on the Mattis-Bardeen model of optical conductivity is used to infer the superconducting gap energy (2∆) at ∼ 3.3 meV. Superconductivity, a phenomenon characterized by zero resistance and magnetic levitation, is a macroscopic manifestation of quantum events. Despite being a theoretical puzzle for over 50 years, conventional superconductivity has provided various signatures that have been thoroughly explored. With the advent of unconventional superconductivity in Cuprates, the origin of the pairing mechanism remains the subject of intense debate, with no consensus achieved yet. To shed light on this discussion, researchers are exploring alternative superconducting materials that do not contain Copper, which can be used to study the pairing mechanism and then compared with the ones proposed for the Cuprate family. The hope in applying such approach has been renewed with excitement within the superconductivity community since the discovery of superconductivity in Nickelates thin films in 2019, which may provide new insights into this intriguing phenomenon

[48]

.

  5 /non-Fermi liquid phase. Moreover, increasing the doping in Cuprates causes transitions from a Mott insulating phase to a high-𝑇 𝑐 superconductor and finally a Fermi liquid metallic state.Regarding the appearance of charge density waves 6 (CDW),Tam et al. reported in 2022 this phenomenon in Nd 5𝑑 and Ni 3𝑑 orbitals of infinite-layer NdNiO 2 films[START_REF] Tam | Charge density waves in infinite-layer NdNiO 2 nickelates[END_REF], which disappears as the Sr doping reaches the superconducting state. CDW evidence was 1. State of the Art obtained using resonant X-ray scattering, revealing a strong connection between CDWs and Nd 5𝑑 𝑥𝑦 , Nd 5𝑑 3𝑧 2 -𝑟 2 and Ni 3𝑑 𝑥 2 -𝑦 2 orbital hybridization. This multiorbital character differs from Cuprates in which a singular resonance profile typically exists, coming from a single hybridized Cu 3𝑑 and O 2𝑝 orbital within the CuO 2 planes[191]. In addition, CDWs are persistent in the parent infinite-layer NdNiO 2 films, whereas in Cuprates they are found prevalent in optimally or underdoped regimes. Moreover, Loret. et al. have used electronic Raman spectroscopy to extract the energy scale of CDWs in Cuprates when approaching the parent Mott state by lowering hole doping. Their results show that the CDWs energy scale in Cuprates increases in the same fashion as their pseudo and superconducting gaps, revealing an intrinsic correlation between the three phases and a possible related origin. Finding an alike relationship for the Nickelate family could help the understanding of its pairing mechanism.One of the main differences, however, is the fact that the Nickelate family is super-Although a collective research effort has been carried since 2019 to study Nd 1 -x Sr x NiO 2 materials, a broadband optical characterization of an optimally-doped Nickelate superconductor was still missing in the literature. Optically-extracted results such as the energy gap, the scattering time and the plasma frequency can help shed light in the pairing mechanism of such materials. In the following section, a more detailed description of the Materials and Methods used in the submitted article is presented. It is recommended, however, to carry the reading of the paper before diving into the Materials and Methods

	section below.
	tant role in the electronic structure of the volume: reduced Nd 5𝑑 states within the film's
	first atomic layers suggest an electronic reconstruction similar to a cuprate-like Fermi
	surface[193].
	The complex film/substrate interface implies the critical and difficult fabrication of
	superconductive Nickelates: after film deposition using Pulsed Laser Deposition (PLD), a
	soft-chemistry topotactic H 2 reduction is needed to obtain the infinite-layer configuration

conductive only in thin films. The absence of superconductivity in bulk samples was verified up to 50.2 GPa, pointing to strain and interface effects as being part of the superconductive mechanism

[192]

. In a very recent paper, Goodge et al. investigated the polar interface between Nd 0.8 Sr 0.2 NiO 2 and STO using atomic-resolution electron energy loss spectroscopy in a scanning transmission electron microscope. The study reveals the formation of a single intermediate Nd(Ti,Ni)O 3 layer, in which the combined effects of atomic arrangement, structural distortions and oxygen stoichiometry suppress the accumulation of excess charges. Such results demonstrate that the film/substrate interface is not itself responsible for superconductivity. The interface may, however, play an impor-(Section 2). To confirm the need of the reduction step, the growth of Nickelate infinitelayer films without H 2 results in insulating samples

[194]

. To conclude, a summary of the main differences and similarities between the Nickelates and Cuprates are found in Table

V

.1.
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energy eigenvalues of such oscillator[54].

the exclusion of magnetic flux from a superconductor[2].

The Chambers formula for the current of metals is J(r = 0) = 3𝜎 𝑑𝑐

4𝜋ℓ ∫︀ r[r•E(𝑟) exp(-𝑟/ℓ]) 𝑟 4dr.

The orthogonality of the Hermite functions is given by ∫︀ +∞ -∞ 𝐻 𝑓 (𝑥)𝐻 𝑖 (𝑥)𝑒 -𝑥 2 d𝑥.

operators are expressed in atomic units, i.e. ℏ = 𝑚 𝑒 = 𝑒 2 4𝜋𝜖0 = 1, for ℏ the reduced Planck's constant, 𝑚 𝑒 the electron mass, 𝑒 the electron charge and 𝜖 0 the vacuum permittivity.

properties that are still valid even when the sample size 𝑛 becomes large (𝑛 → ∞).

the BFGS algorithm is an iterative method in numerical optimization for solving unconstrained nonlinear optimization problems[START_REF] Fletcher | Practical methods of optimization[END_REF].

the computation of the dynamical matrix 𝐷, as well as its inversion and storage, is very computational consuming even for non-ab initio methods with less precision due to its large size of its 3𝑁 × 3𝑁 dense matrix, with 𝑁 the number of atoms.

for instance if the two mixed atomic sites are side-by-side (Fig. II-19-b) or in a diagonal (Fig. II-19-c).

Monte Carlo simulated annealing refers to the process in which random changes are made to an atom's current position[121]. If the new energy is lower than in the previous state, this new state is immediately accepted, otherwise it is accepted probabilistically.

Device attached to a valve for moving the sealing element, responsible for moving and controlling of a mechanism[START_REF] Nesbitt | Handbook of Valves and Actuators[END_REF].

the 𝑑

values for PZT are highly dependent on poling, doping, substrate, thickness or powder materials.

properties that are still valid even when the sample size 𝑛 becomes large (𝑛 → ∞).

a popular functional for simulating solids which improves the dense solid's equilibrium properties and surfaces[155].
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these values vary strongly between different types of deposition, substrate and thickness.

field necessary to bring the polarization to zero[START_REF] Damjanovic | Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics[END_REF].

bands with low dispersion, e.i. with strong overlapping between lattice vibrational states, allowing localized eigenvectors of these normal modes in real space[START_REF] Goda | Flat dispersion relations of phonons[END_REF].

properties that are still valid even when the sample size 𝑛 becomes large (𝑛 → ∞).

multiple basis functions corresponding to each valence atomic orbital are called valence double, triple, quadruple-zeta, and so on, basis sets (called zeta)[START_REF] Davidson | Basis set selection for molecular calculations[END_REF].
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insulators with strong electron-electron interactions.

magnetic impurities may at first seem to come from Nd-4𝑓 moments but because the Nd

3+ ion contains three 𝑓 -electrons forming a localized spin-3/2 moment, it will then act as classical spin and therefore disfavors spin-flip scattering.

self-intersecting electron scattering paths at low-𝑇 .

scattering of conduction electrons in a metal due to magnetic impurities.

resistance increases linearly with 𝑇 , while in normal metals the resistance becomes constant at high-𝑇 .

ground-state condensate carrying electrical current, being caused by an instability of the metallic Fermi surface and the opening of an energy gap due to the electron-phonon interactions.
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Conclusions. The present study brings the first determination through modeling of the ferroelectric/dynamical properties of various compositions of PZT. Despite the difficulty for calculating solid solutions where no long-range order exists, we showed here that a variant of first-principles calculations based on Density Functional Theory, the supercell method, allows us to reproduce the diversity of the environment. More precisely, we exploited the supercell method to simulate IR absorption spectra (transverse and longitudinal modes) of the PbZr 1-x Ti x O 3 solid solution of various compositions (0 ≤ x ≤ 1) and crystal structures, together with polar and imaginary modes. This method also provides values for the dielectric constants and allows verification of the stability of the various structures/ compositions.

For one composition, PZT [START_REF] Grosso | Solid state physics[END_REF] , we compare the simulations based on the supercell method with dynamical infrared data of nanometer thin films and provide the first experimental evidence for polar modes through a temperature resolved study using synchrotron radiation of PZT films. The good agreement between simulated and experimental spectra of PZT thin films validates the supercell method and allows better assignment of the modes as well as the understanding of the material through its evolution in temperature, in particular the progressive disappearance of the strongly polar 350 cm -1 mode. We also showed that phonon modes for PZT 75 of 10 nm thickness or less present an uncompleted vibrational structure, which suggests the loss of its ferroelectric characteristics through the lack of the polar modes. Such sensibility of a polar mode to physical conditions may be exploited to determine whether a film is adapted for applications.

Finally, this study, which may be applied to other solid solutions, opens the way for investigation of the vibrational properties of the compounds under an electromagnetic field to probe piezoelectric transition in thin films.
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Literature band gap values (experimental and theoretical, see Table IV.2 legend) are also reported for comparison. As mentioned, the m-phase resulted in unexpected results by using the SQS method and fixing the geometry optimization (HZO SQS FIXDEF ). Therefore, the free optimization results (HZO SQS ) are also reported for comparison.

For the t-and polar o-phases, the SC and SQS methods yield relatively close band gaps and energies values. It seems that the use of the SQS, a faster and less computational consuming method, is valid for simulating these two phases. For the m-phase, however, the band gap is larger (6.13) than any of the other ZrO 2 or HfO 2 experimental values when the crystal system is fixed (HZO SQS FIXDEF). Such result, together with the unexpected IR spectra in Fig. IV-8-a, indicate that the SQS method failed to simulate the m-phase when the monoclinic system is imposed.

However, the band gap value becomes closer (5.64) to the HZO SC one (5.63) for this same phase when the free optimization is performed.

In Table IV.3, the static dielectric 𝜀 𝑠 and high frequency 𝜀 ∞ dielectric values are reported. Note that 𝜀 𝑠 and 𝜀 ∞ are generated by the DFT calculations as 2 𝑛𝑑 rank tensors (Section 2.1, p. 104). For all three phases, the 𝜀 𝑠 tensors are diagonalized.

For the polar o-and m-phases, the average of the diagonal is taken to obtain a scalar value. For the t-phase, the value for the 𝑐 axis was taken as it is closer to the experimental ones. Due to the large range of 𝜀 𝑠 and 𝜀 ∞ values available in the literature (they clearly depend strongly on sample fabrication conditions), one cannot conclude which simulation method is the most adequate. It seems that the Average ZrO 2 -HfO 2 yield in overall higher 𝜀 𝑠 when compared to the SC or SQS methods for t-and polar o-phases. Concerning the m-phase, the HZO SQS FIXDEF method results in a strangely high 𝜀 𝑠 (45.68), closer to the value expected for the t-phase (∼ 60). This result corroborates again the suggestion that the HZO SQS FIXDEF generates a tetragonal unit cell instead of the desired monoclinic one. By letting the free geometry optimization (HZO SQS), a closer value (19.06) to the expected one (20 -26) is obtained.

Tables IV. 4, IV.5 and IV.6 report the calculated lattice parameters for the three phases of interested. The t-phase (Table IV.4) results in the most homogeneous pa-

ABSTRACT

In the quest for thinner and more efficient ferroelectric devices, Hf 0.5 Zr 0.5 O 2 (HZO) has emerged as a potential ultra-thin and lead-free ferroelectric material. Indeed, when deposited on a TiN electrode, 1-25 nm thick HZO exhibits excellent ferroelectricity capability allowing the prospective miniaturization of capacitors and transistor devices. To investigate the origin of ferroelectricity in HZO thin films, we conducted a far-infrared (FIR) spectroscopic study on 5 HZO films with thicknesses ranging from 10 to 52 nm, both within and out of the ferroelectric thickness range where ferroelectric properties are observed. Based on X-ray diffraction, these HZO films are estimated to contain various proportions of monoclinic (m-), tetragonal (t-) and polar orthorhombic (polar o-) phases, while only the 11, 17 and 21 nm are expected to include higher amount of polar o-phase. We coupled the HZO infrared measurements with DFT simulations for these m-, t-and polar o-crystallographic structures. The approach used was based on the supercell method, which combines all possible Hf/Zr mixed atomic sites in the solid solution. The excellent agreement between measured and simulated spectra allows assigning most bands and provides infrared signatures for the various HZO structures including the polar orthorhombic form. Beyond pure assignment of bands, the DFT IR spectra averaging using a mix of different compositions (e.g. 70% polar o-phase + 30% m-phase) of HZO DFT crystal phases allows quantification of the percentage of different structures inside the different HZO films thicknesses. Regarding the experimental data analysis, we used the spectroscopic data to perform a Kramers-Kronig constrained variational fit to extract the optical functions of the films using a Drude-Lorentz based model. We found that the ferroelectric films could be described using a set of about 7 oscillators, which results in static dielectric constants in good agreement with theoretical values and previously reported ones for HfO 2 -doped ferroelectric films. In light of these theoretical results, experimental far-infrared bands can be tentatively assigned to the m-and polar o-phases in ferroelectric samples: in Fig. 2, for thickness corresponding to dominant monoclinic, the experimental 247 cm -1 band characteristic of the polar o-phase (HZO11) splits into 234 and 257 cm -1 bands characteristic of the m-phase (HZO52). This is in accordance with similar bands in our DFT results in Fig. 4a-b for m-phase 14 and o-phase 29 (Table 1). Therefore, the A-symmetry modes at around 130 and 460 cm -1 and the B modes at 530 and 640 cm -1 can be used to identify the polar o-phase, as it is known for hafnia 13 . This is an important distinction when comparing it with the m-phase that has similar IR signature.

Samples

Experimental IR Frequencies in cm S5) as this function describes the system response to the longitudinal displacement of atoms. HZO10 is a mix of t-and m-phases, HZO52 is m-phase and the others are a mix of m-and polar o-phase (ferroelectric). Similar frequencies are vertically aligned for clarity. HZO10 presents bands at 113 and 445 cm -1 attributed to the t-phase. Simulated frequencies can be found in Table 1.

Regarding the 10 nm sample, it has been fabricated using a low-pressure method (Fig. 1b), in which the t-phase is favoured regarding the polar o-or m-phases, despite its phonon profile being globally similar to the m-phase, significantly differing from the simulated t-phase spectrum (see DFT section, Fig. 4c, t-phase 137). Nevertheless, the most striking feature is the large (∼50 cm -1 width) band centered at about 100 cm -1 (refer to Fig. S3 and S4a for better visualisation). This band seems to be intrinsically related to the t-phase, as it is not present in any other thickness. Our DFT results in Fig. 4c show three very intense
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Ferroelectric P-E Loop Fig. S1 shows the ferroelectric polarisation vs electric field loop. To verify the ferroelectric aspect of the films, the same deposition method was carried on doped Si, and a extra TiN layer was deposited on top of the HZO film, in order to have the necessary electrodes to probe the hysteresis loop. 
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Experimental IR Fig. S3 shows the FIR spectra for all thickness with absorbance normalized to 1. 
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Extraction of Optical Functions Fig. S4 shows the complex dielectric function (ε 1 and ε 2 ), complex refractive index (n and k) and the complex conductivity functions (σ 1 and σ 2 ) for HZO10, HZO11, HZO17 and HZO52. 

), extracted from the Variational Dielectric Function (VDF) fit 21 using the REFFIT software 20 . Table S1 reports the starting-point parameters based in a Drude-Lorentz oscillator function for the VDF algorithm.

Once the dielectric function is extracted, the complex refractive index (𝑛 and 𝑘) of STO as functions of temperature (5 < 𝑇 < 20 K) are also obtained using equations Eq. I.8 and I.9 (p. 36). Because the THz optical response of both STO and Nickelate/STO strongly evolves with temperature (T < 20 K), only the normal state conductivities of the Nickelate film at 𝑇 = 20 K and 300 K are extracted directly using a multi-layer fit, presented in the following section.

Nickelate Normal State Conductivity Extraction

The normal state conductivities were obtained through a multi-layer stacking fit of the absolute reflectance data of the film/substrate at 𝑇 = 20 K and 300 K. Description of the equations used in the multi-layer stacking model are presented in Section 1.1 (p. 42). 

Nickelate Energy Gap Extraction

It is crucial to note that, due to the temperature-dependent evolution of the STO substrate, extracting the energy gap directly from the superconductor conductivity is not feasible. The low-𝑇 absolute reflectance data of the film/substrate cannot be directly To accomplish this, one needs to start with an arbitrary chosen energy gap (Fig. V-7 1 ) value inside the Mattis-Bardeen equations (p.65), together with the film's extracted 𝜎 𝑁 (Fig. V-7 1 ). The output is a simulated 𝜎 𝑠𝑐 1 2 . Taking 𝜎 𝑠𝑐 1 , together with the STO substrate's refractive index 𝑛 and 𝑘 3 , one can simulate a theoretical relative reflectance (∆𝑅/𝑅) spectrum 3 using Eq. I.22 for the reflectance of thin films [START_REF]Optical properties of thin solid films[END_REF][START_REF] Heavens | Thin film physics[END_REF]. The simulated ∆𝑅/𝑅 spectrum of film/substrate 3 , obtained for one energy gap, can be compared with the measured ∆𝑅/𝑅 through the 𝜒 2 evaluation metric 4 . The 𝜒 2 error for this energy
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DC Resistance

Fig. S1 shows the DC resistance measurements at various temperatures. The onset of superconductivity near 13 K is clearly visible, as expected from a 0.2 Sr doping. 

Substrate Analysis

The SrTiO 3 substrate possesses well-known optical features in the low energy spectrum. In particular, due to its incipient ferroelectric nature, a soft phonon mode is expected, with a strong dependence on temperature. This can be seen in Fig. S2b, where the absolute reflectance increases at THz frequencies with decreasing temperatures. This is due to the strong red shift of this soft mode. The absolute reflectance of the substrate was fitted using a KK-constrained fit of a multi-oscillators Lorentz model thanks to the RefFit software 1 . The substrate optical indices for temperatures below 20 K were then re-integrated inside a multi-layer stacking analysis of the sample (nickelate film) data to remove the contribution of the substrate. The high quality of both fits can be observed in the insets of Fig. 1b-c of the main text.

In the following, we report the parameters resulting from the STO substrate fitting at various temperatures. In particular, we present (i) the optical indices of the SrTiO 3 substrate at 300 K in a broad range (Fig. S2a). These indices are in accordance with previous works 4 . (ii) The THz reflectance of the SrTiO 3 substrate as a function of temperature appears in Fig. S2b. The soft phonon mode is clearly shifting toward lower frequencies when the temperature decreases. (iii) The extracted optical functions n (Fig. S2c) and k (Fig. S2d) for the STO substrate for temperatures between 5 and 300 K are presented in the energy range below 120 cm -1 (soft mode region). 

S-1

Multi-layer Stacking Model

The reflectivity ρ of a single film on a substrate can be calculated explicitly in terms of the frequency-dependent complex refractive index ñ, the angle of incidence φ, the film thickness d 1 and the frequency of the incoming light ν (in wavenumbers) 2,3 .

For a stacking of multiple layers at normal incidence, such as the air/film/STO trilayer in Fig. S4, respectively indexed as 0/1/2, the complex reflectivity equation is given by

Where r m,n is the Fresnel coefficient describing the reflectivity from an interface. The intensity reflectance is obtained by taking the absolute value of the reflectivity ρ.

Conclusion and Perspectives

In the course of this PhD thesis, three functional metal oxides thin films, Hf 0.5 Zr 0.5 O 2 , PbZr 0.25 Ti 0.75 O 3 and Nd 0.8 Sr 0.2 NiO 2 , were investigated using broadband IR spectroscopy. These materials were chosen because of their relevant physical phenomena, namely ferroelectricity, piezoelectricity and superconductivity, respectively.

Indeed, the physical-chemical properties of thin layers can differ greatly from those of bulk, hence the importance of probing them as nanometer thin films. The presence of a substrate, however, may imply challenging optical measurements, due to the different refractive indexes inside the sample. Therefore, the synchrotron source with its high intensity and stability in the FIR/THz domains is ideal to provide high signal to noise measurements, needed for a detailed analysis.

In En comparant les oxydes métalliques fonctionnels à la famille standard des semiconducteurs (par exemple Si, GaAs), nous remarquons une plus grande variété d'ordre dans les oxydes, tels que structuraux, orbitaux, de spin et de charges [43].

Tous ces ordres peuvent être ajustés par des paramètres externes tels que le champ électrique, le champ magnétique, la pression et la température [45,46]. Cette diversité donne lieu à une hétérogénéité de propriétés physiques dans ces matériaux, telles que la ferroélectricité, la piézoélectricité et la supraconductivité. Un exemple d'un tel ordre structurel est la distorsion des octaèdres de pérovskite, conduisant à des changements prononcés de propriétés, tels que la fameuse transition entre une phase polarisée et une phase non-polarisée [45]. Leur comportement fonctionnel est donc fortement lié à la structure et à la composition. Par exemple, les