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1.1 Quantum information processing (QIP)

Technology has made extraordinary progresses concerning communication speed and capacity, data storage, or processing power, and most of the fundamental concepts of information science were established in the beginning of the twentieth century [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF]. In the 80s new kinds of algorithms based on quantum theory appeared [START_REF] Bennett | Quantum cryptography: public key distribution and coin tossing[END_REF][START_REF] Deutsch | Quantum -theory, the church-turing principle and the universal quantum computer[END_REF], which started the quantum information processing (QIP) field. In this same period Feynman proposed quantum simulators for the e cient simulation of quantum systems [START_REF] Feynman | Simulating physics with computers[END_REF]. Quantum information is a new paradigm, where the classical bits, which can take only discrete values, are substituted by quantum bits, called qubits, which can assume any superposition state [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF].

Figure 1.1: Schematic representation of a classical bit which can either be a "0" or a "1" (left), and a qubit (right). A qubit in a superposition state | i is represented by an ellipsoid between states |0i and |1i, and the position of the vector corresponding to | i is represented by a 3D sphere, called the "Bloch Sphere". Figure adapted from [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF].

This new resource enables data processing, storage and communication in ways impossible to achieve with classical systems [START_REF] Kimble | The quantum internet[END_REF][START_REF] Stolze | Quantum computing: A short Course from Theory to Experiment[END_REF]. Important applications of QIP are quantum computing and simulations [START_REF] Divincenzo | The Physical Implementation of Quantum Computation[END_REF][START_REF] Monz | 14-Qubit Entanglement: Creation and Coherence[END_REF][START_REF] Johnson | Quantum annealing with manufactured spins[END_REF], which aim at out-performing classical computers for some specific calculations. This is based on the application of quantum logical gates to an ensemble of qubits. Another important application of QIP is quantum communication, which mainly uses photons to transmit qubits between remote places. This can be used to connect quantum computers and build a quantum network [START_REF] Kimble | The quantum internet[END_REF], or to achieve unprecedented security with quantum cryptography [START_REF] Stucki | Longterm performance of the SwissQuantum quantum key distribution network in a field environment[END_REF]. QIP uses superposition states, which exist for a significant duration time only in isolated systems. Interactions with a fluctuating environment, with many degrees of freedom, destroy them. Quantum systems which are useful in QIP are for example photons, which can have very low interactions with surrounded electromagnetic fields and atoms [START_REF] Morton | Solid-state quantum memory using the 31 P nuclear spin[END_REF][START_REF] Gisin | Quantum comunication[END_REF]. Several other systems have also been investigated for QIP such as trapped ions, superconductors, electronic and nuclear spins in insulators and ultracold atoms [START_REF] Ladd | Quantum computers[END_REF][START_REF] Blatt | Quantum simulations with trapped ions[END_REF][START_REF] Clarke | Superconducting quantum bits[END_REF][START_REF] Chanelière | Storage and retrieval of single photons transmitted between remote quantum memories[END_REF][START_REF] Wrachtrup | Processing quantum information in diamond[END_REF]. As light is an excellent carrier of quantum information there is also a need to interface it to material systems to store and process information [START_REF] Northup | Quantum information transfer using photons[END_REF]. Among several promising materials in QIP, rare-earth (RE) doped crystals have attracted interest because of the specific spectroscopic properties of their non bonding 4f electrons [START_REF] Sun | Recent progress in developing new rare earth materials for hole burning and coherent transient applications[END_REF]. The 4-f orbitals are shielded by closed shells that isolate them from environment fluctuations. As a result, at cryogenic temperatures RE doped crystals can o↵er narrow optical transitions, which is equivalent to long-lived superposition states [START_REF] Macfarlane | High-resolution laser spectroscopy of rare-earth doped insulators: A personal perspective[END_REF]. As an example, Er 3+ :Y 2 SiO 5 crystal presents an ultra narrow optical line down to 50 Hz under magnetic field [START_REF] Sun | Recent progress in developing new rare earth materials for hole burning and coherent transient applications[END_REF], which is the narrowest optical transition reported for any solid. Several other RE doped crystals show linewidths in the range of a few kHz [START_REF] Macfarlane | High-resolution laser spectroscopy of rare-earth doped insulators: A personal perspective[END_REF]. In this work, we will study Eu 3+ :Y 2 O 3 which can also show very narrow lines of about 600 Hz [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF][START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF][START_REF] Babbitt | Optical dephasing, hyperfine structure, and hyperfine relaxation associated with the 580.8nm 7 F 0 -5 D 0 transition of europium in Eu 3+ :Y 2 O 3[END_REF][START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF]. In addition, several RE ions, including Eu 3+ , have isotopes with non-zero nuclear spins which can show even longer superposition state lifetimes. In this case, the qubit can be defined as a nuclear spin transition. Quantum states can be transferred between optical and hyperfine transitions using three level ⇤-systems (see Figure 1.2). Here two hyperfine ground states are coupled to the same excited state. The hyperfine transitions can be then controlled by optical pulses. Another possibility is to map an optical quantum state onto nuclear spins state to obtain a quantum memory. Figure 1.2: Schematic representation of a ⇤-system. The information to store is carried by the ! ab field while the control field is applied between |bi and |ci levels. The excitation of the system via the two optical fields permit to transfer the optical coherence to the ground-state atomic system. The ⇤-system presented in Figure 1.2 exhibit 3 energy levels: two groundstate hyperfine levels |ai and |ci, connected to the excited state |bi through optical excitations ! 1 and ! 2 . The signal to store is absorbed on the optical transition |ai!|bi creating an optical coherence between the two levels. A second optical field ! 2 is then applied and this transfer the population from the state |bi to state |ci and transforms the optical coherence in spin coherence. The stored photon can be re-emitted by applying a control field which is able to give an optical signal exactly identical to the initial one. Since RE can o↵er optical transitions with optical and nuclear spin coherence lifetimes in the 0.1-1 ms and 1-10 ms ranges respectively [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF], they are particularly suited for such quantum light-matter interfaces. Finally, several RE optical transitions exhibit large ratios of inhomogeneous to homogeneous optical linewidths, which allow for example selective addressing of ions [START_REF] Nicklas Ohlsson | Quantum computer hardware based on rare-earth-ion-doped inorganic crystals[END_REF] CHAPTER 1. and large bandwidth quantum storage [START_REF] Simon | Quantum memories[END_REF]. These outstanding properties have lead to many results in the field of QIP. Quantum memories, for example, have been investigated in several bulk crystals such as Eu 3+ :Y 2 SiO 5 [START_REF] Timoney | Atomic frequency comb memory with spin-wave storage in 153 Eu 3+ :Y 2 SiO 5[END_REF][START_REF] Jobez | Coherent Spin Control at the Quantum Level in an Ensemble-Based Optical Memory[END_REF], Pr:Y 2 SiO 5 [START_REF] Rieländer | Quantum storage of heralded single photons in a praseodymium-doped crystal[END_REF][START_REF] Longdell | Stopped light with storage times greater than one second using electromagnetically induced transparency in a solid[END_REF][START_REF] Nilsson | Solid state quantum memory using complete absorption and re-emission of photons by tailored and externally controlled inhomogeneous absorption profiles[END_REF][START_REF] Sabooni | E cient Quantum Memory Using a Weakly Absorbing Sample[END_REF] or Pr:La 2 (WO 4 ) 3 [START_REF] Lovrić | Faithful Solid State Optical Memory with Dynamically Decoupled Spin Wave Storage[END_REF]. In Nd 3+ :Y 2 SiO 5 single crystals, entanglement storage and quantum state teleportation have also been obtained [START_REF] Clausen | Quantum storage of photonic entanglement in a crystal[END_REF][START_REF] Bussières | Quantum teleportation from a telecom-wavelength photon to a solid-state quantum memory[END_REF], while coherent storage of microwave excitation in nuclear spins has been demonstrated in the same material [START_REF] Wolfowicz | Coherent Storage of Microwave Excitations in Rare-Earth Nuclear Spins[END_REF]. Moreover, techniques to further extend spin T 2 have been studied [START_REF] Fraval | Method of Extending Hyperfine Coherence Times in Pr 3+ :Y 2 SiO 5[END_REF][START_REF] Fraval | Dynamic decoherence control of a solid-state nuclear-quadrupole qubit[END_REF][START_REF] Arcangeli | Spectroscopy and coherence lifetime extension of hyperfine transitions in Eu-151(3+):Y 2 SiO 5[END_REF][START_REF] Lovrić | Hyperfine characterization and spin coherence lifetime extension in Pr 3+ :La 2 (WO 4 ) 3[END_REF], enabling quantum states to be preserved up to 6 hours [START_REF] Zhong | Optically addressable nuclear spins in a solid with a six-hour coherence time[END_REF]. Taking advantage of electric dipole-dipole interactions to implement conditional gates [START_REF] Nicklas Ohlsson | Quantum computer hardware based on rare-earth-ion-doped inorganic crystals[END_REF], Longdell et al. have demonstrated a quantum phase gate in a Eu 3+ :Y 2 SiO 5 crystal [START_REF] Longdell | Demonstration of conditional quantum phase shift between ions in a solid[END_REF]. Arbitrary qubit state rotations were also carried out in Pr:Y 2 SiO 5 crystals [START_REF] Rippe | Experimental quantum-state tomography of a solid-state qubit[END_REF]. Recently, rare-earth doped transparent polycrystalline ceramics of Eu 3+ :Y 2 O 3 [START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF][START_REF] Kunkel | Rare-earth doped transparent ceramics for spectral filtering and quantum information processing[END_REF], as well as Eu 3+ :Y 2 O 3 nanocrystals [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF] have also been proposed for QIP applications, and quantum storage has been obtained in Er doped fibers [START_REF] Saglamyurek | Quantum storage of entangled telecomwavelength photons in an erbium-doped optical fibre[END_REF].

Main requirements for QIP

The most important requirements to develop materials for quantum information applications is to obtain long lived superposition states. This lifetime is called the coherence lifetime (T 2 ) and is inversely proportional to the homogeneous linewidth h : h = 1/ ⇡T 2 . When several centers are considered, an inhomogeneous broadening may also be significant [START_REF] Meltzer | Line Broadening Mechanisms and Their Measurement[END_REF]. In the study of linewidths in solids is also a crucial tool to obtain informations about static and dynamic interactions between the environment and the active absorbing ion. Figure 1.3 shows both homogeneous and inhomogeneous linewidth in absorption lines. In general, we can refer to homogeneously broadened lines each time that all the centers responsible for the resonance line give the same contribution in terms of the peak frequency and width. On the other side, it is possible to identify a line as inhomogeneously broadened if the resonant centers have a distribution in the peak frequency and their widths are usually similar but appreciably less that the width of the distribution of peak frequencies. In crystals, this is often observed for RE transitions which have small coupling to phonons and at low temperature. To better understand the di↵erence in the nature of these absorption lines, we can refer to atoms in their gas phase. Each isolated atom experiences an optical transition involving a change in the electronic state when excited: at the right frequency, the atom will absorb the energy and passes in an excited state. In principle, no broadening in the transition line should be observed, but since the states involved in the transition have a finite lifetime the line will be broadened. Since the transition frequency is anyway always the same for each ion, this is referred to as homogeneous broadening. If we consider atoms moving randomly, their transition frequencies (homogeneously broadened) will be measured in the laboratory as shifted because of the Doppler e↵ect. The resulting lineshape of the ensemble of ions will now be broadened, or better saying inhomogeneously broadened, because of the di↵erent contributions to the line at di↵erent frequencies. The distinction is based on the assumption that the di↵erence between homogeneous or inhomogeneous broadenings can be related to the experiment timescale in a way that if the feature that originates the broadening is dynamical (during the measurement) its contribution will be homogeneous; in the other case, if the feature is seen as static during the measurement timescale then it will contribute to the inhomogeneous CHAPTER 1.

linewidth. In rare-earth doped crystals, the distinction between the broadening processes can also be related to the static or the dynamical interactions between the optically active ion and its environment. The RE ions have specific positions, however the frequency distribution arise from variations in the environment. Depending on the timescale of the experiment relative to the timescale of the interaction process, the line is identified as inhomogeneous or homogeneous [START_REF] Equall | Ultraslow Optical Dephasing in Eu 3+ :Y 2 SiO 5[END_REF][START_REF] Macfarlane | Homogeneous line broadening of optical transitions of ions and molecules in glasses[END_REF]. The investigation of inhomogeneous linewidth in RE nanostructured particles as a function of several experimental parameters, is performed by high resolution spectroscopy and is described in Chapter 4. For evaluation of homogeneous linewidths of RE materials, techniques which use the coherence properties (time domain) and those taking advantage of the long spin lattice relaxation times (frequency domain) can be used [START_REF] Sun | Rare Earth Materials in Optical Storage and Data Processing Applications[END_REF]. Then, homogeneous linewidths were performed by photon echo (time domain) and hole burning (frequency domain) experiments and the discussion is presented in Chapter 6.

Dynamical interactions

As discussed previously, homogeneous linewidth is an important parameter for quantum information processing because this linewidth is related to several dynamical contributions. For RE ion in a crystalline bulk matrix, it is possible to explicit the di↵erent dynamical contributions for the homogeneous broadening as follows h = pop + ion ion + ion spin + ion lattice + phonon (1.1) which pop is the contribution from the excited-state population lifetime (T 1 ), ion ion is the instantaneous spectral di↵usion (ISD) contribution from modifications in the local environment due to the optical excitation or population relaxation of other ions, ion spin is the contribution due to nuclear-and electron-spin fluctuations of the host lattice. ion lattice is the contribution due to dynamic fluctuations in nearly equivalent local lattice configurations, and phonon includes contributions from phonon scattering. These dynamical interactions which contributes to the homogeneous broadening of absorption lines are described in details in Chapter 6.

Motivation to work at the nanoscale

Nanotechnology has a wide academic and industrial interest as it involves the creation and development of materials with structural features in between those of atoms and bulk [START_REF] Hegmann | Nanoparticles in liquid crystals: Synthesis, self-assembly, defect formation and potential applications[END_REF]. Several studies have shown that materials with nanoscale grain sizes exhibit di↵erent optical, electrical, catalytic, mechanical and vibrational properties compared to conventional microcrystalline systems [START_REF] Kosacki | Raman scattering and lattice defects in nanocrystalline CeO 2 thin films[END_REF][START_REF] Mialon | New insights into size e↵ects in luminescent oxide nanocrystals[END_REF]. The ability to enhance properties may lead to potentially useful technological applications of nanocrystalline oxides such as batteries, gas sensors, fuel cells, biosensors, etc [START_REF] Kosacki | Raman scattering and lattice defects in nanocrystalline CeO 2 thin films[END_REF][START_REF] Bouzigues | Biological applications of rare-earth based nanoparticles[END_REF][START_REF] Das | Rare-Earth-Doped and Codoped Y 2 O 3 Nanomaterials as Potential Bioimaging Probes.pdf[END_REF][START_REF] Dai | Ligand-passivated Eu:Y 2 O 3 nanocrystals as a phosphor for white light emitting diodes[END_REF].

Promising results have been reported in quantum information processing for nitrogen-vacancy (NV) centers in diamond nanocrystals. These NV centers in diamond can show long room temperature spin dephasing times using single electron spins [START_REF] Balasubramanian | Ultralong spin coherence time in isotopically engineered diamond[END_REF], form hybrid systems coupling to a nanomechanical oscillator [START_REF] Arcizet | A single nitrogen-vacancy defect coupled to a nanomechanical oscillator[END_REF] and also be applied as sensor for nanoscale imaging [START_REF] Maletinsky | A robust scanning diamond sensor for nanoscale imaging with single nitrogen-vacancy centres[END_REF].

In addition quantum dot coupled to a photonic crystal nanocavity systems have presented interesting results for QIP due to the strong coupling regime of cavity quantum electrodynamics [START_REF] Hennessy | Quantum nature of a strongly coupled single quantum dot cavity system[END_REF].

Although bulk RE single crystals are very promising materials in the QIP field, as already mentioned above, important limitations are present in the context of hybrid systems, as it is di cult to obtain strong interactions at the macroscopic scale. As an alternative, RE nano-micro-structured materials could be used. A first possibility is the top down method, which designs nanostructured materials from the break of bulk material into smaller pieces using mechanical, chemical or other form of energy. The most common way is by milling, which however can introduce some defects in the material and in turn a↵ect the optical properties of RE materials. For example, Utikal and coauthors have found a homogeneous linewidth around 3 MHz for single Pr 3+ in YSO nanocrystals, whereas the Pr 3+ :YSO bulk crystal exhibits 3 kHz linewidth [START_REF] Utikal | Spectroscopic detection and state preparation of a single praseodymium ion in a crystal[END_REF]. The authors attributed this significant homogeneous broadening to the large amount of defects from grinding of single crystals.

The second option to get materials at the nanoscale is the bottom-up routes, which synthesize materials from atomic or molecular species via chemical reactions, allowing for the precursor particles to grow in size. Nanostructured RE crystals with long coherence lifetimes could be used to build e cient quantum light-matter interfaces, using optical micro-cavities [START_REF] Hunger | A fiber FabryPerot cavity with high finesse[END_REF]. Another potential application is the design of hybrid quantum systems, in which RE ions are coupled to other centers [START_REF] Probst | Anisotropic Rare-Earth Spin Ensemble Strongly Coupled to a Superconducting Resonator[END_REF][START_REF] Tielrooij | Electrical control of optical emitter relaxation pathways enabled by graphene[END_REF].

Thesis goals

The, first goal of this work is the synthesis and optimization of Eu 3+ :Y 2 O 3 nanostructured particles in order to obtain dispersed particles with high crystalline quality and long optical coherence lifetime. In this field, mainly bulk crystals have been considered so far, in applications where a long T 2 time is needed. Due to the large interest on RE bulk materials, not so many publications are found in the literature concerning CHAPTER 1.

the investigations of coherence properties of RE nanoscale materials. Pioneer work, reported by Meltzer and coauthors, on small RE nanocrystals have indicated that the homogeneous linewidths, of few nanometer nanocrystals, are several order of magnitude larger than optical linewidth of RE bulk crystals [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF][START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF]. Recently our group has demonstrated that RE doped nanocrystals of intermediate size present homogeneous linewidth in the range of sub MHz [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. Then, the second goal is focused on the study of several nanostructured particles prepared under di↵erent reactional and post-reactional conditions aiming to understand which are the main static and dynamical contributions which limit coherence properties at the nanoscale. This work is organized as follows. Chapter 2 presents the general properties of rare-earth-doped materials exploring the features of Eu 3+ and Y 2 O 3 host. Eu 3+ :Y 2 O 3 crystals and particles are also described. Synthesis and structural characterization of Eu 3+ :Y 2 O 3 particles are detailed in Chapter 3 where conditions to obtain optimal quality samples are also discussed. Chapter 4 is devoted to the study of the inhomogeneous linewidth by high resolution spectroscopy in samples prepared varying reactional and post-reactional parameters. Raman spectroscopy and electron paramagnetic resonance (EPR) results are also reported. Emission spectroscopy for Eu 3+ :Y 2 O 3 and Nd 3+ :Y 2 O 3 particles is presented in Chapter 5. Homogeneous linewidths and spectral hole lifetimes obtained using di↵erent techniques are discussed in Chapter 6.

Rare earth doped materials

The wide range of transition energies exhibited by rare-earth ions makes them very attractive in several fields. From first applications in laser developments during the 1960s (Nd 3+ :Y 3 Al 5 O 12 mostly), their use in research or in everyday life is wide and various today. From medical applications (Ce 3+ :Lu 2 SiO 5 scintillators) to luminophors (Eu 3+ :Y 2 O 3 , Ce x :Tb y :La 1 x y (PO 4 ) 3 or Eu 2+ :Ba 1 x MgAl 10 O 17 ) for LCD screens, they are used for their intense emissions going from the UV to the IR. More recently, erbium-doped materials have been widely used as fiber amplifiers for developing optical 9 CHAPTER 2.

communication networks. The main characteristic which makes rare-earth ions so attractive for quantum information is related to their spectroscopic features: they can exhibit at low temperature narrow homogeneous optical transitions with high absorption coe cients and long coherence times [START_REF] Macfarlane | Homogeneous line broadening of optical transitions of ions and molecules in glasses[END_REF][START_REF] Hammerer | Quantum interface between light and atomic ensembles[END_REF]. Moreover, their hyperfine transitions can also show long coherence lifetimes [START_REF] Longdell | Stopped light with storage times greater than one second using electromagnetically induced transparency in a solid[END_REF][START_REF] Fraval | Method of Extending Hyperfine Coherence Times in Pr 3+ :Y 2 SiO 5[END_REF].

Rare earth ions

The lanthanide series is formed by 15 di↵erent atomic elements going from lanthanum (Z=57) to lutetium (Z=71) in the periodic table. Often, yttrium and scandium are added to the series to form the general family of the "rare-earth" ions1 (see Figure 2.1).

Figure 2.1: Periodic table of elements with the lanthanide series (in color) as well as yttrium and scandium to form the rare-earth ions.

The electronic structure of triply-ionized lanthanide ions is the same than that of xenon plus n 4f electrons. Hence, the 1s 2 2s 2 2p 6 3s 2 3p 6 4s 2 3d 10 4p 6 5s 2 4d 10 5p 6 6s 2 4f n

The electronic structure then di↵ers only for the number of 4f electrons (with n going from 1 to 14): the external structure given by 5p and 6s configurations is the same for all the elements. Figure 2.2: Calculated (Hartree-Fock) radial distribution functions of 4f, 5s, 5p, 6s orbitals in Gd 3+ as a function of the distance from the nucleus [START_REF] Freeman | Theoretical investigation of some magnetic and spectroscopic properties of rare-earth ions[END_REF]. From the figure, 4f electrons are shielded by higher orbital electrons because of their weak spatial extension.

Looking at Figure 2.2, which shows the radial distribution of external orbitals in gadolinium ions, one can notice that 4f orbitals have a limited radial extension and 5s, 5p and 6s orbitals act like a shield, preventing 4f electrons from feeling the environment. In this way, all the RE ions possess almost the same physical and chemical characteristics and this is the reason for their special classification in the periodic table. Because of this low interaction with the environment surrounding the ion, the physical description of rare-earths is closer to that of free atoms in a gas than to atoms interacting in a solid [START_REF] Auzel | Propriétés optiques des terres rares[END_REF]. A distinction need to be made between intra-and inter-configuration transitions. In the first case, spectral lines for 4f!4f transitions are narrow and their position as a function of the wavelength is nearly independent on the ion environment (the influence of the crystal field is small on the 4f electrons). In the second case, 4f!5d transitions are much broader and the host strongly influences their energy (5d electrons are much more sensitive to the external environment). The most common oxidation degree shown by rare-earth elements is trivalent, which usually corresponds to the loss of the most external electrons, leaving ions just with filled shells and 4f ions. Nevertheless, certain ions may exist in their divalent state (Eu 2+ , Yb 2+ ) or even tetravalent state (Ce 4+ and Tb 4+ ). Even if these last examples exhibit interesting optical proper-CHAPTER 2.

ties, this work will focus on trivalent ions and in particular on Eu 3+ . In the following, before passing to the choice and the description of the candidate material for quantum applications, it is worthy to briefly remind the different interactions present in rare-earth ions and their particular properties which make these elements so interesting. The f-electrons and nuclei of the rare-earth ions in a crystal are described by the following approximated Hamiltonian:

H = [H 0 + H C + H SO + H ] + [H HF + H Z + H Q + H z ] (2.1)
All the terms in the expression 2.1 take into account the di↵erent interactions of the rare-earth ion in a crystal and completely describe their energy level structure. In particular, the first group of terms in the brackets, that is much bigger than the second group, is composed by the free-ion Hamiltonian (H 0 +H C +H SO ) and the crystal-field Hamiltonian (H ). We will discuss these terms in next sections; for a given [Xe]4f n configuration they determine the electronic energy levels. The second group of Hamiltonians in the brackets consists respectively of the hyperfine interaction (H HF ), the electronic Zeeman interaction (H Z ), the quadrupole coupling (H Q ) and the nuclear Zeeman interaction (H z ). All together, they lift the degeneracy of the electron-and nuclear-spin states and determine for example the electronic levels' hyperfine structure.

The free-ion Hamiltonian

Three main contributions describe the Hamiltonian for the free ion:

H = H 0 + H C + H SO (2.2)
The first term, H 0 , describes the movement of outer electrons in the central field U'(r) of the nucleus and of the inner closed shell electrons:

H 0 = ⌃ i ( ~2 2m 
5 2 i +U 0 (r i )) (2.3)
We can consider these terms as possessing a purely radial symmetry and their e↵ect is just to shift homogeneously the ensemble of 4f energy levels without a↵ecting their structure. The second term, H C , is the Coulomb interaction between pairs of outer electrons:

H C = ⌃ i>j e 2 r ij (2.4)
This term splits the energy level of the electronic configuration and its presence in the Hamiltonian prevents analytical calculations.

The last term, H SO = ⌃ i ⇠(r i ) li si represents the spin-orbit coupling and together with the Coulomb interaction they can be considered as a perturbation of the hydrogen-like Hamiltonian H 0 . It is noteworthy to proceed with some considerations about the order of magnitude of these terms. If H C ⌧ H SO , the spin-orbit coupling drives the system toward the Russell-Saunders description. In this model, the electronic orbital and spin moments l and s are coupled to give total orbital and spin moments L and S. Moreover, these moments are also coupled to form the total moment J, whose projection on chosen quantization axes is M J . Hence, the atomic wave functions are characterized by the 4 quantum numbers L, S, J, M J which lead to the spectral terms 2S+1 L J . In rare-earth ions, H C and H SO are of the same order of magnitude (this is known as the intermediate coupling). In this case L and S can still be considered good numbers as long as we are dealing with very low excited states with the consequence that their selection rules may not hold in some cases. We make the choice to go on by using the Russell Saunders description and we can write eigenstates as linearly decomposed over the LS coupling states:

|4f n [LS]Ji = ⌃ 0 ,L 0 ,S 0 C( 0 , L 0 , S 0 )|4f n 0 , L 0 , S 0 Ji (2.5)
Here, is a quantum number that allows the di↵erentiation of the terms having the same L and S, whose notation between brackets indicates that they are not anymore in general good quantum numbers. The coe cients C( ',L',S') are calculated from the diagonalization of the total Hamiltonian adjusted on the energy levels measured for ions in solution or in a crystalline host.

The crystal field

When the free ion is inserted in a matrix it is necessary to take into account the interactions between the ion and the host usually referred to as the crystal field interaction (H in equation 2.1). If V (r, #, ) is the crystal field potential, a new term, which takes into account the crystal field contribution, can be introduced in the Hamiltonian:

V c = e 2 ⌃ i V (r i , # i , i ) (2.6)
E↵ectively, the host creates an electrostatic field around the ion which splits, by Stark e↵ect, the degenerated levels. Since it obeys the Laplace equation ( V=0) it can be decomposed as sum of spherical harmonics:

V c = ⌃ (k,q,i) B k q p 4⇡ 2k + 1 Y (k) q (# i , i ) (2.7)
The B k q terms are the crystal field parameters that convey the influence of the crystal on the 2S+1 L J states. They could be calculated from the structural CHAPTER 2. parameters of the material but they are usually obtained as phenomenological parameters from the experience. As already mentioned, because of the localized radial extension of 4f orbitals and the screening from higher orbitals, 4f electrons weakly participate to the chemical bonding and they are nearly not influenced by the crystal field. It is possible, then, to treat this new term as a perturbation (weak field approximation). In Figure 2.3 we summarize all the di↵erent Hamiltonian contributions with their e↵ect on the energy level structure. The Coulomb interaction, H C , is responsible for the degeneracy lift of 4f levels into 2S+1 L states. The spin-orbit contribution H SO further removes the degeneracy of the 2S+1 L term by introducing the J=L+S, the total angular momentum. It splits the terms into 2S+1 L J manifolds or multiplets. Each manifold is, nevertheless, 2J+1 fold degenerated. The main action of the crystal field H is to break the spherical symmetry of the free ion. This is then replaced by the local symmetry of the crystallographic site occupied by the rare-earth ion. The interaction with the H removes the 2J + 1 degeneracy to split the states to a maximum of: J+1/2 doublets for ions with an odd number of electrons; 2J+1 levels for ions with an even number of electrons. Indeed for high symmetry site the degeneracy lift is not total. This symmetry lowering implies that degenerated Stark sub-levels split in a maximum of 2J+1 states, where the number depends on the rare-earth nature and the local symmetry of the site, as shown in Figure 2.4. The action of the crystal field on the degeneracy lifting is not the same as the number of electrons in the 4f orbital is even or odd. This is due to the fact that the electronic wavefunctions behave di↵erently according to the parity. For ions with an odd number of electrons, Hamiltonian eigenvalues are at least doubly degenerated. Eventually, still referring to Figure 2.3, the red part represents the degeneracy lifting due to spin interactions. Figure 2.5 shows the Dieke diagram with the energy levels for triply ionized rare-earth ions in LaCl 3 crystal. As already mentioned, the Russell-Saunders 2S+1 L J notation is conserved in order to distinguish the di↵erent multiplets. For the absorption studies we performed, the optically active ions used was europium for which we highlight (in red) the investigated transition 7 F 0 ! 5 D 0 (occurring at ca. 580 nm). CHAPTER 2. 

Intensities of rare-earth optical transitions

The oscillator strength P of a component of an electric dipole transition from a ground state |Ai to an excited state |Bi is given by the expression:

P = 8⇡ 2 mc h |hA|D (1) q |Bi| 2 (2.8)
where m is the electron mass, h the Plank's constant, c the velocity of light, the energy of the transition in cm 1 , the Lorentz field correction for the local field of the medium and D [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF] q the components of a rank 1 tensor operator (q=0, ±1). Indeed, the lanthanide ion in a dielectric medium not only feels the radiation field of the incident light, but also the field created by dipoles in the medium. The matrix elements of the electric dipole operator vanish between states of the same parity and then between states arising from the same configuration. Nevertheless, in practice the 4f-4f transitions are observed and this is due to the mixing of the empty higher states of opposite parity (4f) n 1 5d with the 4f n states by the crystal field. In other words, the parity is broken if the ion is inserted in a crystalline medium which can break the symmetry and allow the transition. Hence, the site symmetry becomes an important factor to take into account in order to develop absorbing materials. For example, sites characterized by an inversion symmetry prevent the mixing of states with opposite parity, leading to low oscillator strengths. For the forced electric dipole transitions between 2S+1 L J and 2S 0 +1 L J 0 , the following selection rules need to be satisfied:

L = 0, | S| = 0, (2.9) 
| J|  6, unless J or J 0 = 0 then | J| = 2, 4, 6 (2.10) 
As mentioned, the electronic transition excited in the case of europium ions is that from the ground state 7 F 0 to the excited state 5 D 0 which occurs at around 580 nm. It is worthy to highlight that this transition, widely used for high-resolution spectroscopy measurements, should be strictly forbidden in the framework of the the Judd-Ofelt theory [START_REF] Peacock | The intensities of lanthanide f-f transitions[END_REF]. However the selection rule is bypassed in many materials due to additional mechanisms such as the breakdown of the closure approximation used in Judd-Ofelt theory, the Wybourne-Downer mechanism that leads to a relaxation of the spin selection rule within excited configurations [START_REF] Downer | A new contribution to spin-forbidden rare earth optical transition intensities: Gd 3+ and Eu 3+[END_REF] and the J-mixing of the wave functions of J6 =0 states with that of the J=0 state by even parity terms of the crystal field [START_REF] Malta | Lanthanide f-f transitions hypersensitive to the environment[END_REF][START_REF] Malta | On the 5 D 0 -7 F 0 transition of the Eu 3+ ion in the (C 4 H 9 ) 4 N 3 Y(NCS) 6 host[END_REF]. These e↵ects are rather weak and lead to quite small oscillator strengths (10 8 in Eu 3+ :Y 2 SiO 5 ) in comparison to other rare-earth transitions (e.g. 8.10 6 for Nd 3+ :YAG). It's worthy to notice that in Eu 3+ :YSO, some variations of oscillator strength have been observed [START_REF] Ferrier | Variations in the oscillator strength of the 7 F 0 -5 D 0 transition in Eu 3+ :Y 2 SiO 5[END_REF] as a function of the growth process.

The host studied in this work

: yttrium oxide (Y 2 O 3 )
Metal oxides have a large field of applications in several fields, such as catalysis, coating, electrochemistry, optical fibers, sensors, batteries etc. [START_REF] Pacchioni | Ab initio theory of point defects in oxide materials: Structure, properties, chemical reactivity[END_REF][START_REF] Suzuki | Electrical Conductivity and Lattice Defects in Nanocrystalline Cerium Oxide Thin Films[END_REF][START_REF] Liu | Determination of surface oxygen vacancy position in SnO 2 nanocrystals by Raman spectroscopy[END_REF].
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In particular, yttrium oxide materials are interesting for several applications such as infrared windows, high-power lasers, radiation detection and in particular phosphors [START_REF] Podowitz | E↵ect of europium concentration on densification of transparent Eu:Y 2 O 3 scintillator ceramics using hot pressing[END_REF][START_REF] Zheng | Native point defects in yttria and relevance to its use as a high-dielectricconstant gate oxide material: First-principles study[END_REF]. Recently, it was shown in our group that Eu 3+ :Y 2 O 3 could also have applications in quantum information applications [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. In addition, particles of this host can easily be synthesized by several bottom-up routes. This last point is very important because some systems, such as Eu 3+ :YSO, do not easily form dispersed crystalline particles from chemical routes.

As the majority of RE sesquioxides, Y 2 O 3 can crystallize as cubic phase, with Ia-3 space group. Cubic Y 2 O 3 has a high dielectric constant from 14 to 18, a large bandgap of 5.8 eV and also optical isotropy, with a refractive index of 1.91 in the visible range. In addition, this system shows high chemistry and thermal stabilities because of the high melting point, about 2400 o C. The dominant phonon energy is 380 cm 1 with a cuto↵ value of 600 cm 1 , which is one of the lowest phonon energies among oxides materials [START_REF] Zheng | Native point defects in yttria and relevance to its use as a high-dielectricconstant gate oxide material: First-principles study[END_REF]. The cubic Y 2 O 3 phase has two cationic sites in which the lanthanides preferentially enter. This Y 2 O 3 unit cell consists of 32 octahedrally coordinated cation sites, that is 24 sites with C 2 -symmetry and 8 sites with C 3i -symmetry (or S 6 ) (Figure 2.6). This cubic Y 2 O 3 phase is related to the fluorite structure, with each yttrium ion located at the center of a cube from which two of the eight nearest neighbor oxygens of the fluorite structure have been removed. Oxygens present in the structure are slightly displaced from the cube corners. There are two arrangements for oxygen ions, in the first, the two oxygen ions are removed from a face diagonal and the yttrium ion is displaced from the center of the cube. This is the site with C 2 symmetry. In the second arrangement, two oxygens are removed from the body diagonal resulting in 

Eu

3+ :Y 2 O 3 materials
Lanthanide-activated rare earth oxides remain promising materials for nextgeneration display technology because of several important properties, such as luminescent characteristics, stability in vacuum, and corrosion-free gas emission under electron bombardment compared with traditional cathode ray tube red phosphors used in current field emission displays [START_REF] Zhang | Enhanced luminescence and size e↵ects of Y 2 O 3 :Eu 3+ nanoparticles and ceramics revealed by x rays and Raman scattering[END_REF][START_REF] Gai | Recent progress in rare earth micro/nanocrystals: soft chemical synthesis, luminescent properties, and biomedical applications[END_REF][START_REF] Höppe | Recent developments in the field of inorganic phosphors[END_REF][START_REF] Silver | Lowvoltage cathodoluminescent red emitting phosphors for field emission displays[END_REF]. In particular, Eu 3+ :Y 2 O 3 is a commercial available phosphor with extremely high quantum e ciency. The combination of an e cient red emission and long-term stability have wide commercial application in high resolution and CHAPTER 2.

projection TV, projection devices, plasma display panels and field emission displays [START_REF] Jiang | Enhanced Eu 2+ /Eu 3+ :(Y 0.9 La 0.1 ) 2 O 3 transparent ceramics synthesized in H 2 atmosphere for modern lighting and display[END_REF][START_REF] Bazzi | Synthesis and properties of europium-based phosphors on the nanometer scale: Eu 2 O 3 , Gd 2 O 3 :Eu, and Y 2 O 3[END_REF]. In general, Ln 3+ ions have been found to be randomly distributed in both C 2 and C 3i sites in Y 2 O 3 single crystals [START_REF] Stoner | Closure Procedure for Two-Photon Absorption Intensities[END_REF], although a preferential occupation of the C 2 site was suggested in the case of Gd 3+ and Eu 3+ [START_REF] Mitric | The preferential site occupation and magnetic properties of Gd x Y 2 x O 3[END_REF][START_REF] Grill | Magnetic Susceptibilities of Cubic mixed Europium oxides[END_REF]. According to the Judd-Ofelt theory, the electric dipole transitions are not allowed for the Eu 3+ ions occupying the C 3i sites since it is the odd parity crystal field components that mix the 4f n configuration to opposite parity ones. In centrosymmetric Ln 3+ complexes, only the vibronic coupling mechanism can induce f-f electric-dipole intensity. Therefore, it can be assumed that the major contribution to the intensity of the observed transitions originates from the Eu 3+ ion is the C 2 sites in which electric dipole transitions are allowed. Eu 3+ :Y 2 O 3 bulk crystals show low nuclear moment density, low inhomogeneous broadening and long coherent optical T 2 , which are fundamental features for QIP applications [START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF][START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF]. The main characteristics of Eu 3+ are summarized in Table 2.1. Its electronic configuration is [Xe]4f 6 and it exists with two stable isotopes in nature: 151 Eu and 153 Eu, with nearly equal natural abundance. The lifetime T 1 for the optical excited state 5 D 0 is in the ms range [START_REF] Sun | Rare Earth Materials in Optical Storage and Data Processing Applications[END_REF]. This state has low non radiative relaxation rates thanks to the large energy gap (around 10000 cm 1 ) which separates it from the highest ground state level ( 7 F 6 ), as shown in Figure 2.5. The nuclear spin for the two isotopes is I=5/2 and thus it exhibits a three level hyperfine structure in the ground and excited states due to quadrupole interactions with the electric field gradients. Sellars and collaborators have studied the same Eu 3+ :Y 2 O 3 bulk crystal which gave 510 µs and several others by spectral hole burning. They reported a hole width of 3.5 kHz, which is among the narrowest spectral feature observed directly in the frequency domain for a solid [START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF]. In this publication, several Eu 3+ :Y 2 O 3 crystals made by di↵erent techniques and doped with di↵erent Eu 3+ concentrations were studied, resulting in the same conclusion as Flinn et al., that the wider holes found for some of these samples can not be attributed to Eu 3+ doping level, suggesting that additional CHAPTER 2.

State of the art of Eu

broadenings are associated with some disorder modes in ordered crystalline solids. Studies on coherence lifetimes in RE doped nanoparticles were pioneered by Feofilov and Meltzer more than one decade ago [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF][START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF][START_REF] Feofilov | Spectral hole burning in Eu 3+ -doped highly porous gamma-aluminum oxide[END_REF]. The investigated materials were Eu 3+ :Y 2 O 3 in monoclinic and cubic phases [START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF], Eu 2 O 3 (monoclinic phase), Eu 3+ : -Al 2 O 3 [START_REF] Feofilov | Spectral hole burning in Eu 3+ -doped highly porous gamma-aluminum oxide[END_REF], Eu 3+ :LaF 3 and Pr 3+ :LaF 3 [START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF]. These materials cited above exhibited crystal sizes ranging from 4 to 23 nm, determined by X-ray di↵raction (XRD). These studies investigated the temperature and crystal size dependences of optical coherence lifetimes (T 2 ) showing di↵erent behavior of nanoparticles compared to bulk crystals. Temperature dependence of the homogeneous linewidth of high quality bulk crystals usually shows a nearly temperature-independent rate until the onset above 7 K of the two-phonon Raman process which is proportional to T 7 [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. The temperature dependences of the linewidth of spectral holes burned in 7 F 0 ! 5 D 0 Eu 3+ transition shown in Figure 2.8 show an approximate T 3 temperature dependence for isolated Eu 3+ :Y 2 O 3 nanoparticles, in sharp contrast with the bulk crystals [START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF][START_REF] Meltzer | Photon echo studies of LaF 3 :Pr 3+ nanocrystals in glass[END_REF][START_REF] Hong | Comparison of dynamics of Eu 3+ in di↵erent Y 2 O 3 nanostructured materials and with sol-gel produced SiO 2 glass[END_REF]. When the particles were embedded in a polymer or a glass, a nearly linear temperature dependence was observed [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF][START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF]. This was attributed to an interaction with the low frequency vibration modes of the polymer, the so-called two-level systems. This is typical of disordered systems, and was actually observed in Eu 3+ :Y 2 O 3 bulk fibers crystals, presumably containing a high defect concentration [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. dependence fitted for isolated nanocrystals [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF][START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF].

These studies made on nanocrystals used mainly spectral hole burning to determine homogeneous linewidths. At low temperature, they were found to range from about 5 to 50 MHz, although due to laser stability, this technique could anyway not measure values lower than a few MHz. The corresponding coherence lifetimes, in the range of tens of ns, were much too short for quantum information processing. In particular, this does not allow e cient coherent interactions between Eu 3+ and usual laser sources.

To overcome the limitations of spectral hole burning, our group started to investigate the coherence lifetimes of Eu 3+ :Y 2 O 3 nanocrystals by photon echo measurements . This allows determining optical coherence lifetimes at short time scales and do not need a well stabilized laser. These experiments on powders were made possible by the development of photon echo measurements in highly scattering media, also pioneered in our group [START_REF] Beaudoux | Concentration dependence of absorption and optical and hyperfine transition dynamics in Pr 3+ :La 2 (WO 4 ) 3[END_REF]. This technique will be described in details in Chapter 6. It was found for 0.86 at.% Eu 3+ :Y 2 O 3 nanocrystals T 2 times as long as 3.7 µs at 1.3 K, or 86 kHz [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. This is nearly two orders of magnitude lower than the values previously reported, and is the narrowest homogeneous linewidth reported for any nanocrystals. These results suggest that nanostructured RE doped crystals could o↵er new functionalities in quantum information processing, like coupling to other quantum systems or optical control of single ions [START_REF] Utikal | Spectroscopic detection and state preparation of a single praseodymium ion in a crystal[END_REF][START_REF] Siyushev | Coherent properties of single rare-earth spin qubits[END_REF]. However, these nanocrystals show T 2 still about two orders of magnitude lower than in the best bulk crystals [START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF] and were agglomerated in particles of several microns. They were therefore not suitable for further developments at the nanoscale. The main goal of this PhD project was therefore to bring long coherence lifetimes to smaller particles that could be dispersed, enabling for example individual adressing.

Conclusions

At the beginning of this chapter we have introduced the theoretical description of rare-earth ions energy level structure in a crystal lattice. The specificity of lanthanides has been reviewed, emphasizing their relatively low sensitivity to the ion environment, which has made rare-earth-doped materials particularly suitable for laser applications or, more recently, for quantum information processing. Finally, we have presented the main characteristics of the Eu 3+ :Y 2 O 3 material, and the state of art of RE bulk crystals and nanocrystals for this last application. As previously discussed in the Introduction chapter, materials for quantum information applications must present long optical coherence lifetimes, in other words, narrow homogeneous linewidths. Several requirements are necessary to control static and dynamical perturbations which cause linewidth broadenings in RE materials. These requirements consist in high crystalline quality, low level of magnetic impurities and low magnetic moments. However, the use of RE nanostructured materials demands additional control in order to have optimized properties, such as ideal morphology of particles, sharp size distribution, absence of agglomeration, less defects due to the higher surface to volume ratio [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF]. Many synthetic methods have been reported in the literature for preparation of Eu 3+ :Y 2 O 3 particles. The classical procedure to obtain oxide materials is the solid-state method, which requires temperatures higher than 1000 o C and an e↵ective reactant mixture. Furthermore, high-temperature heating 25 CHAPTER 3.

Chapter 3

Synthesis and Structural Characterization

usually results in unfavorable coarsening of particles with irregular shapes and considerable aggregation [START_REF] Li | Syntheses of perovskitetype composite oxides nanocrystals by solid-state reactions[END_REF]. Post milling can alleviate aggregation and bring down particle sizes, however, this operation can introduce many defects which can a↵ect dramatically the optical properties. Several methods to synthesize Y 2 O 3 particles directly in sub-micron regime have been reported, including the sol-gel technique [START_REF] Dhanaraj | Photoluminescence Characteristics of Y 2 O 3 : Eu 3+ Nanophosphors Prepared Using Sol -Gel Thermolysis[END_REF][START_REF] Boukerika | Annealing e↵ects on structural and luminescence properties of red Eu 3+ -doped Y 2 O 3 nanophosphors prepared by solgel method[END_REF], spray pyrolysis method [START_REF] Devaraju | Eu 3+ :Y 2 O 3 microspheres and microcubes: a supercritical synthesis and characterization[END_REF][START_REF] Marinkovic | Photoluminescent properties of nanostructured Y 2 O 3 :Eu 3+ powders obtained through aerosol synthesis[END_REF][START_REF] Jung | E↵ect of surface area and crystallite size on luminescent intensity of Y 2 O 3 :Eu phosphor prepared by spray pyrolysis[END_REF], polymeric precursor [START_REF] Perella | Er 3+ -doped Y 2 O 3 obtained by polymeric precursor: Synthesis, structure and upconversion emission properties[END_REF], combustion synthesis [START_REF] Goldburt | Size dependent e ciency in Tb doped Y 2 O 3 nanocrystalline phosphor[END_REF][START_REF] Capobianco | Optical spectroscopy of nanocrystalline cubic Y 2 O 3 :Er 3+ obtained by combustion synthesis[END_REF], solvothermal process [START_REF] Li | Growth and Characterization of Single-Crystal Y 2 O 3 :Eu Nanobelts Prepared with a Simple technique[END_REF], homogeneous precipitation [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF][START_REF] Matijević | Preparation and properties of uniform size colloids[END_REF] and so on. Some of them, such as the sol-gel route can result in high homogeneity of products, low cost and, low processing temperature, however this technique forms large particle aggregates. In contrast, spray pyrolysis is a straightforward way to prepare dispersed spherical particles, with hollow structures and a wide size distribution in nano-micro-range [START_REF] Kang | Preparation of Y 2 O 3 :Eu phosphor particles of filled morphology at high precursor concentrations by spray pyrolysis[END_REF]. Solvothermal techniques, can induces a rapid crystallization, phase purity and high yield, with relevant particle aggregation [START_REF] Devaraju | Eu 3+ :Y 2 O 3 microspheres and microcubes: a supercritical synthesis and characterization[END_REF]. Few methods have been reported in the literature which lead directly to single crystalline materials without an annealing step, such as polyol and molten salt processes [START_REF] Bazzi | Synthesis and properties of europium-based phosphors on the nanometer scale: Eu 2 O 3 , Gd 2 O 3 :Eu, and Y 2 O 3[END_REF][START_REF] Bazzi | Synthesis and luminescent properties of sub-5-nm lanthanide oxides nanoparticles[END_REF][START_REF] Flores-Gonzalez | Elaboration of nanostructured Eu 3+ -doped Gd 2 O 3 phosphor fine spherical powders using polyolmediated synthesis[END_REF][START_REF] Mao | Luminescence of nanocrystalline erbium-doped yttria[END_REF][START_REF] Dorman | Elucidating the e↵ects of a rare-earth oxide shell on the luminescence dynamics of Er 3+ :Y 2 O 3 nanoparticles[END_REF]. Polyol method is able to prepare a large variety of materials, including oxides, in a high-boiling alcohol reaction with metal chlorides or nitrates, forming small nanoparticles or bigger agglomerated particles, depending of metal precursors [START_REF] Bazzi | Synthesis and luminescent properties of sub-5-nm lanthanide oxides nanoparticles[END_REF][START_REF] Flores-Gonzalez | Elaboration of nanostructured Eu 3+ -doped Gd 2 O 3 phosphor fine spherical powders using polyolmediated synthesis[END_REF]. In addition, the molten salt synthesis is another method which uses a mixing salt medium at elevated temperatures in order to form single-crystalline nanoparticles without additional annealing step, forming irregular particles with large size distribution [START_REF] Mao | Luminescence of nanocrystalline erbium-doped yttria[END_REF]. The main challenge in the development of crystalline particles is to find a technique which simultaneously brings controlled shape, narrow size distribution, expected crystalline phase and stable particle dispersion. Thus, in order to have spherical particles, well dispersed with controlled size distribution, we have chosen the homogeneous precipitation (HP) method with appropriate thermal treatments to obtain sub-micron spherical monodispersed Eu 3+ :Y 2 O 3 particles. Among several bottom up routes, this homogeneous precipitation (HP) route stands out due to low required temperature of synthesis, simple procedure, cost-e↵ectiveness and, formation of particles with regular shapes and narrow size distribution [START_REF] Kaczmarek | Nano-and microsized rare-earth carbonates and their use as precursors and sacrificial templates for the synthesis of new innovative materials[END_REF]. This HP route is based on the slow introduction of ligands (e. g. OH , CO 2 3 , or SO 2 4 ) into the system until the solubility limit is exceeded, forming homogeneous-doped amorphous materials with well controlled sizes and shapes [START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF]. This chapter will describe the synthesis based on the homogeneous precipitation method and structural characterization of the products in order to understand the formation mechanism and particle modifications as a function of reactional and post-reactional parameters.

Synthesis of Eu

3+ :Y 2 O 3 particles Y(NO 3 ) 3 .6 H 2 O (99.
9% pure, Alfa Aesar) and Eu(NO 3 ) 3 .6 H 2 O (99.99% pure, Reacton) were used as yttrium and europium sources, respectively. The Eu 3+ concentrations used were varied between 0.3 and 5.0 at. %. In a typical synthesis, an appropriate amount of urea (CO(NH 2 ) 2 , 99% pure, Sigma) was dissolved in a mixed Eu/Y aqueous nitrate solutions to make a total solution volume of 800 mL. The concentrations varied as 0.3, 0.5, 2.0 and 3.0 mol.L 1 for urea and 7.5 mmol.L 1 for metals (Eu 3+ and Y 3+ ). The mixed solutions were heated at 85 o C for 24 h in a Teflon reactor. After this reaction time, the final suspensions were cooled to ambient conditions and the colloidal particles collected via centrifugation. The wet precipitates were washed with distilled water once to remove the byproducts, then rinsed twice with absolute ethanol, and dried at 80 

Characterization techniques

TG-DTA measurements were performed in order to analyze the decomposition reactions and formation of Eu 3+ :Y 2 O 3 from the Eu 3+ : Y(OH)CO 3 compound. Then the dried Eu 3+ : Y(OH)CO 3 products were measured with a NETZSCH STA409 PC/PG thermal analyzer by heating samples to 1200 o C in air at a rate of 5 o C/min. Composition of products from TG-DTA measurements was probed by mass spectrometer coupled to NETZSCH STA409 PC/PG thermal analyzer. The Fourier transform infrared (FTIR) studies have been performed on a Bruker Tensor 27 spectrometer in the range 4000-375 cm 1 at room temperature, using the conventional KBr pellet technique. The morphology, size and dispersion of the original and calcined particles were visualized by transmission electron microscopy (TEM) using a JEOL JEM-100CXII apparatus at an accelerating voltage of 100 kV. Electron di↵raction (ED) patterns were recorded in order to distinguish phases from Eu 3+ : Y(OH)CO 3 to Eu 3+ :Y 2 O 3 powders for analyses of Eu 3+ :Y 2 O 3 and core shell systems. For TEM measurements, a small amount of powder was ultrasonically dispersed into anhydrous ethanol and a drop placed over a carbon coated microscope copper grid. Particle size distributions were determined by using the free software "ImageJ" on TEM images. To get statistically relevant results, analyses were performed on more than 100 particles. The crystalline phase of the annealed systems was determined by x-ray di↵raction (XRD) analysis with a PANALYTICAL X'PERT PRO di↵ractometer using monochromatic Cu K ↵1 radiation (wavelength at 154.060 pm) in the 2✓ range between 12 and 150 o , with 0.0065 o as step size at room temperature. The crystallite sizes were determined by Rietveld refinement [START_REF] Rietveld | A profile refinement method for nuclear and magnetic structures[END_REF] using FullProf software [START_REF] Rodriguez-Carvajal | Line broadening analysis using FullProf*: Determination of microstrustural properties[END_REF]. The integral breadth of all di↵ractogram peaks between 12 and 150 o (2✓) were taken into account. To assess the instrumental line broadening, the XRD pattern of an standard microcrystalline LaB 6 powder was recorded under the same conditions for all samples.

Structural characterization: Eu

3+ :Y(OH)CO 3

Mechanism of particle formation

Monodispersed spherical particles with a chemical composition of Eu 3+ doped yttrium basic carbonate [Eu 3+ :Y(OH)CO 3 . n H 2 O] were synthesized by the homogeneous precipitation method. In this synthesis urea is added to RE salts (nitrate and chloride) and the solution is aged at temperatures between 70 and 90 o C. The molar ratio between urea and RE salts strongly influences morphology and size of products. Other parame-ters like reaction time, type of precursor anions and initial pH solution, can also a↵ect the size, morphology and kinetics of Eu 3+ :Y(OH)CO 3 particle formation. Here, metal nitrates were used instead of chlorides in order to avoid any Cl contamination in the final product, since NO 3 species are eliminated with thermal treatments at high temperatures. RE cations precipitate with anions such as CO 2 3 and OH produced by the dissolution of urea and forming an amorphous [Eu 3+ :Y(OH)CO 3 . n H 2 O] compound. The precipitation is done homogeneously due to slow decomposition of urea. Reactions involved in this synthesis route, initially proposed by Aiken and Matijević, are shown below [START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF]:

Urea decomposition (NH 2 ) 2 CO ⌦ NH + 4 + OCN (3.1) OCN + 2H + + H 2 O ⌦ CO 2 + NH + 4 (3.2)
Metal hydrolysis

M 3+ + H 2 O ⌦ [M (OH)] 2+ + H + (3.3) Precipitation [M (OH)] 2+ + CO 2 + 2H 2 O ⌦ M (OH)CO 3 .H 2 O + 2H + (3.4) Overall M 3+ + (NH 2 ) 2 CO + 4H 2 O ⌦ M (OH)CO 3 .H 2 O + 2NH + 4 + H + (3.5)
The reactions (3.1)-(3.2), (3.3), (3.4) and (3.5) represent the decomposition of urea, hydrolysis of yttrium ions, precipitation and overall reactions, respectively.

The evolution of pH as a function of time of reaction was observed in the present work for all synthesis under di↵erent conditions. All of them showed an increase of 3 pH units, checked in the beginning (after precursors dissolution) and the end of reaction (after 24 h at 85 o C). Sohn and collaborators have observed the pH increasing between the initial and final reactional time. These authors observed that the solution pH during the particle precipitation remains constant (tested under di↵erent reaction conditions) increasing the pH when the precipitation reaction has finished. They also noted that the equilibrium constant, K, of the metal hydrolysis reaction (Equation 3.3) is very small to supply the hydroxyl groups present in the overall reaction (Equation 3.5). In agreement with several CHAPTER 3.

observations, these authors have proposed a new chemical mechanism for this route [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF].

Urea decomposition

(NH 2 ) 2 CO ⌦ NH + 4 + OCN (3.6) OCN + 2H 2 O ⌦ CO 2 3 + NH + 4 (3.7) CO 2 3 + H 2 O ⌦ HCO 3 + OH (3.8)
HCO 3 + H 2 O ⌦ H 2 CO 3 + OH (3.9) H 2 CO 3 ⌦ CO 2 + H 2 O (3.10) Precipitation M 3+ + OH + CO 2 3 + 3 2 H 2 O ⌦ M (OH)CO 3 . 3 2 H 2 O (3.11) 
Overall

M 3+ + 3 2 (NH 2 ) 2 CO+5H 2 O ⌦ M (OH)CO 3 . 3 2 H 2 O+NH + 4 + 1 2 CO 2 (3.12)
This new proposed chemical route of homogeneous precipitation in the presence of urea shows in a better way the pH evolution close to the end of the precipitation steps. In the end of the metal basic carbonate formation, the decomposition of excess urea generates a large number of OH ions which change this medium from acid to basic, such as observed in our work for synthesis with 24 h aging time and 0.5 M urea, from pH 5.8 to 8.6.

E↵ect of aging time

For a better understanding of the growth mechanism, the influence of aging time on particle sizes was observed by looking at TEM images1 from particles obtained using 4 h 30, 8 h and 24 h as reaction times, keeping the same reaction parameters (see Figure 3.2). Micrographs in the Figure 3.2 show the evolution of particle size as a function of aging time, as reported in previous papers [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF][START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF]. The increase in aging time promotes the enlagerment of particles showing average particle size from 167 nm (t= 4 h 30), 388 nm (t= 8 h) and 633 nm (t= 24 h), with standard deviations of particle sizes around ± 139, ± 63 and ± 67, respectively, according to a log normal fit (see Figure 3.2). For the sample obtained using the shortest aging time, many small and irregular nuclei were observed together with spherical particles. Increasing the reaction time, particles become larger and more regular. The spherical morphology is an evidence about the amorphous nature of the YOC precursors. For a long time uniform particle formation has widely been explained by the LaMer model [START_REF] Lamer | Theory, production and mechanism of formation of monodispersed hydrosols[END_REF][START_REF] Sugimoto | Preparation of Monodispersed Colloidal Particles[END_REF], based on short nucleation burst followed by uniform growth, showing two well defined and separated stages. This model describes well particles up to several tens of nanometers, however for particles with diameters higher than 100 nm, the explanation based in separated nucleation burst/growth stages is inadequate [START_REF] Park | Model of Formation of Monodispersed Colloids[END_REF]. Many studies consider CHAPTER 3.

particle formation via aggregation of much smaller subunits rather than growth by di↵usion of species from the solution [START_REF] Park | Model of Formation of Monodispersed Colloids[END_REF][START_REF] Ocaña | Formation of "monodispersed" SnO 2 powders of various morphologies[END_REF]. These studies consider a two-stage growth process, for which a supersaturated solution generates nuclei from di↵usive mechanism, forming primary particles formed by the burst-nucleation process and further growth by diffusive capture of solute species. These primary particles aggregate forming secondary particles with narrower size distribution and larger sizes [START_REF] Park | Model of Formation of Monodispersed Colloids[END_REF]. However, the majority of particles after aging time of 24 hours do not exhibit the profile of particles resulted from aggregation of smaller nuclei, according to the particle formation model proposed by Ocana and coauthors. Figure 3.3 shows the smooth surfaces of 0.3 at.% Eu 3+ :Y(OH)CO 3 particles aged during 24 h. The Ostwald process based on the vanishing of small particles (and/or species on the particle surface) can be explained considering that, the total energy of the two-phase system can be reduced by the volume increase of one phase, decreasing the interfacial area. The main force for this process is the curvature dependence of the chemical potential µ which, considering isotropic surface energy, is

µ = µ 0 + V m  (3.13)
where  is the mean interfacial curvature, µ 0 is the chemical potential of an atom at a flat interface, V m is the molar volume and is the surface energy.

From this equation it is clear that atoms will move from regions of high to low curvature, promoting the disappearance of small objects and growth of bigger objects. Then, the evolution of particle sizes and regularity with aging time observed in the 0.3 at.% Eu 3+ :Y(OH)CO 3 systems showed in Figure 3.2, can be explained via two mechanisms, such as the growth based on the aggregation of smaller particles followed by vanishing of small particles according to Ocana and Ostwald ripening models, respectively.

E↵ect of reactional temperature

The choice of the reaction temperature for our syntheses was based on papers by Matijević et al. which show that temperature around 85 o C is the best choice for this kind of synthesis based on urea decomposition. Aging temperatures lower than 70 o C decrease significantly the urea decomposition in a way that no precipitation occurs. On the other hands, at temperatures above 100 o C the urea decomposition is too fast, leading to secondary critical supersaturation conditions, then an increase of particle size distribution.

E↵ect of metal concentration

The e↵ect of metal concentration on 0.3 at.% Eu 3+ :Y(OH)CO 3 particles were investigated by TEM images present in Figure 3.5. A large number of nuclei is present for system with higher metal concentration, due to the short aging time, 4 h 30 min. At this short time the size di↵erences for large spherical particles are not so clearly visible, due to unfinished particle growth. Then, a possible increase of reaction time on both systems would promote higher growth of particles in the system which presents higher metal concentration. This possibility is based on the consideration that small adjacent particles will agglomerate forming larger objects (Ocana mechanism) and vanishing of small particles increasing sizes and decreasing the surface roughness (Ostwald ripening process). The coexistence of di↵erent particle size distributions shows that the LaMer model cannot be used to explain the particle formation mechanisms. Within the range of yttrium concentration studied here, the particle shape is a well rounded sphere and the objects are not agglomerated. Particle morphologies are strongly dependent on growth speed of particles. In particular, spherical shape is characteristic of low growth speed. The metal content influences significantly the speed of urea decomposition increasing it a lot, moving the equilibrium of decomposition reactions. In our work, the urea to metal concentration ratio is approximately 67. Sordelet and Akink (1987) have observed particle shape deviations from spherical to plate-like due to increase of metal content, with urea to metal ratios below 3 [START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF]. A particle might grow under supersaturation, maintaining the equilibrium form with its minimum surface free energy, such as spherical morphology.

E↵ect of urea concentration

The last parameter chosen to study and control particle sizes was the urea concentration, which has been systematically varied in this study from 0.3 to 3.0 M. A series of TEM micrographs and histograms are presented in Figures 3. The linear inverse relationship between the logarithm of urea concentration and the average particle size is in agreement with Sohn and co-authors [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF]. The urea concentration in a reaction medium influences both the amount of nuclei formed as well as the point when supersaturation will be reached (promoting precipitation), providing a strong influence on the size of formed particles. At high urea concentrations, the elevated amount of CO 3 2 and OH groups promotes a higher degree of supersaturation before the beginning of precipitation. Thus, a larger nucleation density is formed promoting the decrease of average particle sizes [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF]. The highest concentrated system does not show relevant particle aggregation index, Sohn et al. observed significant aggregation in systems made by using 7 M urea, (under di↵erent conditions compared with this work), due to the high nucleation density and a fast growth of precipitates [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF]. In contrast to yttrium concentration dependence which can a↵ect only the kinetics of precipitation, urea concentration influences both the precipitation kinetics and also the precipitation-nucleation rate.

E↵ect of Eu 3+ concentration

The influence of Eu 3+ concentration on the precipitation rate of Eu 3+ :Y(OH)CO 3 particles was probed by TEM measurements of 0.5 and 5.0 at. % Eu 3+ :Y(OH)CO 3 samples prepared using standard conditions (0.5 M urea and 7.5 mM met- TEM images and respective histograms of 0.5 and 5.0 at.% Eu 3+ : Y(OH)CO 3 samples show no variation on precursor particle sizes by increasing Eu 3+ concentration, presenting 511 and 514 nm as average particle sizes with standard deviation of ± 52 and 53 nm, respectively. 1 The similarity in particle sizes suggests that the nucleation rate is maintained constant varying Eu 3+ concentration. It's noteworthy mentioning that the total metal concentration was kept constant for systems doped with di↵erent Eu 3+ ions. Li and co-authors have published several papers concerning the influence of Eu 3+ doping level on particle sizes and composition evolution during the aging time [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF][START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF][START_REF] Li | Uniform Colloidal Spheres for (Y 1x Gd x ) 2 O 3 ( x = 0-1): Formation Mechanism, Compositional Impacts, and Physicochemical Properties of the Oxides[END_REF]. These authors observed reduction on particle sizes due to insertion of Eu 3+ and Gd 3+ species into the Y 2 O 3 systems. 1 All samples with di↵erent Eu 3+ concentration have shown reduced particle size when compared with 0.3 at. % Eu 3+ : Y(OH)CO3 systems previously prepared using the same reaction conditions. This particle reduction should be attributed to variation in water content from metal precursors -used during the synthesis -as a function of time. As these systems changing Eu 3+ doping level were prepared recently and metal nitrates are very hygroscopic, probably the precursor amount used in these recent syntheses have less metal mass as expect, a↵ecting directly on particle size, as discussed before.

Showing decrease of 100 nm in Y 2 O 3 particles with the addition of 5 at.% of Eu 3+ . In addition these authors have reported the gradual conversion of spherical particles from the core-shell Eu(OH)CO 3 @ Y(OH)CO 3 structure to a homogeneous solid solution due to the increase of the urea/metal ratio (R) [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF][START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF]. In these papers the homogeneous nucleation of Eu(OH)CO 3 occurs preferentially during the homogeneous precipitation synthesis, due to smaller solubility product of Eu(OH)CO 3 , and then the precipitation of Y(OH)CO 3 proceeds via heterogeneous nucleation on the already formed Eu(OH)CO 3 cores. The di↵erent solubility between them is attributed to changes in the solubility product constant (K sp ) due to size change between Y 3+ and Eu 3+ (for 6-fold coordination, r Y 3+ = 0.0900 and r Eu 3+ = 0.0947 nm). This sequential precipitation of Eu 3+ and Y 3+ resulted in Eu(OH)CO 3 @ Y(OH)CO 3 core shell system, especially for smaller urea/metal ratio (less than 60). At lower urea concentrations, more Eu and less Y are incorporated to the particle [START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF]. Composition inhomogeneity observed in these reported papers was probed for urea/metal ratios lower than the ratios used in our work, it is noteworthy to highlight that these studies were also performed under di↵erent reaction conditions such as reaction temperature and aging times. At higher urea/metal ratios the precipitation rate of Eu(OH)CO 3 and Y(OH) CO 3 occurs quickly and similarly, forming a homogeneous solid solution. As the nucleation rate will not change significantly, the particle size of our systems keeps constant even at 5 at.% Eu 3+ concentration. It is worthy to cite these publications which propose the formation of Eu(OH)CO 3 @ Y(OH)CO 3 core shell precursors are based on measurements of the amount of Eu 3+ and Y 3+ species in the formed precipitate as a function of aging times. However, they did not consider the particle growth based on aggregation of primary particles (small), then it is not known the real distribution of Eu 3+ ions in Y 2 O 3 particles if we have the aggregation of several small particles. The composition of our amorphous Eu 3+ :Y(OH)CO 3 precursors obtained in this work was not probed from the center to the surface of them, however we expect to have in this stage Eu 3+ distribution more or less homogeneous and improvements in terms of homogeneity are expected for calcined Eu 3+ :Y 2 O 3 particles, as we will report in the next subsection.

Structural characterization: Eu

3+ :Y 2 O 3
Yttrium basic carbonates (Y(OH)CO 3 ) can be decomposed at temperatures higher than 600 o C to obtain yttrium oxide (Y 2 O 3 ) systems [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF][START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF][START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF][START_REF] Giesche | Preparation, characterization, and sinterability of well-defined silica/yttria powders[END_REF]. Simultaneous thermogravimetric and di↵erential thermal analyses (TG/DTA) coupled to mass spectrometer (MS) were used to characterize the thermal CHAPTER 3.

stability of [Eu 3+ :Y(OH)CO 3 .nH 2 O] and products from this decomposition. Figure 3.10 shows the TG trace for YOC sample. TG trace (a) represents continuous weight loss from room temperature to around 1100 o C. The observed weight losses corresponding to 44% is in the same range several reports for Y(OH)CO 3 particles [START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF][START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF][START_REF] Li | Uniform Colloidal Spheres for (Y 1x Gd x ) 2 O 3 ( x = 0-1): Formation Mechanism, Compositional Impacts, and Physicochemical Properties of the Oxides[END_REF][START_REF] Liu | Synthesis of Y 2 O 3 :Eu 3+ coated Y 2 O 3 phosphors by urea-assisted homogeneous precipitation and its photoluminescence properties[END_REF]. The DTA trace (b) shows endothermic peak between 100 and 200 o C attributed to evaporation of bulk water. The endothermic doublets around 625 and 634 o C are formed by the combined processes of crystallization and chemical decomposition of oxicarbonate to oxide [START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF]. The overall thermal decomposition of YOC is summarized with the equations below [START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF][START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF] 

Y (OH)CO 3 .H 2 O ! Y (OH)CO 3 + H 2 O (g) (3.14) 2Y (OH)CO 3 ! Y 2 O 2 CO 3 + H 2 O (g) + CO 2(g) (3.15) Y 2 O 2 CO 3 ! Y 2 O 3 + CO 2(g) (3.16)
Losses were evaluated as a function of measuring time by the mass spectrometer (MS) connected to TG/DTA equipment. 

Eu 3+ :YOC Y-O Wavenumber (cm -1 ) CO 2- 3 Eu 3+ :Y 2 O 3 com.
Normalized transmittance (a. u.)

Eu 3+ :Y 2 O 3 1200 o C Figure 3.12: FT-IR spectra of Eu 3+ :Y(OH)CO 3 , commercial Y 2 O 3 and Eu 3+ :Y 2 O 3 particles.
The presence of carbonate in Eu 3+ :Y(OH)CO 3 sample was confirmed by the appearance of strong absorption signals around 1400 and 1500 cm 1 attributed to C-O asymetric stretching (⌫ as ) [START_REF] Tareen | Hydrothermal growth of Y 2 (CO 3 ) 3 . nH 2 O (tengerite) single crystals[END_REF] and multiple absorption between 500 and 1000 cm 1 [START_REF] Zhu | Morphology-dependent crystallization and luminescence behavior of (Y, Eu) 2 O 3 red phosphors[END_REF]. The additional band in yttrium basic carbonate spectrum around 1075 cm 1 is usually attributed to bending modes ( ) from the hydroxyl groups and/or water, as well as the stretching mode around 3400 cm 1 for water (not present in the figure above). Y 2 O 3 systems show strong absorption bands between 400 and 600 cm 1 due to di↵erent Y-O symmetric stretching modes from Y 2 O 3 [START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF], which are absent for Y(OH)CO 3 particles. The absorption signals ranging from 1400 and 1500 cm 1 present in Y 2 O 3 spectra are assigned to C-O asymetric stretching (⌫ as ) due to CO 2 adsorption on the surface of Y 2 O 3 particles. These results are in agreement with the information from TGA/DTA and MS results, both supporting the conversion of Y(OH)CO 3 to Y 2 O 3 with thermal treatments. 

E↵ect of annealing time

0.3 at.% Eu 3+ :Y(OH)CO 3 system prepared by using 0.5 M of urea and 7.5 mM of metals was calcined at 1200 o C during 6, 12, 18 and 24 hours in order to evaluate the temperature e↵ect on size and morphology of Y 2 O 3 particles. Particle size (nm)

h

Particle distribution (%) TEM images and histograms of calcined products show changes in the morphology, dispersion index and particle size when compared to YOC pre-cursors. The particle shape becomes irregular due to the crystallization process. The particle size has been reduced around 20-30% in average diameter with the thermal treatment. This reduction range is in agreement with previous works [START_REF] Sohn | Synthesis and characterization of near-monodisperse yttria particles by homogeneous precipitation method[END_REF][START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF]. Aiken et al. [START_REF] Aiken | Preparation and properties of uniform coated inorganic colloidal particles. IV. Yttrium basic carbonate and yttrium oxide on hematite[END_REF] explain the expect theoretical reduction of 23 % by the increase of density during the YOC conversion to Y 2 O 3 , from 3.9 and 5.0 g/cm 1 . The surface roughness mainly increases due to crystallization process. Histograms show no significant di↵erence in sizes under di↵erent annealing times, presenting 477, 487, 467, 479 nm average diameter sizes and ± 66, ± 52,± 66 and ± 65 nm standard deviations, for samples calcined at 1200 o C during 6, 12, 18 and 24 hours,respectively. However the increase of heating time promotes particle agglomeration. Then, it was chosen 6 h as the best time of annealing for our Eu 3+ :Y 2 O 3 samples.

E↵ect of annealing temperature

The e↵ect of thermal treatment in systems with di↵erent particle sizes is shown in Figures 3.16,3.18,3.20,3.22, which show TEM micrographs and histograms of systems prepared by using 0.3, 0.5, 2.0 and 3.0 M of urea, calcined at 900, 1000, 1100 and 1200 o C over 6 h are presented, respectively. 
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As discussed before, the calcination process changes the particle morphology as evidenced by the appearance of crystalline planes on the particle surfaces. Micrographs also show that Y 2 O 3 particles are generally formed by several grains that grow when the temperature of calcination is increased. However, single crystalline particles were also observed after calcination at 1200 o C when using 3.0 M of urea (see Figure 3.22 (d)). No significant variation in particle size was observed by increasing the temperature of annealing. Eu 3+ :Y 2 O 3 particles show 540, 450, 215 and 150 nm average diameter sizes and ± 58, ± 48, ± 34 and ± 30 nm standard deviations for syntheses using 0.3, 0.5, 2.0 and 3.0 M of urea, respectively. In order to have a clear relationship of particle size behavior as a function of urea concentration and thermal treatment, Figure 3.24 shows the average particle size data a function of calcination temperature for samples prepared using 0.3, 0.5, 2.0 and 3.0 M of urea. Table 3.1 summarizes the e↵ect of calcination temperature on as-formed Eu 3+ :YOC systems synthesized using 7.5 mM of metals varying urea concentrations, showing all average particle size values for Eu 3+ :YOC and Eu 3+ :Y 2 O 3 samples. Table 3.1 shows the average particle sizes before and after thermal treatments with the average losses in particle diameter, exhibiting around 26% of diameter reduction after calcination.

E↵ect of Eu 3+ concentration

The e↵ect of Eu 3+ doping level in Eu 3+ :Y 2 O 3 particles prepared with 0.5 M of urea and di↵erent Eu 3+ concentrations, from 0.5 to 5%, were analyzed by microscopy. The TEM images and respective histograms of systems doped with 0.5, 0.7, 1.0 and 5.0 % Eu 3+ are shown in Figures 3. [START_REF] Nicklas Ohlsson | Quantum computer hardware based on rare-earth-ion-doped inorganic crystals[END_REF] Eu 3+ :Y 2 O 3 particles prepared changing the Eu 3+ concentrations show 394, 390, 358 and 406 nm average diameter sizes and 113, 63, 28 and 42 nm standard deviations for syntheses using 0.5, 0.7, 1.0 and 5.0 % of Eu 3+ , respectively. No clear variation was observed between recent systems prepared using 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ . The mismatch between Eu 3+ :Y 2 O 3 particle sizes are in agreement with the mismatch between respective Eu 3+ :YOC precursor particles. Li and coauthors have reported significant decrease in Y 2 O 3 particle sizes due to Eu 3+ and Gd 3+ insertion, founding particle reduction of 30 % (in diameter) between undoped and 5 at.% Eu 3+ doped YOC particles [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF]. Li's systems present particle sizes in the same range as particles studied here, however the experimental conditions were not the same, i. e. reactional temperature and aging time, perhaps this large modification is associated with the higher particle formation kinetic and shorter aging time used for these authors. The estimation of crystallite dimensions by TEM micrographs was not possible for several systems. This limitation comes from the restricted resolution of TEM micrographs, due to unclear contrast between grains. Thus X-ray di↵raction measurements were performed in order to determine the crystalline phase of all calcined samples and also, to estimate the relative crystallite dimensions for samples obtained by di↵erent reactional and postreactional parameters. XRD pattern for 0.3 at. % Eu 3+ :Y 2 O 3 obtained using 0.5 M urea calcined at 1200 o C during 6 h, is shown in the Figure 3 The difraction pattern presented in Figure 3.28 is attributed to reflected planes of yttrium europium oxide body-centered cubic (bcc) Y 2 O 3 system, space group Ia-3 (T h 7 ). No additional peaks that could correspond to parasitic phases were found for the di↵ratogram of 0.3 at.% Eu 3+ :Y 2 O 3 sample synthesized using 0.5 M of urea and calcined at 1200 o C during 6 h present in Figure 3.28. Other samples prepared using di↵erent urea concentrations and thermal treatments exhibited the same XRD patterns of this 0.3% Eu 3+ :Y 2 O 3 sample. As example, Figure 3.29 shows the XRD patterns of 0.3 at. % Eu 3+ :Y 2 O 3 particles prepared with 0.5 M urea calcined at 900, 1000, 1100 and 1200 o C for 6 h. Phase evolution of normalized XRD patterns between as-formed Eu 3+ :YOC and calcined Eu 3+ :Y 2 O 3 samples, increases with annealing temperature by the reduction of linewidth peaks. No resolved di↵ratogram is detectable for the Eu 3+ :Y(OH)CO 3 precursor sample, is characteristic for the amorphous structure of yttrium basic carbonate, as observed in previous work by Sordelet and Akinc [START_REF] Sordelet | Preparation of Spherical, Monosized Y 2 0 3 Precursor Particles[END_REF]. The di↵raction peak position and relative intensities of all samples are in good agreement with reported Y 2 O 3 body centered cubic (bcc) for systems calcined above 650 o C. All samples maintained almost the same cell parameters (a = b = c = 1.060 nm) varying less than 1 %. No peak shifts with thermal treatments were observed for this temperature range between 900 and 1200 o C, indicating the good homogeneity of Eu 3+ species in the Eu 3+ :YOC precursor. Width of peaks becomes narrower with increase of calcination temperature due to the increment of coherence length which results in crystallite growth. Bragg peak broadening in XRD patterns can be due several factors, as microstrains (lattice deformations), faulting (extended defects), crystallite domain size and size distribution. Rietveld refinement [START_REF] Rietveld | A profile refinement method for nuclear and magnetic structures[END_REF] with peak shape modeling, can be useful to determine the existence of e↵ects which cause peak broadenings.
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Microstructural e↵ects were processed in this work by FullProf analysis using the spherical harmonics of instrumental and sample profiles [START_REF] Rodriguez-Carvajal | Study of Micro-Structural E↵ects by Powder Di↵raction Using the Program FULLPROF[END_REF]. The intrinsic profile of a particular Bragg reflection due to strain and size consists of an integral breadth of strain and size , respectively. The apparent volume-averaged grain (coherent scattering domain) size, which interacts in the normal direction to the scattering planes, is given by the Scherrer formula

hDi v = / size cos✓ = 1/ size (3.17)
is the Cu K↵ radiation (in nm), s is the integral breadth (in nm), and ✓ is the di↵raction angle (deg). This modified Scherrer formula, gives the volume-averaged apparent size(hDi v ) of the crystallites in the direction perpendicular to the scattering planes. Here an arbitrary shape of crystallites was simulated using spherical harmonics, then the Scherrer parameter K is not necessary, as long size is used instead of the FWHM. The grain size estimations were done fitting all peaks from 12 to 150 o in order to have a good refinement of the thermal parameters. Since strain was found to be very small, the strain parameter was set to a low value in the course of the refinement cycles in order to allow for a better convergence. Average crystallite sizes for di↵erent particle size systems as a function of calcination temperatures are presented in Figure 3.30. A growth of crystallites as a function of annealing temperature is found for all systems, in agreement with TEM pictures, presenting enlargement from 40-60 nm (at 900 o C) to 90-120 nm (at 1200 o C). Table 3.2 shows the average crystallite sizes (CS) extracted from TEM and XRD measurements. From the Table an increase of lattice constants (a) with increasing Eu 3+ concentration is observed as expected from the slightly larger e↵ective ionic radius of Eu 3+ ions compared to Y 3+ (6-fold coordination), 0.947 Åand CHAPTER 3. 0.900 Å, respectively [START_REF] Shannon | Revised e↵ective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. A summary of all crystallite size values found for samples obtained with di↵erent urea concentrations, thermal treatments and Eu 3+ concentrations, is presented in Table 3.4. 

Conclusion

Among several routes, homogeneous precipitation is one of the best candidates to obtain spherical particles with well controlled particle size and dispersion. However, this procedure has as disadvantages the amorphous formed product, requiring adequate thermal treatments in order to obtain crystalline and dispersed particles. Several reaction and post reaction parameters (as aging time, precursor concentration and annealing treatment) were studied in order to understand particle formation mechanism and well control the morphology, dispersion, particle and crystallite sizes of Eu 3+ :Y 2 O 3 systems.

Urea concentration and thermal treatment parameters were chosen to control independently the particle and crystallite sizes, respectively. Eu 3+ : Y(OH)CO High resolution optical spectroscopy at low temperature is an e cient technique to probe low defects concentrations, due to the broadening of optical lines caused by the variation in the local electric field felt by the optical centers, that can be due to e.g. defects [START_REF] Stoneham | Shapes of inhomogeneously broadened resonance lines in solids[END_REF]. Each optical center then sits in a di↵erent environment, resulting in di↵ering optical frequencies. The consequence is the so-called inhomogeneous broadening ( inh ) of the transition (see Figure 4.1). Inhomogeneous linewidths are important to study in RE doped materials. First, broadening may be due to defects that can potentially decrease the coherence lifetime (T 2 ), which is a crucial parameter for application in quantum information processing. Moreover, large broadening of inhomogeneous linewidths decreases the peak absorption of materials. In addition, broad inhomogeneous linewidths can be a limitation for several applications such as coupling several ions to a microcavity. If the linewidth of a RE doped particle is broader than the cavity linewidth, a relevant part of ions will be out of the cavity resonance, and so useless. In general, defects can be defined as point defects or as extended defects, such as dislocations. Several factors can generally generate defects such as thermal stress, insertion of dopants and/or other impurities [START_REF] Stoneham | Shapes of inhomogeneously broadened resonance lines in solids[END_REF]. Sometimes crystalline solids exposed to radiations can present an accumulation of point defects which reduces significantly their performance [START_REF] Gilman | Dislocations, point-defect clusters, and cavities in neutron irradiated LiF crystals[END_REF][START_REF] Ou | Vacancy formation and clustering behavior in Y 2 O 3 by first principles[END_REF]. It is well known that yttrium oxide is a potential material for use in photonics due to its high transparency on a wide spectral range. However, Y 2 O 3 has a UV absorption which tails o↵ far into the transparency range. One of the reasons of this absorption could be the presence of point defects, like oxygen vacancies and/or interstitials [START_REF] Tsuiki | E↵ect of Point Defects on Laser Oscillation Properties of Nd-Doped Y 2 O 3[END_REF]. Polycrystalline and single-crystalline Y 2 O 3 materials show high-temperature electrical conductivity controlled by the ambient oxygen partial pressure, suggesting that the amount of point defects may also be controlled by the annealing atmosphere [START_REF] Podowitz | E↵ect of europium concentration on densification of transparent Eu:Y 2 O 3 scintillator ceramics using hot pressing[END_REF][START_REF] Tsuiki | E↵ect of Point Defects on Laser Oscillation Properties of Nd-Doped Y 2 O 3[END_REF]. Tsuiki et al. have suggested that oxygen interstitials can be created when annealed under oxidizing atmosphere, while oxygen vacancies are formed when these materials are annealed in a reducing atmosphere (lower oxygen partial pressure) [START_REF] Tsuiki | E↵ect of Point Defects on Laser Oscillation Properties of Nd-Doped Y 2 O 3[END_REF]. As discussed in the Chapter 2, the structure of Y 2 O 3 can be related to the fluorite one. In fluorite structure the cations are surrounded by 8 anions, whereas in Y 2 O 3 crystals the yttrium ions are surrounded by six oxygens atoms in the form of octahedron and O is surrounded by four Y atoms in the form of a distorted tetrahedron [START_REF] Ou | Vacancy formation and clustering behavior in Y 2 O 3 by first principles[END_REF][START_REF] Putilov | Defect formation and water incorporation in Y 2 O 3[END_REF]. These oxygen vacancies, present in ideal Y 2 O 3 crystals, result in displacements of ions from the ideal fluorite structure, creating slightly distorted cubes. These intrinsic oxygen vacancies lead to a situation that is quite favorable for accomodating larger interstitial sites having sizes comparable to that of oxygen in the anionic sublattice. These interstitial sites are ordered as nonintersecting strings through the crystal and may provide relatively open pathways for interstitial di↵usion [START_REF] Norby | Electrical condutivity and defects structure of Y 2 O 3 as a function of water vapor pressure[END_REF]. Flinn and coauthors have reported the presence of low concentration defects in Eu 3+ :Y 2 O 3 bulk crystals attributed to point defects, such as vacancies [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. In several cases the proper insertion of RE dopants itself can be the main source of point defects in materials, which cause inhomogeneous broadening for higher dopant concentration. Several other techniques can be used to determine the presence of defects in oxides, like electrical conductivity [START_REF] Tallan | Electrical Properties and Defect Structure of Y 2 0 3[END_REF], nuclear magnetic resonance (NMR), electron paramagnetic resonance (EPR) [START_REF] Jagannathan | Defects Induced Enhancement of Eu 3+ Emission in Yttria (Y 2 O 3 :Eu 3+ )[END_REF], impedance [START_REF] Suzuki | Electrical Conductivity and Lattice Defects in Nanocrystalline Cerium Oxide Thin Films[END_REF], Raman spectroscopy [START_REF] Suzuki | Electrical Conductivity and Lattice Defects in Nanocrystalline Cerium Oxide Thin Films[END_REF][START_REF] Dieterle | Raman spectroscopy of molybdenum oxides[END_REF], high resolution optical spectroscopy [START_REF] Lima | Influence of defects on sub-Åoptical linewidths in Eu 3+ :Y 2 O 3 particles[END_REF], etc. However in the case of Y 2 O 3 , a high level of defects is necessary to exhibit conduction, limiting the use of electrical conductivity measurements. In addition NMR measurements can also be di cult in Y 2 O 3 materials due to the long relaxation time of Y. Raman spectroscopy is a sensitive technique to strain, disorder, lattice parameter and crystallite sizes [START_REF] Parayanthal | Raman scattering in alloy semiconductors: "Spatial correlation" model[END_REF][START_REF] Spanier | Size-dependent properties of CeO 2 y nanoparticles as studied by Raman scattering[END_REF]. The sensitivity of this technique is related with phonons propagation, which can be limited by defects and crystallite size, resulting in the broadening of the linewidths of Raman spectra. In addition, Raman lines can present frequency shifts due to lattice expansion and/or strain [START_REF] Yang | Study of the Raman peak shift and the linewidth of light-emitting porous silicon[END_REF]. This chapter presents a study of optical and Raman inhomogeneous linewidths as a function of di↵erent particle/crystallite dimensions, thermal treatments and several Eu 3+ concentrations in Y 2 O 3 . Electron paramagnetic resonance was also carried out for some samples to identify defects with unpaired electrons.

Characterization Techniques

In this section we present the techniques and experimental setup used to measure optical inhomogeneous linewidths and Raman spectra.

Optical inhomogeneous linewidth measurements

Optical excitation spectroscopy was performed by monitoring the intensity of the strong 5 D 0 ! 7 F 2 red emission of Eu 3+ ions at 611 nm, while scanning a single-mode laser centered at 580.88 nm (in vacuum) through the 7 F 0 ! 5 D 0 absorption. A Coherent CR-899-21 dye laser, pumped by a Coherent Sabre Innova argon laser, was used to excite the 7 F 0 ! 5 D 0 transition. This laser uses rhodamine 6G dye and can be tuned from 580 nm to 630 nm. At Eu 3+ transition around 580 nm, it is possible to obtain around 500-600 mW of power when pumped with 6 W. Due to frequency instability from dye jet turbulences, an external reference cavity is included in this system in order to maintain a frequency width around 1 MHz on a 10 µs time scale and several MHz on longer time scales. Laser wavelength measurements were done by an Exfo WA1000 wavemeter with an accuracy of 0.01 nm. The laser source was divided in two paths by a beam splitter (BS) to be collected in a reference photo detector (Torlabs PDB150) in one arm (PD ref, used to get the reference signal) and send to the sample in the other arm (see Figure 4.3). The samples, in the form of a powder, were packed into a 2 mm diameter hole in a 0.5 mm thick copper plate and held in place by two glass windows. As the inhomogeneous linewidth measurements were done at 12 K, a closedcycle cryostat (Janis CTI-Cryogenics Model CCS-150) with the temperature monitored by a LakeShore model 330 controller, were used to cool down and control the temperatures. This cryostat has as main components an expander ("cold finger"), a compressor (which pumps helium gas to the expander), a vacuum shroud (that limits the heat load on the expander caused by convection or conduction) and a radiation shield. The main advantage of this cryostat is no helium consumption, however the lowest achievable temperature is around 9-10 K. The sample holder is mounted at the bottom part of the cool head, with the powder surface set at 45 from the beam propagation direction. This position is chosen in order to direct part of the scattered light through a side window of the cryostat. The scattered laser and fluorescence radiations were collected by two 75 mm diameter lenses and filtered using longpass filters cutting at 600 nm (F1,F2), to eliminate scattered laser light. The filtered light was collected by a photomultiplier tube (PMT signal). Reference and fluorescence signals were recorded using a LeCroy Wavesurfer 24 MXs oscilloscope, with a 200 MHz bandwidth and a sampling rate of 2.5 GS/s. The reference signal, detected by a silicon photodiode, was used to correct power fluctuations of the laser, and the fluorescence signal from the PMT was divided by the reference signal. A picture of the experiment and a simple scheme which outlines the inhomogeneous linewidth experimental setup are showed in Figures 4. 

Raman spectroscopy measurements

Micro-Raman spectra were recorded using a Renishaw In-via Raman spectrometer equipped with an optical microscope and a computerized XY-table. A He-Ne laser was used for excitation (wavelength: 633 nm). Samples were manually pressed on glass substrates and regions were selected by the optical microscope using a 50x objective. The chosen spectral range was from 100 to 800 cm 1 .

Electron paramagnetic resonance (EPR)

X-band (around 9.45 GHz) electron paramagnetic resonance (EPR) experiments were performed at room temperature, 10 and 70 K, using a Bruker Elexsys E500 continuous wave EPR spectrometer. Spectra were recorded with Bruker 4122SHQE/0111 and ER5106QT resonators, respectively. A powdered specimen of 50 mg was put in a quartz tube for these measurements.

Optical inhomogeneous linewidths

Measurements were performed on Eu 3+ 7 F 0 ! 5 D 0 transition at low temperatures (12 K) to reduce homogeneous broadening to negligible values [START_REF] Yang | Electron-phonon interaction in rare earth doped nanocrystals[END_REF]. As discussed before, linewidths were recorded by monitoring the intensity of the strong 5 D 0 ! 7 F 2 emission at 611 nm, while scanning a single-mode laser centered at 580.88 nm through the 7 F 0 ! 5 D 0 absorption. A low laser intensity (25 µW/cm 2 ) was used to avoid saturation of the transition and spectral hole burning. As discussed previously Eu 3+ ions substitute for Y 3+ ones, which occupy two sites in the Y 2 O 3 cubic structure. We probed Eu 3+ ions in the C 2 symmetry site, as the absorption corresponding to the other site, of C 3i (S 6 ) symmetry, is very weak because of inversion symmetry. The excitation wavelengths are also di↵erent. Normalized intensity (a. u.)

E↵ect of particle and grain sizes
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Frequency (GHz) The lines present in these samples -with di↵erent particle sizes and thermal treatments -were centered at a wavelength of 580.88 +/-0.01 nm, identical to that found in single crystals and transparent ceramics [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF][START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF][START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF].

All of these obtained linewidth values are gathered in Table 4.1. The range of obtained inh results exhibited in Table 4.1 are comparable to values previously reported in the literature for 0.05-0.5 at.% Eu 3+ :Y 2 O 3 bulk crystals (5-23 GHz) [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF][START_REF] Sellars | Time-resolved ultranarrow optical hole burning of a crystalline solid: Y 2 O 3 :Eu 3+[END_REF], 0.1-1 at.% Eu 3+ doped Y 2 O 3 ceramics (7.8-24 GHz) [START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF][START_REF] Kunkel | Rare-earth doped transparent ceramics for spectral filtering and quantum information processing[END_REF] and 0.86 at.% Eu 3+ doped Y 2 O 3 particles of 5 µm containing 60 nm nanocrystals (17 GHz) [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. As presented in the beginning of this Chapter 4, inhomogeneous line broadening is caused by the spread in resonance frequencies of homogeneous linewidths due to static perturbations into the crystals (see Figure 4.1). The source of this kind of perturbations in rare earth doped crystals is generally strains caused by "extended defects" (dislocations, straight-edge or screw), "point defects" (vacancies, interstitials, impurities, etc). An edge dislocation is a deformation of the crystal lattice due to the introduction of an extra half-plane of atoms mid-way through the crystal with the e↵ect to distort nearby planes of atoms. Similarly, a screw dislocation is the displacement of a row of atoms in a plane towards their next atomic plane causing a gap at the edge of the lattice structure. In real crystals, nevertheless, dislocations are found to be mixed, meaning that they have characteristics of both.
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On the other hand, point defects can be vacancies, interstitials, Frenkel or Schottky defects, coming from an irregular disposition or mismatch in the lattice arrangement and extrinsic point defects, like impurity inclusions, due to the introduction of unwanted atoms in the lattice. These inclusions of impurities are hard to control because of the crystal growth itself (from the purity of the initial reacting powders to the possible contaminations during the crystal preparation). According to Stoneham's theory, lineshape analysis of inhomogeneous linewidths can di↵erentiate the kind of defects present in the host [START_REF] Stoneham | Shapes of inhomogeneously broadened resonance lines in solids[END_REF]. In his paper, Stoneham uses a statistical model for computing the di↵erent contributions and calculate the shape of the absorption linewidth corresponding to each kind of defect. This model assumes that the lattice is homogeneous and isotropic, and in addition considers that defects (uncorrelated and linearly additive regarding their contribution to the perturbation field) are distributed randomly with respect to the observed centers. These considerations led Stoneham to find that extended defects inhomogeneously broaden the line with a Gaussian profile. On the other hand, point defects induce a Lorentzian shape for the inhomogeneous absorption line [START_REF] Stoneham | Shapes of inhomogeneously broadened resonance lines in solids[END_REF]. In the 1990s, Orth and coauthors reformulated the approximations on defects positions and distributions imposed by the Stoneham's model, considering the crystal as a discrete lattice instead of a continuum [START_REF] Orth | Optical lineshapes of impurities in crystals: a lattice model of inhomogeneous broadening by point defects[END_REF][START_REF] Orth | Lattice model of inhomogeneous broadening in crystals: correlation of frequency distributions for di↵erent transitions[END_REF]. At low defect densities, they recovered the results of the continuum theory, finding a Lorentzian lineshape. At high defect densities, the lineshape was found to be approximately Gaussian. At intermediate densities, the lineshape displayed satellite structures due to di↵erent configurations of nearby defects. We analyzed the linewidths of the transition by measuring the excitation spectrum width. This gives the same result as if a transmission experiment was done if the opacity ↵L ⌧ 1, where ↵ is the absorption coe cient and L the length over which the absorption takes place. In this case the emitted light is proportional to 1 exp( ↵L) ⇡ ↵L. For both samples and also for all systems prepared with di↵erent urea concentrations and thermal treatments, a Lorentzian lineshape was found to be the best lineshape fit. As discussed above, a Lorentzian fit indicates that inh is due to a low concentration of points defects [START_REF] Stoneham | Shapes of inhomogeneously broadened resonance lines in solids[END_REF][START_REF] Orth | Optical lineshapes of impurities in crystals: a lattice model of inhomogeneous broadening by point defects[END_REF]. A first contribution to point defects in these systems comes from Eu 3+ ions themselves, partly because of the di↵erence between their ionic radius compared to Y 3+ (IR (Eu 3+ , VI): 0.950 Å, IR (Y 3+ , VI): 0.892 Å) [START_REF] Shannon | Revised e↵ective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. Figures 4.9 and 4.10 show the inh values for all 0.3 at.% Eu 3+ :Y 2 O 3 samples -prepared with di↵erent urea concentration and thermal treatmentsas a function of the particle and crystallite sizes. For all urea concentrations, the inhomogeneous linewidths inh decrease from around 35 GHz (0.04 nm) to about 12 GHz (0.013 nm) with increasing annealing temperature (see Figure 4.9). At 1200 C, inh values of the 0.3, 0.5 and 2.0 M particles are very close to the one found in a 0.3 at.% Eu 3+ :Y 2 O 3 single crystal fiber (11 GHz) [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF] (see Figure 4.10). All systems presented additional broadening when compared with broadening from Eu 3+ insertion, approximately 7 GHz, the value found in a high quality Y 2 O 3 single crystal doped at 0.3 at.% [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. This broadening clearly reduces with increasing thermal treatments (see Figure 4.9), but shows limited correlation with particle and crystallite sizes (see Figure 4.10). For example, Figure 4.10 shows that all particles calcined at 900 C exhibit linewidths from 32 to 37 GHz, whereas particle and crystallite size vary by a factor 3.6 and 1.5 respectively. With the same size variations, inh remains between 16 and 19 GHz for particles calcined at 1100 C. Moreover, for a fixed crystallite size of 60 nm, inh varies from 36 to 16 GHz in particles with a size ranging from 150 to 540 nm. This suggests that the nature of the crystallites' surface and surface/volume ratio has little influence on the inhomogeneous broadening. In particular, for all particles calcined at 1200 C, linewidths comparable to those found in single crystals can be obtained [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. It should also be noted that no strong satellite lines were observed, meaning that most Eu 3+ sites are only slightly distorted compared to bulk samples, even for systems calcined at 900 C. The major contribution to inh besides Eu 3+ doping must therefore originates from low concentration defects internal to the crystallites. Oxygen vacancies could be one of theses defects as is one of the most important defects in oxides [START_REF] Pacchioni | Ab initio theory of point defects in oxide materials: Structure, properties, chemical reactivity[END_REF]. Flinn and coauthors also suggested that oxygen vacancies were responsible for anomalous temperature variations of the homogeneous linewidths in some Eu 3+ :Y 2 O 3 single crystals [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. The same behavior was found in Eu 3+ :Y 2 O 3 nanocrystals and was also attributed to oxygen vacancies [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. Oxygen vacancies are known to form color centers or F centers (from Farbe, the German word for color) and these defects can exist in three states depending on their electronic charge. Diamagnetic oxygen vacancies can be either neutral, F, or doubly charged F 2+ . In F vacancies two electrons are associated to the vacancy. The third state is a paramagnetic F + center, consisting of a single electron trapped in the cavity formed by removing an oxygen anion, O [START_REF] Pacchioni | Ab initio theory of point defects in oxide materials: Structure, properties, chemical reactivity[END_REF][START_REF] Ferrari | Electronic Structure of F and V Centers on the MgO Surface[END_REF]. Although the reduction of linewidths as a function of temperature clearly indicates the reduction of point defects in Eu 3+ :Y 2 O 3 particles, we do not know yet whether these defects are indeed oxygen vacancies.

E↵ect of annealing time for thermal treatments at 1200 C

Inhomogeneous linewidths of 0. Inhomogeneous linewidths of 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared with the same reactional conditions and calcined at 1200 C during times between 6 and 24 h, show similar linewidth values in the range between 10 and 12 GHz. This linewidth uniformity evidences the e↵ective defect elimination even for samples calcined only for 6 h at 1200 C. This result shows that there is no need to calcine samples during longer times (higher than 6 h) in order to improve the Y 2 O 3 host structure in term of defects. Table 4.2 shows the inhomogeneous linewidth values for 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared with 0.5 M and calcined at 1200 C during di↵erent times. Comparing systems prepared and calcined under the same conditions with di↵erent Eu 3+ doping level varying from 0.3 to 5.0 at.%, a clear increase of inhomogeneous linewidth as a function of Eu 3+ doping level is found. Inhomogeneous linewidths obtained for 0.3, 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ :Y 2 O 3 particles are presented in Table 4.3. The evolution of the inhomogeneous linewidths as a function of Eu 3+ doping is presented in Figure 4.13. Inhomogeneous linewidth (GHz)

Eu 3+ concentration (%) 4.13 shows a linear increase of inhomogeneous linewidths as a function of Eu 3+ . This broadening is due to the increase of host irregularities from Eu 3+ insertion partly related to ionic radius di↵erence between the dopant Eu 3+ (0.947 Å) and the host cation Y 3+ (0.900 Å) which is substituted [START_REF] Shannon | Revised e↵ective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. 

Similar linear dependence of inhomogeneous linewidth as a function of

Inhomogeneous linewidth (GHz)

Eu 3+ concentration (%) . bulk crystals. These di↵erences can be attributed to the higher concentration of intrinsic defects in ceramics and particles in comparison with Y 2 O 3 bulk crystals, indicating that the insertion of Eu 3+ ions is not the main source of defects in particles and ceramics. Slopes values show that Eu 3+ insertion in particles and ceramics presents lower defects formation than in bulk single fiber crystals. This could be due to variations in the growth process as a function of RE concentration in the bulk crystals favored by their very high melting temperature. The similar order of magnitude for inhomogeneous linewidths between ceramics, bulk crystals and our particles, also evidences the high crystalline quality of our nanoscale materials. Finally, the very low inh observed in Y 2 SiO 5 single crystals compared to the Y 2 O 3 systems suggests that the Y 2 O 3 structure is indeed favorable to a high level of intrinsic defects.

Raman spectroscopy

As discussed previously Raman spectroscopy is a versatile technique which gives information about crystal disorder in terms of defects, strains and crystallite sizes [START_REF] Kosacki | Raman scattering and lattice defects in nanocrystalline CeO 2 thin films[END_REF][START_REF] Krishna | E↵ect of Calcination Temperature on Structural , Photoluminescence and Thermoluminescence Properties of Y 2 O 3 : Eu 3+ Nanophosphor[END_REF][START_REF] Spanier | Size-dependent properties of CeO 2 y nanoparticles as studied by Raman scattering[END_REF]. Figure 4.15 presents the Raman spectra at room temperature for 0.3 at.% Eu 3+ :YOC and 0.3 at.% Eu 3+ :Y 2 O 3 prepared using 0.5 M of urea. Eu 3+ :YOC spectrum exhibits broad vibrational lines in comparison to lines from Eu 3+ :Y 2 O 3 particle spectrum. The highest band at 1095 cm 1 is assigned to ⌫ 1 symmetric stretching mode of the (CO 3 ) 2 groups [START_REF] Frost | Raman spectroscopy of uranyl rare earth carbonate kamotoite-(Y)[END_REF][START_REF] Ali | Hydrothermal synthesis, crystal structure, thermal behaviour, IR and Raman spectroscopy of Na 3 Y(CO 3 ) 3 .6 H 2 O[END_REF]. Usually, this mode is very narrow in crystalline carbonate compounds. However, as we have an amorphous Eu 3+ :YOC phase, it appears broader. Two close bands at 700 and 750 cm 1 can be attributed to the ⌫ 4 modes of (CO 3 ) 2 and correspond to deformations of the carbonate group [START_REF] Ali | Hydrothermal synthesis, crystal structure, thermal behaviour, IR and Raman spectroscopy of Na 3 Y(CO 3 ) 3 .6 H 2 O[END_REF]. A broad signal is also seen at low frequencies, around 200 cm 1 , which can be attributed to external modes related to translations of Y 3+ ions, or H 2 O or (CO 3 ) 2 groups [START_REF] Ali | Hydrothermal synthesis, crystal structure, thermal behaviour, IR and Raman spectroscopy of Na 3 Y(CO 3 ) 3 .6 H 2 O[END_REF]. Eu 3+ :Y 2 O 3 particle spectra exhibit several additional lines due to conversion from the amorphous Eu 3+ :YOC to the crystalline Eu 3+ :Y 2 O 3 system.

E↵ect of particle and grain sizes

Raman spectra of Eu 3+ :Y 2 O 3 particles synthesized using 3.0 M of urea (150 nm) and calcined at di↵erent temperatures under excitation at 633 nm are exhibited in Figure 4.16. As a reference, a cubic 0.5 at.% Eu 3+ :Y 2 O 3 transparent ceramic (50 µm of crystallite size) spectrum is also plotted in Figure 4. [START_REF] Chanelière | Storage and retrieval of single photons transmitted between remote quantum memories[END_REF] All Eu 3+ :Y 2 O 3 spectra exhibit lines assigned to the cubic Y 2 O 3 space group, in agreement with previous reports [START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF][START_REF] Osipov | Raman scattering and luminescence of yttria nanopowders and ceramics[END_REF]. According to the group theory, body centered cubic Y 2 O 3 phase is predicted to have 22 first-order Raman active modes. The irreducible representations for these Raman active modes are op = 4 Ag + 4 Eg + 14 Fg [START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF][START_REF] Krishna | E↵ect of Calcination Temperature on Structural , Photoluminescence and Thermoluminescence Properties of Y 2 O 3 : Eu 3+ Nanophosphor[END_REF][START_REF] Zhang | Enhanced luminescence and size e↵ects of Y 2 O 3 :Eu 3+ nanoparticles and ceramics revealed by x rays and Raman scattering[END_REF]. Nine lines attributed to Y 2 O 3 vibrations are observed instead of the 22 expected, this reduced number can be due to the superposition of vibrational modes with the same energy or the very weak intensity of some of them. Almost all bands are in agreement with Raman spectra of cubic Y 2 O 3 powders found in the literature [START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF][START_REF] Osipov | Raman scattering and luminescence of yttria nanopowders and ceramics[END_REF], additional signals are assigned to Eu 3+ fluorescence (marked by asterisks in Figure 4.16).
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To compare di↵erent systems, we focused on the width of the strongest line at 377 cm 1 , assigned to oxygen vibrations [START_REF] Osipov | Raman scattering and luminescence of yttria nanopowders and ceramics[END_REF][START_REF] Abrashev | Raman spectra of R 2 O 3 (R=rare earth) sesquioxides with C-type bixbyite crystal structure: A comparative study[END_REF]. No frequency shifts were observed for this phonon line, indicating no significant variation in lattice parameters as a function of particle and crystallite sizes, in agreement with results from XRD measurements [START_REF] Yang | Study of the Raman peak shift and the linewidth of light-emitting porous silicon[END_REF]. Di↵erences in crystallite size can also result in frequency shifts, but are not expected in our particles, because of their large crystallite dimensions, between 40 to 120 nm. Figure 4.17 compares the Raman linewidth values at 377 cm 1 as a function of thermal treatment for systems with di↵erent particle sizes. The results of Figure 4.17 show a clear decrease of the linewidth at 377 cm 1 with increasing temperature of annealing for all systems. For a better understanding, Figures 4. [START_REF] Northup | Quantum information transfer using photons[END_REF] Both variations as a function of particle size (see Figure 4.18) and crystallite size (see Figure 4. [START_REF] Sun | Recent progress in developing new rare earth materials for hole burning and coherent transient applications[END_REF] show the same behavior as the one observed in optical inhomogeneous broadening for these same samples. The Raman linewidths are more sensitive to temperatures of annealing than to crystallite or particle sizes.This strongly suggests that the Raman broadening is due to defects that reduce the phonon coherence length [START_REF] Parayanthal | Raman scattering in alloy semiconductors: "Spatial correlation" model[END_REF]. This This correlation is nearly linear, which suggests that the same point defects broaden both Raman and optical lines. Raman spectroscopy could therefore be a simple and fast way to determine the crystalline quality of particles in terms of optical inhomogeneous linewidths.

E↵ect of Eu 3+ concentration

0.3, 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ :Y 2 O 3 samples prepared with 0.5 M urea and calcined at 1200 C were also measured by Raman spectroscopy in order to evaluate similarities, in terms of sensitivity to the same defects, between this Raman measurement and the optical inhomogeneous linewidth study. Raman spectra of 0.3, 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ doped Y 2 O 3 samples show the same Y 2 O 3 Raman spectra profile with lines around 429, 491, 708 and 739 cm 1 attributed to Eu 3+ fluorescence (see asterisks in the spectra) [START_REF] Krishna | E↵ect of Calcination Temperature on Structural , Photoluminescence and Thermoluminescence Properties of Y 2 O 3 : Eu 3+ Nanophosphor[END_REF][START_REF] Zhang | Enhanced luminescence and size e↵ects of Y 2 O 3 :Eu 3+ nanoparticles and ceramics revealed by x rays and Raman scattering[END_REF]. concentration for Eu 3+ :Y 2 O 3 particles synthesized using 0.5 M of urea and calcined at 1200 C during 6 h. Solid line corresponds to a linear fit, with intercept value at 0 at.% Eu 3+ of 5 cm 1 and slope of 0.26 cm 1 / at.% Eu 3+ . Figure 4.22 exhibits a linear increase of the 377 cm 1 Raman line as a function of Eu 3+ concentration. This evolution could be due to the scattering of phonons by the dopant (or defects related to the dopant) or to changes in lattice parameters. The line also shifts as a function of the doping level, as shown in Figure 4.23, which could also be due to the same processes. ) On the other hand, a linear correlation is again observed between Raman and optical inhomogeneous linewidths as a function of Eu 3+ concentration (Figure 4.24). As described before for samples with several particle and grain sizes, samples with di↵erent Eu 3+ content show that both spectroscopies are sensitive to the same kind of defects. We therefore conclude that the Raman broadening increase is due to the substitution of Y 3+ ions by Eu 3+ ones. Raman linewidth (cm -1
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)
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Figure 4.25: EPR spectra taken at 9.5 GHz and room temperature for the cavity, 0.5 at.% Eu 3+ :Y 2 O 3 system prepared using 0.5 M urea and 0.3 at.% Eu 3+ :Y 2 O 3 system prepared using 2.0 M urea, all samples were calcined at 1200 C during 6 h.

EPR transitions are induced at fixed microwave frequency, here X-band (9.5 GHz, 0.3 cm 1 ), while the magnetic field strength B 0 is varied. In this technique, transitions occur when the spin level splitting corresponds to the microwave energy h⌫. Figure 4.25 exhibits EPR spectra taken at 9.5 GHz at room temperature. Both Eu 3+ :Y 2 O 3 studied systems show the same spectra as the cavity, except a weak resonance line at 3335.5 G for the 0.5 at.% Eu 3+ :Y 2 O 3 sample. This small resonance signal does not exhibit any hyperfine structure and shows a gyromagnetic constant (g) around 2.0179. The ground state of Eu 2+ ions is 8 S 7/2 . As Eu 2+ has two stable isotopes: 151 Eu with I=5/2 and 153 Eu with I=5/2, each Eu isotope gives rise to a hyperfine structure of 6 lines. Two groups of seven fine lines with each one showing hyperfine splitting of around 12 lines are then expected in the range of g = 1.9 [START_REF] Schweizer | EPR of Eu 2+ in BaBr 2 crystals and fluorobromozirconate glass ceramics[END_REF]. Then, the line in 0.5 at.% Eu 3+ :Y 2 O 3 sample, at g = 2.0179, can not be from Eu 2+ ions due to the absence of many expected resonance lines. Singh and collaborators have studied di↵erent defect centres induced by irradiations in Er 3+ doped Y 2 O 3 systems [START_REF] Singh | NIR to visible upconversion, infrared luminescence, thermoluminescence and defect centres in Y 2 O 3 : Er phosphor[END_REF]. The last authors have found EPR signals corresponding to di↵erent defects in the range between 3400 and 3550 G with g = 1.97 to 2.04, attributed to O 2 -centres (interstitial oxygen) and F + -centres (an electron trapped at an anion vacancy). Considering this last type of centre, F + is one of the most probable defect in Y 2 O 3 CHAPTER 4.

. The narrow signal seen in our spectrum could well correspond to an electron trapped in oxygen vacancies, which usually present narrow lines with g around 2 because of low spin-orbit coupling. EPR spectra recorded at 70 K show the same profile seen for measurements at room temperature, with an intense signal at g= 2.0132. A small signal is also noted for 0.3 at.% Eu 3+ :Y 2 O 3 EPR spectrum around 1553 G with g= 4.32. However, this weak signal does not come from the sample, being assigned to Cu 2+ ions present in the cryostat. Figure 4.27 shows the EPR spectra for 0.3 and 0.5 at.% Eu 3+ :Y 2 O 3 samples recorded at 10 K. The resonance signals at g= 1.99 and 2.02, present in spectra for 0.3 and 0.5 at.% Eu 3+ :Y 2 O 3 , respectively, are attributed to an unpaired electron trapped on an oxygen vacancy site as found at higher temperatures [START_REF] Reddy | Luminescence studies and EPR investigation of solution combustion derived Eu doped ZnO[END_REF]. The other signals with higher g-values present in both systems belong to paramagnetic impurities in the Y 2 O 3 host, like transition metal ions. This technique allowed us to identify a paramagnetic defect with g close to 2, attributed to a F + center.

Conclusion

Defects evaluation in Eu 3+ :Y 2 O 3 particles was done by monitoring the inhomogeneous broadening of Eu 3+ 7 F 0 ! 5 D 0 transition in particles prepared with di↵erent urea concentrations, thermal treatments and Eu 3+ content. An inhomogeneous linewidth as narrow as 14 GHz (0.015 nm), a value comparable to single crystals, was found in 0.3 at.% Eu 3+ :Y 2 O 3 150 nm particles calcined at 1200 C. The additional broadening observed for particles calcined at lower temperature was attributed to defects inside crystalline grains and not to surface e↵ects. These defects could be oxygen vacancies, which are a common defects in this matrix. A ten times increase on inhomogeneous lines was observed between samples with 0.5 and 5 at.% of Eu 3+ content, due to distortions from insertion of Eu 3+ into the Y 2 O 3 matrix. Raman spectroscopy was used as a complementary probe to study defects in these CHAPTER 4. systems. A linear correlation is also observed between optical and Raman linewidths for all systems, suggesting that both processes are sensitive to the same defects. Raman spectroscopy could therefore be a way to easily test the crystalline quality of our particles in terms of optical inhomogeneous linewidths. EPR experiments showed weak and narrow lines attributed to F + centers, such as unpaired electron trapped on an oxygen vacancy. Chapter 4 has investigated the evolution of defects present in Eu 3+ :Y 2 O 3 particles under di↵erent parameters. These defects responsible for the inhomogeneous broadening of Eu 3+ 7 F 0 ! 5 D 0 transition could have dynamical e↵ects -by inducing non-radiative relaxations or changing radiative emission probabilities -on Eu 3+ lifetimes population. To investigate this, Chapter 5 aims to evaluate emission lifetimes in Eu 3+ :Y 2 O 3 particles prepared with di↵erent reactional and post reactional conditions. In addition, Nd 3+ :Y 2 O 3 particles were prepared with the aim to investigate the homogeneity of RE dopants in Y 2 O 3 particles due to the very e cient cross energy transfer between Nd 3+ ions. This feature allows probing Nd 3+ distribution in Y 2 O 3 particles by probing its emission decays. [START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF] 

Characterization Techniques

For optical spectroscopy, the particles, in the form of a powder, were packed into a 2 mm diameter hole in a 0.5 mm thick copper plate and held in place by two glass windows. The assembly could be put into a closed-cycle cryostat (Janis CTI-Cryogenics Model CCS-150) with the temperature monitored by a LakeShore model 330 controller. Luminescence spectra were obtained using excitations at 391-465-and 581-nm. Excitation was provided by a tunable optical parametric oscillator pumped by a Nd:YAG Q-switched laser (Ekspla NT342B-SH) with a line width of 1 cm 1 , repetition frequency of 10 Hz and pulse duration of 6 ns, unless an attenuator filter was used. The spectra were recorded by a spectrometer, using a 300-g/mm holographic grating, a charge coupled device (CCD) detector and computer data acquisition. Gate width and gate delays used for measurements under excitation at 391 nm were 500 ns and 50 ns, respectively. For others excitations these gate width and delays were 1 ms and 500 ns, respectively. Decay measurements were recorded using the same laser, a Jobin-Yvon HR250 monochromator and a photomultiplier tube for Eu 3+ :Y 2 O 3 samples and Si detector for Nd 3+ :Y 2 O 3 systems. The detection time constant was 20 µs and the data were recorded on a digital oscilloscope.

Fluorescence spectroscopy

Eu 3+ :Y 2 O 3 samples were characterized by emission spectra under di↵erent excitation sources in order to evaluate the Eu 3+ environment in samples prepared with several reactional and post-reactional conditions. For a clear understanding on Eu 3+ emission discussions, Figure 5.1 shows the energy levels of Eu 3+ ions, previously introduced in Chapter 2. Figure 5.2 shows that emission spectra for the range between 465 and 720 nm, contains characteristic transition lines of Eu 3+ C 2 sites in the bodycentered-cubic Y 2 O 3 host structure (see assigned transitions in Figure 5.2) [START_REF] Marinkovic | Photoluminescent properties of nanostructured Y 2 O 3 :Eu 3+ powders obtained through aerosol synthesis[END_REF]. As introduced in Chapter 2, there are two di↵erent types of substitutional sites in the unit cell, C 2 and S 6 . Because S 6 sites have inversion symmetry, electric dipole transitions are forbiden. Then, the observed lines are attributed to ions in C 2 symmetry [START_REF] Weber | Radiative and multiphonon relaxation of rare-earth ions in Y 2 O 3[END_REF]. The fluorescence spectrum of Eu 3+ :Y 2 O 3 particles is in agreement with cubic Eu 3+ :Y 2 O 3 ceramic spectrum included in the Figure 5.2. The small line shift observed between them is attributed to the spectrometer calibration accuracy. Figure 5.3 shows the electronic transition spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared under di↵erent conditions such as using 2.0 M urea (215 nm diameter) calcined under several thermal treatments (a), and using different urea concentration and therefore di↵erent particle sizes (b) calcined at 900 C during 6 h. For comparison all spectra were normalized at the peak of 612 nm line, corresponding to the 5 D 0 ! 7 F 2 transition. Line positions and widths of the most intense transitions do not change with particle size and annealing temperature, indicating that the crystal field felt by Eu 3+ ions does not change under these conditions. A more accurate analysis of the inhomogeneous linewidth, as described in Chapter 4, was not possible here. Indeed, the narrowest linewidths found here are much CHAPTER 5. larger than the inhomogeneous linewidths obtained by high resolution spectroscopy (0.04 to 0.01 nm), although both measurements were performed at the same temperature (12 K). These emission linewidths are limited by the spectrometer resolution, of about ⇡ 0.5 nm. Usually, Eu 3+ spectra are relatively simple even in low-symmetry ligand environments due to the non degeneracy of the ground state ( 7 F 0 ) and the main emitting state ( 5 D 0 ) [START_REF] Ram | Luminescence characteristics and electronic levels of Eu(III) in the N,N-dimethyl-diphenyl-phosphinamide (DDPA) adduct of europium perrhenate[END_REF]. As the 5 D 0 ! 7 F 2 forced electric dipole transition is hypersensitive to the local environment, the intensity ratio between 5 D 0 ! 7 F 2 (at 612 nm) and magnetic dipole, environment insensitive, 5 D 0 ! 7 F 1 (at 588 nm) transitions is called the asymmetric ratio, which is widely used as a very sensitive and e cient probe to detect Eu 3+ local structure. In the present work, all 0.3 at.% Eu 3+ :Y 2 O 3 samples with di↵erent particle size and thermal treatment show similar values of the asymmetry parameter, which is approximately 6.7. There is therefore no change in the local Eu 3+ environment for particles of di↵erent sizes calcined under several temperatures. This is consistent with the absence of line shifts reported above.

Emission spectra under excitation of the

7 F 0 ! 5 D 0 tran- sition
Emission spectra of all 0.3 at.% Eu 3+ :Y 2 O 3 systems were also recorded under excitation of the 7 F 0 ! 5 D 0 transition (581 nm). As discussed for the previous spectra excited through the 7 F 0 ! 5 D 2 transition (465 nm), the observed peaks originate from the 5 D 0 ! 7 F 1 (587, 593, 600 nm) and 5 D 0 ! 7 F 2 (611, 631 nm) transitions were also noted for emission spectra excited at 7 F 0 ! 5 D 0 transition. No lineshape changes or additional lines were found in this spectrum range, indicating the absence of other Eu 3+ sites that could have been due to defects or impurities for example. These spectra also do not exhibit significant di↵erences in line positions and widths as a function of particle size and thermal treatments, as observed previously for fluorescence spectra recorded under excitation at 465 nm. All attributed lines in 0.3 at.% Eu 3+ :Y 2 O 3 emission spectra recorded at 12 K under excitation at 7 F 0 ! 5 D 2 transition (465 nm), are presented in Table 5.1 with wavelength transitions reported in the literature for Eu 3+ :Y 2 O 3 bulk crystals. The images of these particles of 300 nm average size showed emission signals with counts distribution starting from 30kCts/s ranging up to MCts/s, which is consistent with size spread and clustering, as revealed by electron microscopy of the deposited particles. The estimated intensity is about 100 kCts/s for a single sphere and we conclude that the dispersion is e↵ective enough to allow observing emission from single particles. The measurement was done on a weak spot with around 200 kCts/s for the 611 nm emission, expected to belong to the emission of the single particle. The line was fitted by a Lorentzian function and a linewidth of around 0.1 nm (80 GHz) was found. The ensemble of 0.3 at.% Eu 3+ :Y 2 O 3 particles (see Figure 5.9) shows the same linewidth of 0.1 nm, taking into account the spectrometer resolution of 0.08 nm. As these spectra were recorded at room temperature, all lines are homogeneously broadened by electron-phonon interaction. This broadening is much larger that the inhomogeneous one that was measured at 12 K (11 GHz). The samples with di↵erent particle sizes and thermal treatments exhibit wide emission band from 390 to 630 nm with no significant variation on center position and widths. This broad and short-lived time emission can be due to defects and/or impurities. As mentioned in previous chapters, oxygen vacancies are known to be a common defect in oxides. By trapping electrons from the valence band (F centers), it can lead to radiative centers by forming levels located inside the band gap. F centers can e ciently absorb near ultraviolet radiation and give blue to yellow broadband emissions [START_REF] Sokolnicki | Rare earths (Ce, Eu, Tb) doped Y 2 Si 2 O 7 phosphors for white LED[END_REF]. Visible spectra of Eu 2+ doped compounds correspond to the 5d!4f transition. This transition is parity-allowed and occur with a high transition probability, leading to decay times between 0.2 and 2 µs [START_REF] Kim | Temperature-dependent emission spectra of M 2 SiO 4 :Eu 2+ (M=Ca, Sr, Ba) phosphors for green and greenish white LEDs[END_REF]. The 5d!4f emission is also broad because of the strong electron-phonon coupling of the 5d electrons. However, Eu 2+ ions are found in systems calcined under reducing atmosphere, which it is not the case for the Eu 3+ :Y 2 O 3 studied samples. To confirm the nature of the emitting centers, EPR measurements were performed (see Chapter 4). We did not find signals that could correspond to Eu 2+ ions, whereas a line that is in good agreement with a F + center was observed. It seems therefore likely that the broad and short lived emission recorded under UV excitation is due to a F center.

Emission spectra under excitation in the ultraviolet

Excited state lifetimes

As mentioned in the introduction of this chapter, defects that broaden the 7 F 0 ! 5 D 0 transition probed previously in Chapter 4, may also have dynamical e↵ects by inducing non-radiative relaxations or changing radiative emission probabilities. To investigate this, we recorded the 5 D 0 ! 7 F 2 and 5 D 2 ! 7 F 2 emission decays at 611 nm and 500 nm, respectively. Measurements were done after excitation of the 7 F 0 ! 5 D 0 and 7 F 0 ! 5 D 2 transitions at 12 K, corresponding to excitations at 581 and 465 nm, respectively. This section also includes analysis of the emission decays of Nd 3+ :Y 2 O 3 , investigated in order to probe the RE doped homogeneity as a function of thermal treatments by looking at the Nd 3+ -Nd 3+ cross relaxation.

Decay lifetimes of the 5 D 0 excited level

To investigate the e↵ect of defects on the 5 D 0 level relaxation, emission decays of the 5 D 0 ! 7 F 2 transition in 0.3 at.% Eu 3+ :Y 2 O 3 particles were recorded under excitation of 7 F 0 ! 5 D 0 at 12 K and at room temperature. In the latter case, particles were measured in air in the form of a powder and also dispersed in water. Figure 5.12 shows fluorescence decay curves at 611 nm of 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared using several urea concentrations and thermal treatments. It can be seen that all decays can be well fitted by a single exponential function defined as:

I = A exp( t/⌧ ) (5.1)
where A is the emission intensity at t=0 and ⌧ is the 1/e lifetime of the emitting state. The single exponential behavior suggests that relaxation does not involve energy transfers. This was expected as the 5 D 0 level is separated by 12000 cm 1 from the 7 F 6 one, making it largely insensitive to relaxations by radicals (e.g. OH ) that can be present at the particle surface. Moreover, the low doping concentration prevented strong resonant energy transfer between Eu 3+ ions. Multiphonon relaxations of the 5 D 0 level are also weak because of the low phonon cut-o↵ frequency (around 600 cm 1 ) of Y 2 O 3 [START_REF] Bloor | Spectroscopy of rare earth oxide systems. I. Far infrared spectra of the rare earth sesquioxides, cerium dioxide and nonstoichiometric praseodymium and terbium oxides[END_REF] compared to the 12000 cm 1 energy gap. For all particles, room and low temperature decays were identical which also suggests that the non-radiative relaxations from the 5 D 0 level are negligible. CHAPTER 5.

According to Figure 5.13, 5 D 0 decay times are in the range 1.1 to 1.7 ms, basically agreeing with previously reported works on Eu 3+ :Y 2 O 3 particles [START_REF] Devaraju | Eu 3+ :Y 2 O 3 microspheres and microcubes: a supercritical synthesis and characterization[END_REF][START_REF] Marinkovic | Photoluminescent properties of nanostructured Y 2 O 3 :Eu 3+ powders obtained through aerosol synthesis[END_REF][START_REF] Zhu | Morphology-dependent crystallization and luminescence behavior of (Y, Eu) 2 O 3 red phosphors[END_REF]. Independently of annealing temperatures, 5 D 0 decay times decrease when particle sizes increase. The largest particle size systems show lifetimes close to 1.1 ms. In terms of crystallite size, Figure 5.14 also shows that the major influence on 5 D 0 lifetime is the particle size, as the smallest values correspond to samples prepared using 0.3 M of urea, corresponding to particles of 540 nm. In order to change the refractive index of the medium and to investigate wether particle aggregation in powders had an influence, samples were dispersed in water. Emission decays in powders and aqueous dispersions were measured at room temperature under excitation at 7 F 0 ! 5 D 0 transition (581 nm). All decays were found to be single exponential and the corresponding decay times for both systems as a function of average particle sizes are shown in Figure 5.15. The lifetimes significantly vary as a function of particle size and thermal treatments, as shown in Figure 5.15. 5 D 0 lifetimes measured in air varied from 1.08 ms in the largest particles (540 nm) calcined at 1200 C, to 1.7 ms in the smallest ones (150 nm) treated at 900 C. This e↵ect could be solely due to changes in the photon density of states and local electric field CHAPTER 5.

in the particles. This has been reported in many rare earth doped systems [START_REF] Meltzer | Dependence of fluorescence lifetimes of Y 2 O 3 :Eu 3+ nanoparticles on the surrounding medium[END_REF][START_REF] Christensen | Fluorescence lifetimes for neodymium-doped yttrium aluminum garret and yttrium oxide powders[END_REF][START_REF] Schniepp | Spontaneous emission of europium ions embedded in dielectric nanospheres[END_REF][START_REF] Boyer | Variation of fluorescence lifetimes and Judd-Ofelt parameters between Eu 3+ doped bulk and nanocrystalline cubic Lu 2 O 3[END_REF]. When the particles are much smaller than the wavelength of light, radiative transitions probabilities are expressed as a function of an e↵ective index, which is a weighted average between the surrounding medium and bulk crystal indexes [START_REF] Meltzer | Dependence of fluorescence lifetimes of Y 2 O 3 :Eu 3+ nanoparticles on the surrounding medium[END_REF]. In our case, the largest particles (540 nm) have a size comparable to the emission wavelength ( = 611 nm), while the recorded lifetimes are still longer (1.08 ms) than those of a ceramic with 50 µm crystallites (934 µs). On the other hand, the smallest particles have a size of 150 nm which is about /4. Hence, models applying to size ⌧ [START_REF] Meltzer | Dependence of fluorescence lifetimes of Y 2 O 3 :Eu 3+ nanoparticles on the surrounding medium[END_REF][START_REF] Duan | Local field e↵ects on the radiative lifetime of emitters in surrounding media: Virtual-or real-cavity model?[END_REF][START_REF] Vries | Resonant Scattering and Spontaneous Emission in Dielectrics: Microscopic Derivation of Local-Field E↵ects[END_REF][START_REF] Pukhov | Spontaneous and induced emission in dielectric nanoparticles[END_REF], do not apply directly and were indeed unable to reproduce our results. To explain our observations, we first make the assumption that each particle is spherical and surrounded by a possibly heterogeneous medium (consisting of an external medium (air or water) and other particles). This is described by the so-called filling factor x, equal to the volume ratio between the particles and the heterogeneous medium [START_REF] Meltzer | Dependence of fluorescence lifetimes of Y 2 O 3 :Eu 3+ nanoparticles on the surrounding medium[END_REF]. We take x as independent of the particle size for a given calcination temperature. When annealing temperature increases, agglomeration may increase and therefore x may increase. A particle is therefore surrounded by a heterogeneous medium of index n M = x n B + (1 x)n, where n B = 1.91 is the Y 2 O 3 bulk refractive index and n = 1 for air and 1.33 for water. In a given particle, each Eu 3+ ion is assumed to be a↵ected by the medium only within a sphere of radius R i [START_REF] Lebihan | Critical dimension where the macroscopic definition of refractive index can be applied at a nanometric scale[END_REF] (see Figure 5.16). In this sphere, there is a volume V inter occupied by the crystal and V R i -V inter occupied by the outer medium. Depending on the position of the emitter and particle and influence volumes, V Ri can be fully or partially occupied by the crystal. The average index n a in the sphere of influence is calculated by solving the equation [START_REF] Lebihan | Critical dimension where the macroscopic definition of refractive index can be applied at a nanometric scale[END_REF][START_REF] Aspnes | Local-field e↵ects and e↵ective-medium theory: A microscopic perspective[END_REF]:

f M ✏ M ✏ a ✏ M + 2✏ a + f B ✏ B ✏ a ✏ B + 2✏ a = 0 (5.2) 
where ✏ i =✏ 0 n i 2 is the dielectric permittivity corresponding to the refractive index n i . f M and f B = 1-f M are the fractions (in volume) of the sphere of influence occupied by the surrounding medium (index n M ) and the particle (index n B ). They depend on R i , R and the distance of the ion from the center of the particle. For particles of diameter larger than R i , ions closer to the surface of the particle are therefore in regions of lower refractive index than those at the center of the particle. This average index n a is then used to compute the lifetime ⌧ of the emitter using the so-called empty (or real) cavity model [START_REF] Duan | Local field e↵ects on the radiative lifetime of emitters in surrounding media: Virtual-or real-cavity model?[END_REF]:

⌧ = ⌧ 0 1 n a ( 3n 2 a 2n 2 a +1 ) 2 (5.3) 
where ⌧ 0 is the emitter lifetime in vacuum. This model is supposed to be more accurate than the virtual cavity model as the crystal is replacing the outer medium.

Finally lifetimes for all emitters in the sphere are averaged to give a single value that can be compared to the experimental decay times. First, they were fitted by leaving R i and x free and we found that R i was nearly constant for all data. It was then fixed to R i =203 nm and only x was adjustable to generate the curves shown in Figure 5.15 (each curve corresponds to a single value of x). A reasonable agreement is observed, both with absolute values and general shape of the experimental data variations. Only the data measured in air for the 150 nm particles calcined at 1200 C does not follow the general trend. This could be due to an increased agglomeration, which would disappear when the powder is dispersed in water. The value of R i is close to the one given in reference [START_REF] Lebihan | Critical dimension where the macroscopic definition of refractive index can be applied at a nanometric scale[END_REF] (R i =150 nm) and x ranges from 0.47 to 0.62, corresponding to a moderate packing. As expected, x increases with annealing temperature and in air compared to water. This analysis shows that a simple model based on e↵ective refractive index can reproduce the experimental lifetime variations. Together with the single exponential fluorescence decays and their lack of temperature dependence, we conclude that the defects causing additional inhomogeneous broadening of the 7 F 0 ! 5 D 0 transition in some particles have a negligible e↵ect on the 5 D 0 level excited state dynamics. Table 5.2 shows 5 D 0 lifetime values obtained in air and water for all 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared using several urea concentrations and thermal treatments. We also investigated the influence of the calcination time on the 5 D 0 level. Fluorescence decay curves recorded at 611 nm and 12 K of 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared using 0.5 M urea and calcined at 1200 C under di↵erent times are presented in Figure 5.17 The decay curves could also be fitted by single exponentials and showed no lifetime variations as a function of annealing time. Table 5.3 summarizes the results. As in the study of inhomogeneous linewidths (Chapter 4), no changes are found when the thermal treatment time is increased over 6 h. This confirms that the 6 h treatment used in the previous measurements is enough to remove groups or defects that could cause quenching, like OH radicals.

Decay lifetimes of the 5 D 2 excited level

5 D 0 ! 7 F 2 fluorescence decay times show no dependence on defects in Eu 3+ :Y 2 O 3 particles and can be modeled using only radiative relaxation. However these defects could have an e↵ect on 5 D 2 lifetimes, as the energy gap between 5 D 2 and 5 D 1 levels is only 2500 cm 1 , lower than the gap between 5 D 0 and 7 F 6 states (12000 cm 1 ). Then 5 D 2 ! 7 F 2 emission decays were also measured for 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared varying urea concentrations and several thermal treatments. Measurements were done after excitation of 7 F 0 ! 5 D 2 transition (465 nm) at 12 K. Figure 5.18 shows 5 D 2 ! 7 F 2 emission decay curves for 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized using several urea concentrations and calcined at 900 C for 6 h. Figure 5.18 shows 5 D 2 fluorescence decay curves with single exponential fits. A significant decrease on lifetimes is observed as a function of particle size for samples calcined at 900 C and even for all other thermal treatments as 1000, 1100 and 1200 C for 6 h. 5 D 2 lifetimes were found between 38 to 52 µs, which are lower than the lifetime found for a 0.1 at.% Eu 3+ :Y 2 O 3 crystal (95 µs) at room temperature [START_REF] Weber | Radiative and multiphonon relaxation of rare-earth ions in Y 2 O 3[END_REF]. The short lifetime values for particles measured at low temperature can be related to defects or impurities which cause non-radiative relaxation. The lifetime behavior as a function of thermal treatment temperatures reveals the influence of surface defects on the 5 D 2 excited state decay. As smaller particles have greater surface to volume ratio, more Eu 3+ species are exposed to the surface and quenched by defects or impurities. Higher temperature treatments remove these defects which explains the slight increase of the lifetimes from 900 to 1200 C for all particle sizes. We also note that the behavior of 5 D 2 lifetimes as a function of particle sizes and thermal treatments has the opposite trend with respect to the 5 D 0 lifetimes behavior. This di↵erence shows that changes in particles size and then e↵ective refractive index do not greatly influence 5 D 2 lifetimes. This is in agreement with a strong contribution from non-radiative relaxations by phonon emission. Indeed, only 4 phonons of 600 cm 1 are necessary to bridge the energy gap between the 5 D 2 and 5 D 1 levels.

Nd

3+ :Y 2 O 3 particles
As discussed in Chapter 3, several studies have reported the occurrence of preferential Eu(OH)CO 3 nucleation during Eu 3+ :YOC mechanism forma-tion, followed by heterogeneous nucleation of Y(OH)CO 3 forming Eu(OH)CO 3 @Y(OH)CO 3 core-shell particles [START_REF] Li | Monodispersed Colloidal Spheres for Uniform Y 2 0 3 : Eu 3+ Red-Phosphor Particles and Greatly Enhanced Luminescence by Simultaneous Gd 3+ Doping[END_REF][START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF] (see Figure 5.20). Then these authors have considered the presence of a rich concentration of dopants in the core of YOC particles formed by homogeneous precipitation. As thermal treatments induce di↵usion of ions at high temperatures, the possible dopant gradient between the core and the surface of particles should decrease with annealing processes. To test this mechanism in our samples, the e↵ect of thermal treatments was probed in Nd 3+ :Y 2 O 3 particles because lifetimes of Nd 3+ ions can be strongly dependent on the distance between Nd 3+ ions [START_REF] Merkle | Energy transfer among Nd 3+ ions in garnet crystals[END_REF] because of an e cient cross-relaxation. A series of 2.0 at.% Nd 3+ doped Y 2 O 3 samples were prepared using 0.5 M urea and calcined at 900, 1000, 1100 and 1200 C for 6 h. Nd 3+ energy level diagram is shown in Figure 5.21. Nd 3+ ions have three main emission bands corresponding to 4 F 3/2 ! 4 I J transitions, with J= 13/2, 11/2 and 9/2. The energy gap between the 4 F 3/2 and the 4 I 15/2 levels of Nd 3+ exceeds 4500 cm 1 whereas the phonon cut-o↵ energy of Y 2 O 3 is around 600 cm 1 . Then the intrinsic relaxation of the 4 F 3/2 level of Nd 3+ in Y 2 O 3 is governed by radiative transitions [START_REF] Rzepka | Growth and characterization of Nd, Yb -yttrium oxide nanopowders obtained by sol-gel method[END_REF]. However defects can lead to non radiative relaxations as was shown above for the 5 D 2 excited state lifetimes of Eu 3+ . Figure 5.22 displays the decay curves of the 4 F 3/2 ! 4 I 9/2 transition at 946 nm in 2.0 at.% Nd 3+ :Y 2 O 3 samples calcined at 900, 1000, 1100 and 1200 C for 6 h. Measurements were done at room temperature under 597. The decays exhibit a non-exponential behavior showing a slight increase of the curvature with the decrease in annealing temperature (see inset in Figure 5.22). This type of non-exponential behavior is typical of diluted systems in which a energy transfer to a quenching center occurs. The distribution of distances between measured and quenching centers (also called donor and acceptors) result in a non-exponential decay. The donor's emission intensity (here Nd 3+ ions in the 4 F 3/2 level) follows an expression derived by Inokuti and Hirayama (IH model) [START_REF] Inokuti | Influence of Energy Transfer by the Exchange Mechanism on Donor Luminescence[END_REF]. In this model, the emission intensity as a function of time is given by [START_REF] Babu | Luminescence and optical absorption properties of Nd 3+ ions in K-Mg-Al phosphate and fluorophosphate glasses[END_REF] 

Time (s) 2.0% Nd 3+ :Y 2 O 3 900°C 1000°C 1100°C 1200°C Time (µs)
I(t) = I 0 exp{ t ⌧ 0 Q( t ⌧ 0 ) 3/S } (5.4)
where t is the time after excitation, and ⌧ 0 is the intrinsic decay time of the donors in the absence of acceptors. Q is the energy transfer parameter and S the coe cient related to the nature of the energy transfer interactions. Figure 5.23 shows 4 F 3/2 luminescence decay of 2.0 at.% Nd 3+ :Y 2 O 3 samples prepared using 0.5 M urea and calcined at 900, 1000, 1100 and 1200 C.
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Time (ms) IH model was fitted to experimental data and the best results were obtained for S = 6, i.e. a dipole-dipole interactions and a ⌧ 0 intrinsic lifetime of 700 µs for all systems. Usually Nd 3+ :Y 2 O 3 single crystals exhibit shorter lifetimes between 260 to 350 µs even at low concentrations [START_REF] Christensen | Fluorescence lifetimes for neodymium-doped yttrium aluminum garret and yttrium oxide powders[END_REF][START_REF] Lupei | Single crystal and transparent ceramic Nd-doped oxide laser materials: A comparative spectroscopic investigation[END_REF]. The significantly longer value found here could be due to the e↵ect of the particle size, which increases radiative lifetimes as shown in the previous sections [START_REF] Christensen | Fluorescence lifetimes for neodymium-doped yttrium aluminum garret and yttrium oxide powders[END_REF]. The energy transfer parameter (Q) slightly varied between 2 and 2.2 when the annealing temperature is reduced. This shows that energy transfers phenomena do not change significantly with the thermal treatment. It is therefore unlikely that these energy transfers involve the surface impurities or defects that a↵ected the 5 D 2 levels lifetimes (see previous section). Another common energy transfer mechanism in Nd 3+ doped materials is Nd-Nd cross-relaxation (see Figure 5.24). [START_REF] Lupei | Energy transfer processes of Nd 3+ in Y 2 O 3 ceramic[END_REF][START_REF] Hou | E↵ect of Nd concentration on structural and optical properties of Nd:Y 2 O 3 transparent ceramic[END_REF]. Since the energy transfer probability does not change with increasing annealing temperature, we conclude that Nd-Nd distances do not change with the thermal treatment. This means that the particles are homogeneously doped after 6 hours of annealing for temperatures above 900 C. This conclusion should also holds for Eu 3+ doped Y 2 O 3 particles, since Eu 3+ ionic radius is smaller than Nd 3+ one (for 6-fold coordination, r Eu 3+ = 0.0947 and r Nd 3+ = 0.0980 nm) [START_REF] Zhu | Monodisperse colloidal spheres for (Y,Eu) 2 O 3 red-emitting phosphors: establishment of procession window and size-dependent luminescence behavior[END_REF][START_REF] Jia | Crystal radii and e↵ective ionic radii of the rare earth ions[END_REF], its di↵usion can be the same or easier than Nd 3+ di↵usion. sites are present in the di↵erent samples. A short lived and broad emission (from 400 to 660 nm) was observed for systems with di↵erent particle sizes, thermal treatments and Eu 3+ concentration. It is attributed to the emission of F centers, as no sign of Eu 2+ ions was found in EPR experiments. Influence of defects was investigated on 5 D 0 excited state lifetimes by recording decay times in particles of di↵erent sizes with di↵erent crystallite sizes. The experimental lifetimes were analyzed using a theoretical model based on an e↵ective refractive index. Ions were assumed to be a↵ected by the media present in a sphere of influence of about 200 nm. An average lifetime was calculated from all ions' positions in spherical particles and lead to a good agreement with the experimental data measured in air and water. From this, we conclude that the defects present in our systems, as seen on inhomogeneous linewidths, have a negligible e↵ect on the dynamical properties of 5 D 0 population, which relax by radiative channels. In opposition, 5 D 2 excited state lifetimes showed significant variations as a function of the particle parameters, because of a small energy gap to 5 D 1 which enhances the level sensitivity to defects. 4 F 3/2 emission decays of 2.0 at.% Nd 3+ :Y 2 O 3 particles calcined under different temperatures showed a non-exponential character attributed to crossrelaxation processes between Nd 3+ ions. This energy transfer is independent of the annealing temperatures, indicating that Nd 3+ doping is homogeneous for annealing temperatures above 900 C. The same conclusion should hold for Eu 3+ ions which have a ionic radius closer to Y 3+ one.

Conclusions

Chapter 6

Homogeneous linewidths and spectral hole lifetimes While the inhomogeneous linewidth provides a measure of the nanoscale uniformity of the crystal lattice throughout the macroscopic system, the homogeneous linewidth provides a measure of the perturbation dynamics and stability of the solid-state environment [START_REF] Macfarlane | High-resolution laser spectroscopy of rare-earth doped insulators: A personal perspective[END_REF]. As discussed previously, the homogeneous linewidth h can be defined by the contribution to the inhomogeneous broadening from a class of ions with 125 CHAPTER 6.

the same peak frequency. This broadening comes from the dynamical interactions of this ion with the di↵erent ions of the host matrix, the other rare-earth ions or other electro-magnetic field perturbations. The homogeneous linewidth is linked to the coherence lifetime T 2 of the transition, as expressed by the following relation:

h = 1 ⇡T 2 (6.1)
For a rare-earth ion embedded in a solid-state environment, the contributions to the homogeneous broadening are as follows:

h = pop + ion ion + ion spin + T LS + phonon (6.2)
where pop is the contribution from the excited-state population lifetime (T 1 ), ion ion is the instantaneous spectral di↵usion (ISD) due to modifications in the local environment from the optical excitation or population relaxation of other ions, and ion spin is the contribution due to nuclearand electron-spin fluctuations of the host lattice. T LS is the contribution of the dynamic fluctuations in nearly equivalent local lattice configurations, and phonon includes contributions from phonon scattering. The first term in Equation 6.2, pop , represents the natural width of the transition, and can be expressed in terms of the excited state lifetime T 1 by:

pop = 1 2⇡T 1 (6.3)
While the lifetime decay T 1 describes an energy-loss mechanism for the atom, there are perturbations that change the transition phase or frequency without constituting an energy loss. These mechanisms produce decoherence, or phase noise, and T 2 , the coherence lifetime, is the time during which the transition keeps its phase. The two di↵erent lifetimes, T 1 and T 2 are related if we consider an isolated ion in the empty space. In this case, the only contribution to the homogeneous linewidth comes from the excited state lifetime and can be written as

0 = pop = 1 (2⇡T 1 ) = 1 (⇡T 2 ) ) T 2 = 2T 1 (6.4)
Ideally, by limiting the other contributions, it is possible then to increase the coherence lifetime up to twice the excited state lifetime T 1 .

The second term in Equation 6.2, ion ion , takes into account the interactions between RE ions. When rare-earth ions are optically excited their interactions with neighbors may change through electric or magnetic dipole coupling, introducing frequency shifts and resulting in a dephasing dependent on the excitation density. This process is called instantaneous spectral di↵usion (ISD) or excitation-induced frequency shift (EFS).

The third contribution, ion spin takes into account spin relaxation in the ground and excited states for RE ions with electronic spins and/or hyperfine structures. This shortens the coherence lifetimes and contributes directly to pop . Spin relaxations of other RE ions and host ions also induce fluctuating magnetic fields which may shift the transition frequency, contributing to the dephasing. Two kinds of spin relaxation processes are possible: in the first, the spin flip is phonon assisted ; the second one, called flip-flop, is characterized by two di↵erent and simultaneous flips occurring for two di↵erent ions. In this case the total energy of the system remains constant. These magnetic contributions to dephasing can be reduced by choosing host with low spin density, diluting RE ions, or by applying a static magnetic field. These processes are more important for Kramers's ions which have an odd number of electrons and therefore ground and excited state electronic spins. The fourth term ion lattice in equation 6.2 represents the interactions between the rare-earth-ion and low vibrations modes that can occur in (partially) disordered systems. These modes are attributed to centers, called low-level systems (TLS), that can tunnel between two states, e.g. host ions with two close equilibrium positions. The last term, phonon , takes into account the coupling between the active ion and the crystal lattice through coupling with phonons. This can occur by three di↵erent mechanisms: the direct, Orbach and Raman processes. In the direct process, a phonon with the same energy as the transition is absorbed or emitted. This can take place between crystal field or spin levels. The Orbach and Raman processes involve a two phonons transition, which is resonant in the Orbach case. For non-Kramers ions, Raman relaxation is proportional to (T/T D ) 7 , with T D the Debye temperature. All phononinduced dephasing processes are presented in Figure 6.1. In order to minimize the contribution from phonons, it is usually necessary to cool the sample to liquid helium temperatures, as phonon contributions in bulk crystals appear around 6-10 K depending on the specific material and transition considered. In crystals, the temperature dependence of the homogeneous linewidth is due, in general, to coupling to phonons with the di↵erent mechanisms described above. In the case of disordered systems, such as glasses, the TLS, which show a broad distribution of low-frequency tunneling modes, contributes a quasi-linear term that is observed even at very low temperatures ( 2 K) [START_REF] Broes | Lowtemperature optical dephasing of rare-earth ions in inorganic glasses[END_REF][START_REF] Huber | Low-Temperature Optical Dephasing of Rare-Earth Ions in Glass[END_REF]. Although this contribution is mainly observed in glasses, is has also been identified in some crystals and ceramics and attributed to the e↵ect of high strain or disorder [START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF][START_REF] Macfarlane | Spectral hole burning and optical dephasing in disordered crystals -Pr 3+ :LiNbO 3 and Pr 3+ :Sr .6 Ba .4 Nb 2 O 6 (SBN)[END_REF]. The development and characterization of materials with narrow optical lines suitable for quantum information devices has been a continuation of the extensive studies reviewed by Macfarlane and Shelby [START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF] and Sun [START_REF] Sun | Recent progress in developing new rare earth materials for hole burning and coherent transient applications[END_REF]. At liquid helium temperatures, contributions to decoherence can be extremely low in some RE doped crystals, resulting in optical homogeneous linewidths as low as 73 Hz in Er 3+ :YSO [START_REF] Böttger | Optical decoherence and spectral di↵usion at 1.5 µm in Er 3+ :Y 2 SiO 5 versus magnetic field, temperature, and Er 3+ concentration[END_REF] and 85 Hz in Eu 3+ :YSO [START_REF] Equall | Ultraslow Optical Dephasing in Eu 3+ :Y 2 SiO 5[END_REF]. In several other crystals, kHz homogeneous linewidths can be obtained at low RE concentration [START_REF] Macfarlane | Optical Decoherence in Er 3+ -Doped Silicate Fiber: Evidence for Coupled Spin-Elastic Tunneling Systems[END_REF]. In the 90's, Hong and co-authors started to investigate optical dephasing by spectral hole burning in Eu 2 O 3 and Eu 3+ :Y 2 O 3 nanoparticles [START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF], founding homogeneous linewidths about 5-10 MHz at low temperatures. Later, Meltzer and coauthors studied Eu 3+ :Y 2 O 3 and Pr 3+ :LaF 3 nanocrystals embedded into amorphous materials showing homogeneous broadening, in the several MHz range, evidencing long-range interactions of the RE ions in the nanocrystals with TLS of the glass host matrix [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF]. More recently, our group investigated optical homogeneous linewidths in 0.86 at.% Eu 3+ :Y 2 O 3 nanocrystals with 60 nm of crystallite size. By twopulse photon echoes experiments at 1.3 K, a homogeneous linewidth of 86 ± 4.4 kHz was reported [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. This study also investigated homogeneous linewidths on longer time scales by three-pulse photon echoes and found a homogeneous broadening of about 250 kHz over 120 µs. The nanocrystals were however agglomerated in µm size spheres. The present work builds on these promising results by studying nanoparticles in the range 150-540 nm that can be dispersed and, in principle, could be individually addressed by a suitable optical setup. To explore homogeneous linewidths of rare earth materials, techniques which use the coherence properties (time domain) and those taking advantage of the long spin lattice relaxation times (frequency domain) can be used. These techniques correspond respectively to photon echo and hole burning experiments. While 2 pulse photon echoes experiments are sensitive to processes occurring during the dephasing time, spectral hole burning and 3 pulse photon echoes can determine homogeneous linewidths on much longer time scales. Combining these techniques allows one to get a complete picture of the dephasing mechanisms and in particular of spectral di↵usion. The latter is induced by time-dependent perturbations of each ion's transition frequency. Over time, the accumulated frequency shifts cause each ion to perform a random walk in frequency or to "di↵use" through the optical spectrum. When this "spectral di↵usion" is averaged over the ensemble of ions probed in the material, an individual homogeneous packet of ions with initial spectral width h appears to broaden over time to attain a frequency distribution determined by the spectral di↵usion mechanism [START_REF] Böttger | Optical decoherence and spectral di↵usion at 1.5 µm in Er 3+ :Y 2 SiO 5 versus magnetic field, temperature, and Er 3+ concentration[END_REF].

This chapter is focused on the evaluation of dephasing in Eu 3+ :Y 2 O 3 particles by photon echoes and hole burning experiments. Decoherence processes are investigated as a function of temperature and on di↵erent time scales. The influence of materials parameters like particle and crystallite sizes, calcination temperature and thermal treatment duration have also been investigated.

Experimental setup

To excite the 7 F 0 ! 5 D 0 transition (580.88 nm in vaccum) of Eu 3+ ions in C 2 sites, two dye lasers stabilized on an external cavity were used. For 0.5 at.% Eu 3+ :Y 2 O 3 system prepared using 0.5 M urea and calcined at 1200 C during 6 h, a Sirah Matisse 2 DS dye laser pumped by an Argon Innova Sabre was used. The linewidth of this laser is about 100 kHz. At 581 nm, the usual laser power is around 800 mW when pumped with 6 W of power.

For other experiments, we used a Coherent CR-899-21 dye laser (Coherent 899-21) pumped by the same argon laser. The laser linewidth was 1 MHz on time scales of 10 µs and several MHz on longer time scales. The output power at 581 nm was about 400 mW for 6W of pump. Both lasers used rhodamine 6G dye, which gives a tuning range between 580 nm and 630 nm. Laser wavelength measurements were given by an Exfo WA1000 wavemeter with an accuracy of 0.01 nm. The 2 mm diameter laser beams were focused on the particles with a 125 mm focal length lens. The powder filled a hole in a copper plate of 2 mm diameter and 0.5 mm thickness. Two glass windows maintained the powder on each side of the copper plate to enable transmission experiments and the powder surface was set perpendicular to the beam propagation direction. The assembly was placed in a Janis Research SVT200 helium bath cryostat capable of temperatures down to 1.5 K. This cryostat is characterized by a liquid helium reservoir surrounding the sample chamber, with the two spaces connected by a needle valve used to control the helium flux going into the sample chamber which is equipped with quartz glasses to give optical access to the sample. The studied material can be then surrounded by gaseous or liquid helium (in this last case, the chamber is pumped to go down to the helium -point (2.2 K) where it becomes superfluid). The helium reservoir is surrounded by an empty space and then a nitrogen reservoir in order to insulate the system. The temperature is monitored by a Lakeshore 331 controller using a diode fixed on the sample holder. Below 2 K the samples were usually immersed in liquid helium, and above 2 K they were in the gas flow. The powders cause strong scattering of the transmitted light and a speckle pattern is observed outside the cryostat, limited by the windows apertures (see Figure 6.2). The scattered light was collected by two 75 mm diameter lenses and focused on a 50 MHz bandwidth avalanche photodiode (Thorlabs APD 110A). Fluorescence at 611 nm was eliminated by a short pass filter. The reference signal was measured by a variable-gain photodiode Thorlabs PDB150. The reference was used to correct for the power fluctuations of the laser. An acousto-optic modulator (AOM), operating in a double pass configuration, provided pulse shaping and frequency shifting of the excitation light. An AOM is a piezoelectric transducer glued on a glasse or a crystal. The transducer is excited by rf signals and produces acoustic waves through the crystal. These waves change the refractive index of the material and create a refraction grating that di↵racts the laser. The di↵raction angle of the outgoing light in comparison with the incident light (in the so called Bragg regime) is given by ✓= F ⌫, where is the laser wavelength in the crystal, F is the frequency of the rf waves and ⌫ is the speed of sound in the crystal. The di↵racted laser follows the shape of the rf waves and is shifted by the frequency F. The modulator is characterized by a central frequency F 0 and a bandwidth which represents the frequency range useful around the central frequency. By sending rf waves whose frequency shifts in time, it is possible to create also chirped pulses. Since the angle of di↵raction depends on the frequency of the rf waves, the AOM is placed in a double-pass configuration in order to avoid that the beam moves during frequency changes: the second passage in the modulator compensates the deviation of the first. This system allows also doubling the bandwidth. The AOMs used here are AA opto-electronics MT200 with a central frequency of 200 MHz and a bandwidth of 50 MHz (or 100 MHz in double-pass configuration). Rf waves are generated by an arbitrary waveform generator (AWG) Agilent N8242A with a bandwidth of 250 MHz driven by Matlab programs to load the appropriate waveforms in the device memory. This AWG also allows using markers that permit to synchronize di↵erent devices like the oscilloscope. The signals were averaged and stored on a digital oscilloscope LeCroy Wavesurfer 24 MXs which possesses a 200 MHz bandwidth and a sampling rate of 2.5 GS/s. Labview programs permit then to transfer and record data from the CHAPTER 6.

oscilloscope to a computer. A general scheme which outlines the experimental setup -for photon echoes and hole burning experiments -is shown in Figure 6.3 [START_REF] Beaudoux | Emission of photon echoes in a strongly scattering medium[END_REF]. 

Photon echo sequences

The photon echo technique refers to a time-delayed non-linear coherent optical response to resonant excitation by a specific sequence of light pulses [START_REF] Abella | Photon Echoes[END_REF]. This kind of technique is widely used for measurements of homogeneous linewidths because it permits to perform the experiment in the time domain. This is especially important for RE doped materials that present homogeneous lines much smaller (kHz range) than easily accessible laser linewidths (1-2 MHz), which prevents the use of spectral hole burning [START_REF] Könz | Temperature and concentration dependence of optical dephasing, spectral-hole lifetime, and anisotropic absorption in Eu 3+ :Y 2 SiO 5[END_REF]. In opposition, the photon echo is based on the excitation of an inhomogeneously broadened ensemble of ions. Di↵erent photon echo sequences were used in this work in order to probe several dynamical contributions.

Two-pulse photon echoes (2PPE)

The two-pulse photon echo sequence is similar to the two pulse Hahn echo sequence developed during the 1950s for Nuclear Magnetic Resonance (NMR) measurements [START_REF] Macfarlane | High-resolution laser spectroscopy of rare-earth doped insulators: A personal perspective[END_REF]. To obtain a photon echo, the sample needs to be excited by a sequence of two pulses separated by an interval of ⌧ . The pulse sequence and the evolution of the ions Bloch vectors are presented in Figure 6.4. The colored square box superposed with the echo signal is the heterodyne pulse. Delays between pulses are denoted by ⌧ . Bottom: Block vectors' evolution as a function of two-pulse echo sequence (see text). Adapted from [START_REF] Tumino | Growth and coherent spectroscopy of europium-and praseodymium-doped crystals for quantum memory applications[END_REF]. Figure 6.4 shows a sequence of two pulses (upper row) with the corresponding Bloch spheres to show the electron state evolution during the 2PPE sequence. The first pulse creates a coherent superposition between the ground and excited states forming in this way a macroscopic dipole with the same phase than the laser which corresponds in Figure 6.4 (a) to a ⇡/2 rotation of the Bloch vector in the xy-plane. Since the laser excites an inhomogeneous transition, all the excited ions exhibit slightly di↵erent resonance frequencies which bring ions to precess around the z axis at different speeds (Figure 6.4 (b)). This causes the ensemble to dephase and provokes the decrease of the intensity for the macroscopic emitting dipole (this is referred to as free induction decay, FID). After an interval ⌧ from the first pulse, a second pulse ⇡ is sent, inducing a rotation of ⌧ of the Bloch vector around x and reversing the phase evolution of the atoms (Figure 6.4 (c)). After the second pulse, vectors in the x-y plane tend to rephase (Figure 6.4 (d)), completing the process at t = 2⌧ where a macroscopic dipole is recovered and the emission of the echo observed. When ions phase is randomly disturbed at any point during the whole echo sequence, they cannot contribute to the final echo. By recording the echo intensity as a function of the delay between the two pulses, the coherence lifetime T 2 of the transition can therefore be determined. In general, the intensity of echo signal is 100 times smaller than that of the pulses. When the echo is very weak, as in the case of powders, a frequency shifted pulse (colored box superposed with the echo signal in Figure 6.4) is added to achieve a heterodyne detection. The echo beats with the heterodyne pulse, which is shifted in frequency by 34 MHz compared to the two first pulses, and this beating is detected by a large bandwidth photodiode. This shifted frequency was chosen y for the best signal-to-noise ratio. The photodiode signal was filtered by a 25 MHz high pass filter, Fourier transformed and finally averaged 200 times to get a signal to noise ratio of 15. The ⇡/2 and ⇡ pulses were 1 µs long and the heterodyne one, 2 µs. At low temperature, hole burning can easily bleach the transition by transferring population between ground state hyperfine levels, resulting in a vanishing echo. In order to minimize this e↵ect the laser was continuously scanned over 1 GHz over 1 s.

Three-pulse photon echo (3PPE)

Time dependent broadening of optical homogeneous linewidths can be probed by three-pulse photon echoes (also called stimulated echoes), on time scales up to the excited state population lifetime T 1 . In this photon echo sequence, a spectral grating is created by the first two ⇡/2 pulses separated by a delay ⌧ , converting the initial coherence into ground and excited state populations. This spectral grating is created because the first ⇡/2 pulse prepares the system by placing each ion in a coherent superposition of the ground and excited state. During the delay ⌧ between the first two pulses, the phase of the superposition state evolves according to the ion's transition frequency. The second ⇡/2 pulse stores each ion accumulated phase as a population di↵erence between the ground and excited states. When a third ⇡/2 pulse is applied after a waiting time t w > ⌧, the coherence stored in the population grating is rephased after an additional time delay ⌧ and a stimulated echo is emitted [START_REF] Böttger | Optical decoherence and spectral di↵usion at 1.5 µm in Er 3+ :Y 2 SiO 5 versus magnetic field, temperature, and Er 3+ concentration[END_REF] (see Figure 6.5). If perturbations occur with a rate R between 1/t w and 1/⌧ , the stimulated echo decay will be significantly di↵erent from the one observed by a two-pulse photon echo experiment. In this way, the 3PPE technique allows determining homogeneous linewidth broadening on timescales longer than T 2 . The 3PPE sequence consisted of three 1 µs ⇡/2 pulses and a heterodyne pulse of 2 µs.

Hole burning experiments

Spectral hole burning (SHB) spectroscopy is a bleaching of absorption lines through selective excitation. It requires that the excited ions remain for a su cient time in some state (e.g. a hyperfine state) other than the original ground state, creating a spectral hole in the absorption spectrum. Figure 6.6 shows a simple SHB scheme. To simplify, it is assumed in the scheme above (Figure 6.6) that the ground state has two hyperfine levels and the excited state only one. Initially, the two ground-state levels are equally populated. When the transition is scanned with a narrow linewidth and low power laser, a smooth absorption profile is recorded (Figure 6.6(a)). Then, the laser is tuned to the transition 1-3 for a specific class of ions to achieve optical pumping for a narrow part of this inhomogeneous line (Figure 6.6(b)). In addition, ions excited into the upper level are assumed to relax equally to levels 1 and 2. Ions in level 2 can not absorb light anymore, and if levels 1 and 2 have long enough lifetimes compared to level 3, all populations will be eventually trapped in level 2, which is the shelving level. In this example, the hole will live as long as the nuclear spin relaxation time, and is called a transient spectral hole [START_REF] Sun | Rare Earth Materials in Optical Storage and Data Processing Applications[END_REF]. When the laser frequency is scanned again, a narrow hole, limited to twice the homogeneous linewidth, arises at the center of the inhomogeneous line, since level 1 is empty and no ions can absorb at the 1-3 frequency (Figure 6.6(c)). At this moment, the level 2 is more populated than initially and accordingly, an increase in absorption appears at lower frequency, corresponding to the 2-3 transition. This 2-3 transition is called an anti-hole. The energy separation between the hole and the anti-hole determines the 1-2 energy [START_REF] Ph | Rare earth-doped crystals for quantum information processing[END_REF]. The hyperfine structure for Eu 3+ in the ground and excited states contains three levels so that three side holes should be observed for each of the two Eu isotopes, producing a total of six side holes on each side of the main hole. Anti-holes (increased absorption for transition 2-3 in Figure 6.6) will occur at all combinations of excited and ground state hyperfine splittings [START_REF] Meltzer | Line Broadening Mechanisms and Their Measurement[END_REF].
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Time resolved SHB technique can determine spectral di↵usion. In this case a variable delay is inserted between the optical pumping and the scan of the inhomogeneous profile. SHB experiments were performed in ensemble of particles and small aggregates. The experimental setups and parameters are detailed below.

Measurements on Eu

3+ :Y 2 O 3 particle ensemble
Hole burning experiments on powders were performed with the Matisse laser (linewidth ⇡ 100 kHz). The burn and read pulses were generated from the CW laser beam using a single AOM. The holes were detected in a repetitive burn/scan sequence in which the holes are burned for 1 ms followed by a 0.5 µs delay and a 500 µs scan. Several regions were selected by raster scanning in high spatial resolution with an 3 axis attocube system (See Figure 6.9). Figure 6.9: Quartz substrates fixed on a 3 axis attocube system.

As discussed previously, Eu 3+ ground state level 7 F 0 has three doublydegenerate hyperfine sublevels at frequency spacings of 29.35 and 34 MHz (see Figure 6.10). The three frequency (3F) method was applied to extract the optical homogeneous linewidths of aggregates. It consists in applying three pulses of di↵erent frequencies that create an anti-hole when the frequencies correspond to the ground state hyperfine splittings (f 1 = 0, f 2 = -29.35 MHz and f 3 = +34 MHz). Because of the three pulses, the anti-hole is never bleached, and fluorescence can be detected by a single photon counter. When f 1 is scanned, the fluorescence intensity varies and reflect the homogeneous optical linewidth. The following elementary pulse sequence 3F set was used: Pulse 1 (t= 100µs, f 1 = MHz), o↵ for 1 ms Pulse 2 (t= 100µs, f 2 = -29.35 MHz), o↵ for 1 ms Pulse 3 (t= 100µs, f 3 = + 34.0 MHz), o↵ for 1 ms It was then repeated for h measurements: = 0 MHz: 3F set x 30 + 1 ms wait = 0.5 MHz: 3F set x 30 + 1 ms wait ... = 10 MHz: 3F set x 30 + 1 ms wait The counts from the APD where then accumulated in 100 ms time bins, for each frequency. The sample studied in this section is a 0.5 at.% doped Eu 3+ :Y 2 O 3 system prepared with 0.5 M urea and calcined at 1200 C during 6 h. The particle and crystallite sizes are respectively 394 and 133 nm. A low temperature absorption spectrum of Eu 3+ 5 D 0 -7 F 0 transition was recorded at 17 K for a 0.5 at.% Eu 3+ :Y 2 O 3 sample and is shown in Figure 6 Figure 6.12 shows a single exponential decay of the echo amplitude, which can be fitted to the expression:

A(2⌧ ) = A 0 exp ✓ 2⌧ T 2 ◆ . (6.5) 
The single exponential behavior indicates that no spectral di↵usion takes place in the time scale of the measurement. A few decays were taken at several lower powers to confirm that there were no optical density e↵ects. This 0.5 at.% Eu 3+ :Y 2 O 3 sample under super fluid helium (T=1.7 K) showed a coherence lifetime T 2 = 7.1 µs, corresponding to a homogeneous linewidth of 44.9 ± 0.6 kHz. To our knowledge this is the narrowest optical transition observed for any Eu 3+ :Y 2 O 3 nanocrystal and is in particular about half of the value found by Perrot et al. [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. Comparison with the work of Meltzer and co-authors is more di cult as the particles were of a di↵erent phase (monoclinic) and showed very strong inhomogeneous broadening. Apart from di↵erences in the syntheses methods and precursors that could lead to varying levels of defects and impurities, crystallite sizes could be a fundamental parameter. We were not able to reliably probe this parameter (see below), because of additional broadening in a series of particles that could be identified. A estimation of this e↵ect can be given from the model of Hong and coauthors [START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF]. They reported a h varying as 1/d The first contribution to the homogeneous broadening in equation 6.2 comes from the excited state lifetime T 1 , which is around 1.16 ms for this sample. Then, pop , deduced from equation 6.3, represents a very small contribution of approximately 137 Hz to h = 45 kHz. This clearly indicates that other dynamical contributions must be taken into account. Measurements of two-pulse photon echoes were performed as a function of laser frequency across the inhomogeneous linewidth ( h = 15.6 GHz) in order to probe possible contribution from ion ion . This is because instantaneous spectral di↵usion increases with increasing excited ion density. Moving the excitation to the wings of the absorption spectrum reduces the excited ion density and should therefore increase T 2 . Figure 6.13 shows the photon echo decays measured at the center of inhomogeneous line, and at 5 and 8 GHz away. 
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All decays were found to be close to single exponential. Homogeneous linewidths for measurements performed at line center, 5 and 8 GHz o↵ peak were approximately 55, 59 and 56 kHz, respectively. These nearly constant homogeneous linewidths reflect the absence of ISD, in agreement with the relatively low Eu 3+ concentration and excitation density due to the strong scattering in the powders.

Temperature dependence

Homogeneous linewidth h was measured using two-pulse photon echo experiments as a function of temperature in order to investigate the contribution to homogeneous linewidth due to phonon . Figure 6.14 shows the temperature dependence from 1.6 to 5.5 K of the homogeneous linewidth of the 0.5 at.% Eu 3+ :Y 2 O 3 particles. Although the experimental data show significant variations from measurement to measurement, a linear dependence in the temperature range from 1.6 to 6 K can be assumed. Usually, Eu doped bulk crystals exhibit no homogeneous broadening until 5 K, and a significant one from 8 K. At this temperature the broadening varies as T 7 and corresponds to the elastic Raman scattering of phonons [START_REF] Macfarlane | Spectral hole burning and optical dephasing in disordered crystals -Pr 3+ :LiNbO 3 and Pr 3+ :Sr .6 Ba .4 Nb 2 O 6 (SBN)[END_REF][START_REF] Macfarlane | Optical dephasing by disorder modes in yttrium orthosilicate (Y 2 SiO 5 ) doped with Eu 3+[END_REF]. However, several bulk crystals have shown a linear broadening at lower temperatures, similar to the one observed here. A linear fit h = 0 + RT to the experimental data, gives 0 = 54.8 ± 3.3 kHz and R = 8.3 ± 1.2 kHz/K. Some Eu 3+ :Y 2 O 3 bulk crystals have shown analogous linear behavior between 1.5 and 10 K with slopes R in the range of 1-10 kHz/K [START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF]. In these Eu 3+ :Y 2 O 3 bulk crystals [START_REF] Flinn | Anomalous optical dephasing in crystalline Y 2 O 3 : Eu 3+[END_REF][START_REF] Macfarlane | Optical dephasing by disorder modes in yttrium orthosilicate (Y 2 SiO 5 ) doped with Eu 3+[END_REF] and Eu 3+ :Y 2 O 3 nanocrystals [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF], this linear behavior has been attributed to two level systems (TLS) due to structural defects like oxygen vacancies [START_REF] Flinn | Anomalous optical dephasing in crystalline Y 2 O 3 : Eu 3+[END_REF]. Since the temperature dependence slopes are similar in all these systems, we conclude that intrinsic defects are responsible for the TLS in our sample. Following the discussions in the previous chapters, oxygen vacancies are likely candidate for these defects. Concerning nanocrystals, we note that Perrot and coauthors have found a slope R = 18 ± 1.6 kHz/K. The smaller slope of our 0.5 at.% Eu 3+ :Y 2 O 3 particles (8.3 kHz/K) suggests a reduced level of defects. This could be consistent with the higher calcination temperature (1200 C) used in this work compared to 900 o C during 4 h used by Perrot et al. [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF][START_REF] Yang | Y 2 O 3 :Eu 3+ Microspheres: Solvothermal Synthesis and Luminescence Properties[END_REF]. The extrapolation of homogeneous linewidth to 0 K shows a linewidth of 54.8 ± 3.3 kHz. For comparison, the narrowest homogeneous linewidth measured in a Eu 3+ :Y 2 O 3 bulk crystal is 760 Hz. The large homogeneous linewidth extrapolated at 0 K in our sample indicates that additional dephasing processes must be present as at this temperature the TLS are frozen. As in Perrot et al., they are attributed to impurities carrying spins, with can show a fast and temperature independent rate in the investigated range of temperatures. This ion spin contribution has been investigated by three pulse photon echoes and hole burning experiments and is presented in the next sections.

Three-pulse photon echo

In 3PPE experiments, the echo amplitude A can be expressed as:

A = A 0 exp( t w T 1 ) exp[ 2⌧ ⇡ ef f (⌧, t w )] (6.6)
where the e↵ective linewidth ef f depends on ⌧ (time delay between the first two ⇡/2 pulses) and t w (waiting time between the second and third ⇡/2 pulses). 3PPE amplitudes were recorded at 2 K as a function of ⌧ , for t w values between 0 and 4 ms. Figure 6.15 shows several decays for di↵erent t w times. All echo decays for di↵erent t w were found to be single exponential as can be seen in Figure 6.15. This indicates that ef f depends only on t w . For measurements at long t w , the echo amplitude were very small and could not be recorded after 3 µs of ⌧ delay. Homogeneous linewidths as a function of t w are shown in Figure 6.16. The e↵ective linewidth ef f for di↵erent waiting times t w were extracted from fits to the experimental echo decays. Spectral di↵usion was clearly observed in the significant broadening of the linewidth as t w was increased. The broadening of ef f as a function of t w exhibits a profile similar to the one reported by Böttger and coauthors for Eu 3+ :Y 2 SiO 5 bulk crystal [START_REF] Böttger | Optical decoherence and spectral di↵usion at 1.5 µm in Er 3+ :Y 2 SiO 5 versus magnetic field, temperature, and Er 3+ concentration[END_REF]. These authors propose a model in which the e↵ective linewidth ef f is given by:

ef f (t w ) = 0 + 1 2 SD [1 exp ( Rt w )] (6.7)
where 0 is the linewidth in the absence of spectral di↵usion (including effects such as the single-ion homogeneous linewidth and instantaneous spectral di↵usion), SD is the full width at half maximum of the dynamic distribution of transition frequencies due to ion-spin interactions, and R is the characteristic rate of the spectral di↵usion process given by the sum of the upward and downward spin-flip transition rates of the perturbing spins. A fit of the experimental data gives 0 , SD and rate R equal to 90 kHz, 380 kHz and 800 Hz, respectively. This validates the hypothesis of electronic or nuclear spins as the source of spectral di↵usion, as the broad tunneling rate distribution of TLS leads to unbounded homogeneous broadening and logarithmic temperature dependence. An important point is that SD , which is the width obtained at very long delays, is 380 kHz, still smaller than achievable Rabi frequencies (1-10 MHz), which is the bandwidth over which coherent control can be achieved. This CHAPTER 6.

means that spectrally selected ions or ensemble of ions could be optically addressed during very long times. We confirmed that result by performing experiments at lower temperatures (1.4 K) where 3PPE could be observed for longer t w (Figure 6.17). In these experiments, t w was much longer that the excited state lifetime T 1 (about 1 ms). The spectral grating is in this case stored into ground state hyperfine levels. We note that even for delays of 1 s, the homogeneous linewidth stays under 300 kHz, as expected from the analysis at higher temperature. We also observed a decrease of ef f for delays in the ms range, indicating a decrease in the flipping rate of the perturbing spins. This could be compatible with electron spin systems, such as F centers, since nuclear ones should show very little temperature dependence in this range.

Holeburning

Hole burning experiments were performed in order to investigate optical decoherence in a broader temperature range than what is accessible with 2PPE. The hole lifetime was also measured. As discussed previously, hole burning occurs because of the redistribution of the population of the ground state hyperfine levels [START_REF] Meltzer | Evidence for long-range interactions between rare-earth impurity ions in nanocrystals embedded in amorphous matrices with the two-level systems of the matrix[END_REF][START_REF] Meltzer | Interaction of rare earth ions doped in nanocrystals embedded in amorphous matrices with two-level systems of the matrix[END_REF][START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF]. In these measurements, the spectral holes are probed by scanning a narrow laser across the absorption line, so that an additional broadening is observed due to the convolution of the ion and laser linewidths. Taking into account the spectral di↵usion during the pump cycle and the scan, this gives a minimum observed hole width of 2( 0 + SD ). The spectral hole can moreover be broadened by laser jitter and excessive burn power. Despite these additional contributions, holes could be fitted with a Lorentzian function, which is commonly used to estimate homogeneously broadened lines. Temperature dependence of the width of spectral holes burned in the 7 F 0 -5 D 0 transition of 0.5 at.% Eu 3+ :Y 2 O 3 particles is presented in Figure 6.18. A slight linear temperature dependence is seen below 12 K and attributed to the presence of two-level systems (TLS), as observed in 2PPE experiments. This linear dependence is followed by an increase in hole linewidths proportional to T 7 and characteristic of elastic Raman scattering. This Raman process has been reported in high quality Eu 3+ :Y 2 O 3 bulk crystals [START_REF] Babbitt | Optical dephasing, hyperfine structure, and hyperfine relaxation associated with the 580.8nm 7 F 0 -5 D 0 transition of europium in Eu 3+ :Y 2 O 3[END_REF] and Eu 3+ :Y 2 O 3 ceramics [START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF]. We do not observe behaviors which could be linked with particular host modes that could be associated with the particle size or surface for example, probably because of the relatively large size of the crystallites [START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF]. Time-resolved hole-burning measurements were performed on 0.5 at.% Eu 3+ :Y 2 O 3 sample at 2 K. Figure 6.19 shows the hole spectrum as a function of the delay between burn and scan pulses.

A double exponential decay is clearly seen in the inset of Fig. 6.20. The fitted lifetimes are 0.55 and 309 ms and should correspond to the excited state (T 1 ) and hyperfine transition lifetimes, respectively. However, the excited state lifetime of the 0.5 at.% Eu 3+ :Y 2 O 3 sample was measured and is 1.2 ms. The origin of the 0.55 ms value is unknown at this moment. Perhaps this significant decrease is due to stimulated emission by the scanning laser. The hyperfine transition lifetime is rather short compared to bulk crystals (several days) [START_REF] Babbitt | Optical dephasing, hyperfine structure, and hyperfine relaxation associated with the 580.8nm 7 F 0 -5 D 0 transition of europium in Eu 3+ :Y 2 O 3[END_REF] and ceramics (15 mn) and could be due to paramagnetic relaxation by the electron spins identified in the spectral di↵usion experiments.

Hole burning on small Eu

3+ :Y 2 O 3 aggregates
Measurements were performed at 2 K in two di↵erent regions of 0.5 at.% Eu 3+ :Y 2 O 3 particles in small aggregates dispersed on quartz substrate. The fluorescence intensity variations as a function of frequency f 1 in the 3F technique (see section 6.1.4) are shown in Figure 6.21.

E↵ect of material parameters 6.3.1 Particle size

The e↵ect of particle sizes on homogeneous linewidths was evaluated by 2PPE. Measurements were performed at 2 K on 0.3 at.% Eu 3+ :Y 2 O 3 samples calcined at 1200 o C during 6 h, prepared with di↵erent urea concentrations, and therefore di↵erent particle sizes (see Figure 6.22). Similar homogeneous linewidths are observed as a function of average particle size. If the particle size contribution exists, it is significantly lower than 200 kHz. This suggests that the dephasing mechanisms are not associated with the particular nature of the particle surface. Table 6.1 summarizes coherence lifetimes and homogeneous linewidths obtained at 2 K for all 0.3 at.% Eu 3+ :Y 2 O 3 samples calcined at 1200 C during 6 h. Homogeneous linewidths were recorded as a function of temperature in 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared with 0.3, 0.5 and 3.0 M urea and calcined at 1200 C during 6 h. Figure 6.23 shows the results for a 0.3 at.% Eu 3+ :Y 2 O 3 sample prepared with 3.0 M urea. The general evolution of the homogeneous linewidth is the same as in the 0.5 at.% Eu 3+ :Y 2 O 3 samples. Systems prepared using 0.3 and 3.0 M of urea also exhibits a close to linear increase in h with increasing temperature. This indicates that the TLS contribution to dephasing is largely independent from the particle size.

Calcination temperature

To evaluate the e↵ect of annealing temperature on homogeneous linewidths of 0.3 at.% Eu 3+ :Y 2 O 3 particles, two-pulse photon echo experiments were performed at 2 K on 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared with 0.3 and 0.5 M urea and calcined at 900, 1000, 1100 and 1200 C during 6 h (Figure 6.24). The clear reduction of homogeneous linewidths for increasing calcination temperature can be due to changes in crystallite sizes or defects concentration. The former mechanism is unlikely as we observed h as low as 60 kHz in 60 nm crystallites in the work of Perrot et al. This is the size of the crystallite in the particles calcined here at 900 C. Decrease in defect concentration, as observed in the inhomogeneous linewidth study, seems to be a more suitable explanation. We note that there is also an additional broadening of about 150 kHz in these particles compared to the results of the previous section on a 0.5 at.% Eu 3+ :Y 2 O 3 sample. We have not been able to precisely identify the reason for this, although magnetic impurities are suspected.

Time of annealing

We finally probed the e↵ect of the time of calcination on the homogeneous linewidth by 2PPE at 2 K on 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared with CHAPTER 6. 0.5 M urea and calcined at 1200 o C during 6, 12, 18 and 24 h (Figure 6.25). No variation of the homogeneous linewidths as a function of annealing time is observed. This behavior is in good agreement with inhomogeneous linewidths trend as a function of annealing time (previously discussed in Chapter 4). Together with the results on the e↵ect of the calcination temperature, this similarity suggests that the same type of defects influences both homogeneous and inhomogeneous linewidths. As already mentioned several times, these defects could be linked to oxygen vacancies. The table below summarize the data for 0.3 at.% Eu 3+ :Y 2 O 3 samples calcined under di↵erent times. 

Conclusion

A complete study of homogeneous linewidths was done on the 0.5 at.% Eu 3+ :Y 2 O 3 sample, as this system has shown the longest optical coherence lifetime in comparison with all samples prepared in this work. 0.5 at.% Eu 3+ :Y 2 O 3 particles exhibit at 1.7 K an optical T 2 of 7.1 µs ( h = 45 kHz). This is the narrowest optical T 2 reported in the literature for RE nanostructured materials. The temperature dependence of this system shows a linear dependence attributed to TLS modes, as observed in other nanocrystals and several bulk crystals. No instantaneous spectral di↵usion (ISD) was observed due to the low Eu 3+ concentration and laser power. Spectral di↵usion was probed by 3PPE and is consistent with a electron spin fluctuations, that could be due to electrons trapped in vacancies. Temperature dependence performed by hole burning shows a linear dependence between 2 and 12 K, followed by a T 7 dependence from 12 to 23 K that corresponds to the elastic Raman scattering of phonons found in single crystals. Spectral hole decay was also recorded, showing a double exponential behavior. The longest lifetime, 309 ms, was attributed to the hyperfine level lifetimes. Hole burning in aggregates of a few 0.5 at.% Eu 3+ :Y 2 O 3 particles was performed at the Physics Department of Lund University using a low temperature and high resolution confocal microscopy setup. The measurements were done by the 3-frequency method. Broad lines, between 1.6 to 3.2 MHz, were found in disagreement with the linewidths found on ensemble of particles in 3PPE experiments. The reason for this result is not known. Several 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared under di↵erent reactional and post-reactional parameters were studied by two-pulse photon echoes. Samples with di↵erent thermal treatments and particle sizes exhibited homogeneous broadening with near linear temperature dependence, again attributed to the presence of TLS. Homogeneous linewidths were about 200 kHz and independent of particle size. In opposition, a clear decrease of h was observed with increasing annealing temperature. Eu 3+ :Y 2 O 3 samples calcined at 1200 C under di↵erent times do not show changes in homogeneous linewidth. These behaviors follows the same trend as the one seen for inhomogeneous linewidths in Chapter 4, indicating the same type of defects, probably oxygen vacancies, influences inhomogeneous and homogeneous linewidths.

Chapter 7

General conclusion

In this work we have presented the main results achieved during the past three years as a part of the Marie Curie We dedicated Chapter 3 to material preparation by homogeneous precipitation and discussed particle formation. Spherical non-agglomerated particles were prepared. Several parameters were varied to control size, morphology, 157 dispersion and crystalline quality of Eu 3+ :Y 2 O 3 particles. We could change significantly the particle size between 150 to 540 nm by changing urea concentration. Thermal treatments did not change the particle sizes, whereas the increase of the annealing temperature resulted in an enlargement of the crystallites from 36 to 118 nm. In Chapter 4, measurements of inhomogeneous linewidths were reported in Eu 3+ :Y 2 O 3 particles prepared with di↵erent urea concentrations, thermal treatments and Eu 3+ content. Inhomogeneous linewidths showed no significant variation as a function of particle sizes. The main dependence found for inh was the thermal treatments. The increase of annealing temperature from 900 to 1200 C reduced the linewidths from 37 down to 11 GHz, a value found in some bulk crystals. The narrowing of inhomogeneous lines with thermal treatments is due to the decrease of point defect concentration. A quasi-linear correlation was found between optical and Raman linewidths as a function of annealing temperatures, indicating that these techniques are sensitive to the same defects. EPR measurements were performed to investigate the nature of defects present in Eu 3+ :Y 2 O 3 particles. EPR spectra showed weak and narrow lines attributed to F + centres. Chapter 5 reports on the emission spectroscopy of Eu 3+ :Y 2 O 3 particles, showing no di↵erences in fluorescence spectra between particles prepared under di↵erent conditions. 5 D 0 excited state lifetimes had a strong dependence on particle sizes, that could be reproduced by a model based on an e↵ective refractive index. The low amount of defects had a negligible e↵ect on the dynamical properties of 5 D 0 population. In contrast 5 D 2 excited state lifetimes are influenced by surface defects which results in a non-radiative relaxation to lower excited states. The emission of some defects have been observed under UV excitation. Indeed, a short-lived and broad emission centered at 470 nm was observed for several systems. Several Nd 3+ doped Y 2 O 3 samples were studied in order to extract some information about dopant dispersion by investigating of cross-relaxation processes. However, no di↵erences were observed for Nd 3+ lifetimes, indicating that Y 2 O 3 particles are homogeneously doped after 6 h of annealing for temperatures above 900 C. In the last chapter (Chapter 6), homogeneous linewidths and spectral holelifetimes were discussed. A full study was done on a 0.5 at.% Eu 3+ :Y 2 O 3 sample as this system shows the longest coherence lifetime, 7.1 µs at 1.7 K, seen in RE doped nanocrystals. To determine the dephasing, mechanisms, we performed temperature dependence measurements and 3PPE spectroscopy. A linear temperature variation of h was observed for the 0.5 at.% Eu 3+ :Y 2 O 3 and all 0.3 at.% Eu 3+ :Y 2 O 3 samples, which is characteristic of TLS induced decoherence. 3PPE experiments performed on a 0.5 at.% Eu 3+ :Y 2 O 3 sample indicated that the largest contribution to spectral di↵usion at long times, up to 1 s, is electron-spin fluctuations, that could be due to electrons trapped in vacancies. Temperature dependence of h recorded by spectral hole burning showed a linear increase between 2 and 12 K followed by a T 7 dependence from 12 to 23 K attributed to the elastic Raman scattering of phonons. 0.3 at.% Eu 3+ :Y 2 O 3 samples with di↵erent particle sizes show a decrease in homogeneous linewidth with the increase of annealing temperature, following the same trend seen for inhomogeneous linewidths. These similar behaviors suggested that both static and dynamical processes are influenced by identical defect types. No influence of particle sizes on homogeneous linewidths was observed. The perspective of this work is first to further investigate decoherence processes by using for example high magnetic fields capable of slowing down electron spin fluctuations. Another important point is to better understand material parameters and explore new structures like core-shell samples and smaller particles. This should allow us to determine the factors that limit coherence lifetimes of RE doped nanoparticles and synthesize optimized materials. Concerning QIP applications, high-performance nanoparticles could be in particular coupled to high finesse optical micro-cavities, a work we already started in collaboration with David Hunger's group at LMU/MPI for Quantum Optics in Munich. This could lead to e cient single ion detection, a first step towards single ion quantum light-matter interfaces.
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Figure 1 . 3 :

 13 Figure 1.3: Inhomogeneous and homogeneous linewidths in an absorption line.

Figure 2 . 3 :

 23 Figure 2.3: Level splittings due to di↵erent contributions of the Hamiltonian. In red the nuclear degeneracy removal.

Figure 2 . 4 :

 24 Figure 2.4: Number of Stark levels for a given J and a given punctual symmetry [70]. In bold, is highlighted the category to which the ions used in this work belong in the crystal structure used.

Figure 2 . 5 :

 25 Figure 2.5: Dieke diagram representing the electronic energy levels for rare-earth ions in LaCl 3 [70]. The width of the lines shows the total splitting due to the crystal field. The red arrow shows the investigated 7 F 0 ! 5 D 0 transition for Eu 3+ (at ca. 580 nm) in Eu 3+ :Y 2 O 3 particles.

Figure 2 . 6 :

 26 Figure 2.6: The two di↵erent cation sites for Y 2 O 3 cubic lattice.

C

  3i symmetry site (or S 6 )[START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF][START_REF] Hanic | Real Structure of Undoped Y 2 O 3 Single Crystals[END_REF]. The elementary cell contains 16 formula units (RE) 2 O 3 . As mentioned above, the 32 octahedrally coordinated cations are distributed among two di↵erent sites: 24 ions occupy sites with C 2 symmetry and 8 ions having C 3i symmetry site[START_REF] Schaack | Phonon and Electronic Raman Spectra of Cubic Rare-Earth Oxides and Isomorphous Yttrium Oxide[END_REF]. The Y-O distances in a C 3i site are 2.26, 2.28, and 2.34 Å, and for the C 2 site the distances are 2.23, 2.24, 2.27 Å. In this structure each yttrium ion occupies a distorted octahedral site (Y O 6 ), and these 32 Y O 6 are linked by corners and edges[START_REF] Repelin | Vibrational Spectroscopy of the C-Form of Yttrium Sesquioxide[END_REF]. The Figure2.7 shows the packing diagram of Eu 3+ :Y 2 O 3 after Rietveld refinement from Krishna et al., which can give a general idea about how these octahedra are placed[START_REF] Krishna | E↵ect of Calcination Temperature on Structural , Photoluminescence and Thermoluminescence Properties of Y 2 O 3 : Eu 3+ Nanophosphor[END_REF].

Figure 2 . 7 :

 27 Figure 2.7: Packing diagram of Eu 3+ :Y 2 O 3 cubic structure [84].

Figure 2 . 8 :

 28 Figure 2.8: Temperature dependence of the hole width for 0.1 at.% Eu 3+ :Y 2 O 3 nanocrystals. Solid lines: linear fit for nanocrystals embedded in polymer and T 3 dependence fitted for isolated nanocrystals [66, 67].
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  o C for 24 h to yield a Eu 3+ : Y(OH)CO 3 powder. The Eu 3+ :Y 2 O 3 samples were obtained by calcination of these original powders [Eu 3+ :Y(OH)CO 3 . n H 2 O] under air during di↵erent times at temperatures ranging from 900 to 1200 o C, which were reached using a heating rate of 3 o C min 1 . A simple summary of this experimental procedure is presented in the Figure 3.1.

Figure 3 . 1 :

 31 Figure 3.1: Summary of experimental procedure to obtain Eu 3+ :Y 2 O 3 particles.

Figure 3 . 2 :

 32 Figure 3.2: TEM images and histograms of 0.3 at.% Eu 3+ :Y(OH)CO 3 particles prepared using 0.5 M of urea, 7.5 mM of metals with reaction time (a,d) 4h 30 min and (b,e) 8 h and (c, f) 24 h. Solid line in histogram graphs represents log normal fit.

Figure 3 . 3 :

 33 Figure 3.3: TEM image of 0.3 at.% Eu 3+ :Y(OH)CO 3 particles prepared using 2.0 M of urea, 7.5 mM of metals with reaction time 24 h.

Figure 3 .

 3 Figure 3.3 shows that the majority of objects exhibits smooth surfaces and few rough particles. This smooth surface profile for particles aged under longer values indicates that particles grown by a two-stage growth process have an additional growth mechanism as a function of time. This last mechanism based on the formation of larger particles as a function of reaction time can be explained by the Ostwald ripening or coarsening process [128, 129]. All the discussed LaMer, Ocana and Ostwald mechanisms of particle formations in solutions are depicted in Figure 3.4.

Figure 3 . 4 :

 34 Figure 3.4: Scheme of models of particle formation in solution. Di↵erent curves show LaMer (A), Ocana (B) and Ostwald ripening (C) discussed mechanisms. Adapted from [130].

Figure 3 . 5 :

 35 Figure 3.5: TEM images of 0.3 at.% Y(OH)CO 3 particles prepared using 0.5 M of urea and (a, c) 5.625 and (b, d) 7.5 mM of metals with 4h 30 min as reactional time.

6

 6 

  and 3.7, respectively.

Figure 3 . 6 :

 36 Figure 3.6: TEM images of 0.3 at.% Eu 3+ :Y(OH)CO 3 particles prepared using 7.5 m M of metals and (a) 0.3, (b) 0.5, (c) 2.0 and (d) 3.0 M of urea.

Figure 3 . 7 :Figure 3 . 8 :

 3738 Figure 3.7: Histograms with log normal fit (red line) of 0.3 at.% Eu 3+ :Y(OH)CO 3 particles prepared using 7.5 mM of metals and 0.3, 0.5, 2.0 and 3.0 M of urea.
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 3 als) (see Figure3.9).

Figure 3 . 9 :

 39 Figure 3.9: TEM images and histograms of 0.5 (a, b) and 5.0 at.% Eu 3+ :Y(OH)CO 3 particles obtained using 0.5 M urea and 7.5 mM metals, calcined at 1200 o C during 6 h. The red line present in both histograms corresponds to log normal fit.

3 Figure 3 . 10 :

 3310 Figure 3.10: TG and DTA traces for Eu 3+ :Y(OH)CO 3 sample heated at 5 o C / min in air.

Figure 3 .

 3 [START_REF] Morton | Solid-state quantum memory using the 31 P nuclear spin[END_REF] shows the signal losses assigned to H 2 O (MM: 18.09 g), OH (MM: 17.07 g) and CO 2 (MM: 44.13 g) molar masses.

Figure 3 .

 3 Figure 3.11: TG-DTA curves with mass loss curves of H 2 O (blue), CO 2 (pink) and OH (purple).

Figure 3 .C/ 24 hFigure 3 . 13 :

 324313 Figure 3.13: FT-IR spectra of Eu 3+ :Y 2 O 3 particles calcined at 1000, 1100 and 1200 o C during 24 h.

Figure 3 .

 3 Figure 3.13 shows similar absorption profiles for samples calcined under di↵erent temperatures of annealing. The same spectrum profile was found for Y 2 O 3 particles with di↵erent sizes and annealed under various annealing times at 1200 o C.

Figures 3 .

 3 14 and 3.15 shows TEM images and respective histograms of these calcined samples. CHAPTER 3.

Figure 3 .

 3 Figure 3.14: TEM images of 0.3 at. % Eu 3+ :Y 2 O 3 particles obtained using 0.5 M of urea and calcined at 1200 o C during (a) 6, (b) 12, (c) 18 and (d) 24 hours.

Figure 3 . 15 :

 315 Figure 3.15: Histograms of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 0.5 M of urea and calcined at 1200 o C during 6, 12, 18 and 24 hours.

Figure 3 .Figure 3 . 17 :

 3317 Figure 3.16: TEM images of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 7.5 mM of metals 0.3 M of urea calcined at (a) 900, (b) 1000, (c) 1100 and (d) 1200 o C during 6 h.

Figure 3 . 18 :Figure 3 . 19 :

 318319 Figure 3.18: TEM images of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 7.5 m M of metals 0.5 M of urea calcined at (a) 900, (b) 1000, (c) 1100 and (d) 1200 o C during 6 h.

Figure 3 . 20 :Figure 3 . 21 :

 320321 Figure 3.20: TEM images of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 7.5 m M of metals 2.0 M of urea calcined at (a) 900, (b) 1000, (c) 1100 and (d) 1200 o C during 6 h.

Figure 3 . 22 :Figure 3 . 23 :

 322323 Figure 3.22: TEM images of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 7.5 m M of metals 3.0 M of urea calcined at (a) 900, (b) 1000, (c) 1100 and (d) 1200 o C during 6 h.

Figure 3 . 24 :

 324 Figure 3.24: Average particle size as a function of calcination temperature for 0.3 at. % Eu 3+ :Y 2 O 3 particles obtained by using 0.3, 0.5, 2.0 and 3.0 M of urea. The error bars are based on the standard deviation of size distributions.

  and 3.26.

Figure 3 .Figure 3 . 26 :

 3326 Figure 3.25: TEM images of Eu 3+ :Y 2 O 3 particles obtained using 0.5 M of urea, 7.5 mM of metals doped with (a) 0.5, (b) 0.7, (c) 1.0 and (d) 5.0 % of Eu 3+ , calcined at 1200 o C during 6 h.
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 44 Crystallite size estimation of Eu 3+ :Y 2 O 3 particles As observed in TEM images, the Eu 3+ :Y 2 O 3 calcined particles are formed from several grains, called as crystallites. Their polycrystalline nature of them can be seen in Figure 3.27.

Figure 3 .

 3 Figure 3.27: SEM image of 0.3 at.% Eu 3+ :Y 2 O 3 particle prepared using 7.5 mM of metals 2.0 M of urea calcined at 1000 o C during 24 h.

Figure 3 .

 3 Figure 3.27 shows scanning electron microscopy (SEM) of Y 2 O 3 particles calcined at 1000 o C, which exhibits particles formed by many crystallites.The estimation of crystallite dimensions by TEM micrographs was not possible for several systems. This limitation comes from the restricted resolution of TEM micrographs, due to unclear contrast between grains. Thus X-ray di↵raction measurements were performed in order to determine the crystalline phase of all calcined samples and also, to estimate the relative crystallite dimensions for samples obtained by di↵erent reactional and postreactional parameters. XRD pattern for 0.3 at. % Eu 3+ :Y 2 O 3 obtained using 0.5 M urea calcined at 1200 o C during 6 h, is shown in the Figure3.28.

Figure 3 .

 3 Figure 3.28: XRD pattern of 0.3 at.% Eu 3+ :Y 2 O 3 sample synthesized using 0.5 M of urea and calcined at 1200 o C during 6 h.

Figure 3 . 29 :

 329 Figure 3.29: Normalized XRD patterns of 0.3 at.% Eu 3+ :Y(OH)CO 3 precursor and 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 0.5 M urea and calcined at 900, 1000, 1100 and 1200 o C.

Figure 3 . 30 :

 330 Figure 3.30: Crystallite size as a function of temperature of calcination for 0.3 at. % Eu 3+ :Y 2 O 3 particles synthesized varying urea concentrations.

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of di↵erent optical centers leading to an inhomogeneous broadening of the absorption line. Image credit: quantum information group, Lund University.
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Figure 4 . 2 :

 42 Figure 4.2: Picture of the experimental setup for the inhomogeneous linewidth measurements.

Figure 4 . 3 :

 43 Figure 4.3: Scheme of the experimental setup for the inhomogeneous linewidth measurements.

Figures 4. 4

 4 Figures 4.4, 4.5, 4.6 and 4.7 show the 7 F 0 ! 5 D 0 transition lineshapes obtained for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared using 0.3, 0.5, 2.0 and 3.0 M of urea and calcined at varying temperatures for 6 h.

  Figures 4.4, 4.5, 4.6 and 4.7 show the 7 F 0 ! 5 D 0 transition lineshapes obtained for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared using 0.3, 0.5, 2.0 and 3.0 M of urea and calcined at varying temperatures for 6 h.

Figure 4 . 4 : 7 FFigure 4 . 5 : 7 F

 447457 Figure 4.4: 7 F 0 ! 5 D 0 transition lineshapes obtained by monitoring 5 D 0 ! 7 F 2 emission at 12 K in 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with 0.3 M of urea and calcined at temperatures from 900 to 1200 C. Maxima of all spectra are set at 0 frequency.

Figure 4 . 6 : 7 F

 467 Figure 4.6: 7 F 0 ! 5 D 0 transition lineshapes obtained by monitoring 5 D 0 ! 7 F 2 emission at 12 K in 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with 2.0 M of urea and calcined at temperatures from 900 to 1200 C. Maxima of all spectra are set at 0 frequency.

Figure 4 . 7 : 7 F

 477 Figure 4.7: 7 F 0 ! 5 D 0 transition lineshapes obtained by monitoring 5 D 0 ! 7 F 2 emission at 12 K in 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with 3.0 M of urea and calcined at temperatures from 900 to 1200 C. Maxima of all spectra are set at 0 frequency.
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 4487 Figure 4.8: 7 F 0 ! 5 D 0 transition lineshapes obtained by monitoring 5 D 0 ! 7 F 2 emission at 12 K in 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with 0.5 M of urea (450 nm) and calcined at 900 and 1200 C during 6 h, with Lorentzian (dashed line) and Gaussian (doted line) fits. CS: crystallite sizes

Figure 4 . 9 :

 49 Figure 4.9: Inhomogeneous linewidth inh of the 7 F 0 ! 5 D 0 transition as a function of particle size for 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with varying urea concentrations and thermal treatments during 6 h.

Figure 4 .

 4 Figure 4.10: Inhomogeneous linewidth inh of the 7 F 0 ! 5 D 0 transition as a function of grain size for 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with varying urea concentrations and thermal treatments. The dashed line corresponds to the inhomogeneous linewidth of a 0.3 at.% Eu 3+ :Y 2 O 3 single crystal fiber [21].

Figure 4 . 11 : 7 F

 4117 Figure 4.11: 7 F 0 ! 5 D 0 transition lineshapes obtained by monitoring 5 D 0 ! 7 F 2 emission at 12 K in 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized with 0.5 M of urea (480 nm) and calcined at 1200 C during 6, 12, 18 and 24 h. Maxima of all spectra are set at 0 frequency.

Figure 4 . 12 :

 412 Figure 4.12: Inhomogeneous linewidth inh of the 7 F 0 ! 5 D 0 transition as a function of Eu 3+ doping level of Eu 3+ :Y 2 O 3 particles synthesized using 0.5 M urea and calcined at 1200 C during 6 h.

Figure 4 .

 4 Figure 4.13: Inhomogeneous linewidth inh of the 7 F 0 ! 5 D 0 transition for Eu 3+ :Y 2 O 3 particles synthesized using 0.5 M urea and calcined at 1200 C during 6 h, doped with 0.3, 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ ions. The red solid line corresponds to linear fit. Inset graph: Enlargement of region between 0.3 and 1 at.% of Eu 3+ doping level.

Figure

  Figure 4.13 shows a linear increase of inhomogeneous linewidths as a function of Eu 3+ . This broadening is due to the increase of host irregularities from Eu 3+ insertion partly related to ionic radius di↵erence between the dopant Eu 3+ (0.947 Å) and the host cation Y 3+ (0.900 Å) which is substituted[START_REF] Shannon | Revised e↵ective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF].

Figure 4 .

 4 Figure 4.14: Inhomogeneous linewidth inh of the 7 F 0 ! 5 D 0 transition for Eu 3+ :Y 2 O 3 particles, ceramics and fiber crystals, and Eu 3+ :Y 2 SiO 5 crystals. The solid lines correspond to linear fit of each system.

Figure 4 .

 4 Figure 4.14 shows a similar linear trend for all Eu 3+ doped systems with di↵erent slopes and extrapolations of inhomogeneous linewidths at 0 doping level. The Eu 3+ :Y 2 O 3 particles present a slope similar to ceramics but lower than the bulk Y 2 O 3 crystals. Table4.4 exhibits extrapolated inh at 0 at.% Eu 3+ concentration and slopes of the systems presented in Figure4.14.

Figure 4 .

 4 Figure 4.15 presents the Raman spectra of amorphous Eu 3+ doped YOC and crystalline cubic Eu 3+ :Y 2 O 3 systems and reveals the structure evolution with thermal treatment.Eu 3+ :YOC spectrum exhibits broad vibrational lines in comparison to lines from Eu 3+ :Y 2 O 3 particle spectrum. The highest band at 1095 cm 1 is assigned to ⌫ 1 symmetric stretching mode of the (CO 3 ) 2 groups[START_REF] Frost | Raman spectroscopy of uranyl rare earth carbonate kamotoite-(Y)[END_REF][START_REF] Ali | Hydrothermal synthesis, crystal structure, thermal behaviour, IR and Raman spectroscopy of Na 3 Y(CO 3 ) 3 .6 H 2 O[END_REF]. Usually, this mode is very narrow in crystalline carbonate compounds. However, as we have an amorphous Eu 3+ :YOC phase, it appears broader. Two close bands at 700 and 750 cm 1 can be attributed to the ⌫ 4 modes of (CO 3 ) 2 and correspond to deformations of the carbonate group[START_REF] Ali | Hydrothermal synthesis, crystal structure, thermal behaviour, IR and Raman spectroscopy of Na 3 Y(CO 3 ) 3 .6 H 2 O[END_REF]. A broad signal is also seen at low frequencies, around 200 cm 1 , which can be
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Figure 4 . 17 :

 417 Figure 4.17: Linewidth of the main Raman line at 377 cm 1 as a function of calcination temperatures of 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized using di↵erent urea concentrations and a treatment of 6 h. Dashed line: linewidth in a 0.5 at.% Eu 3+ :Y 2 O 3 transparent ceramic (50 µm crystallite size.).

  and 4.19 present the variation of the linewidths as a function of particle and crystallite sizes, respectively.

Figure 4 . 18 :

 418 Figure 4.18: Linewidth of the main Raman line at 377 cm 1 as a function of particle size of 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized using di↵erent urea concentration and several thermal treatments.

Figure 4 . 19 :

 419 Figure 4.19: Linewidth of the main Raman line at 377 cm 1 as a function of crystallite size of 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized using di↵erent urea concentration and several thermal treatments.
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 4 conclusion is supported by the correlation between Raman and optical inhomogeneous linewidths in systems with di↵erent particle sizes calcined under several temperatures (Figure4.20).

Figure 4 . 20 :

 420 Figure 4.20: Linewidth values of the main Raman line as a function of the 7 F 0 ! 5 D 0 inhomogeneous linewidths in 0.3 at.% Eu 3+ :Y 2 O 3 synthesized varying urea concentrations and calcined at di↵erent temperatures.

Figure 4 .Figure 4 . 21 :

 4421 Figure 4.21: Raman spectra of Eu 3+ :Y 2 O 3 particles with di↵erent Eu 3+ concentrations, synthesized using 0.5 M of urea and calcined at 1200 C during 6 h. Measurements were performed at room temperature under excitation at 633 nm. Asterisks represent Eu 3+ fluorescence.

Figure 4 .

 4 [START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF] shows the Raman linewidth values at 377 cm 1 as a function of Eu 3+ concentration in Eu 3+ :Y 2 O 3 systems.
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Figure 4 . 22 :

 422 Figure 4.22: Linewidth of the main Raman line at 377 cm 1 as a function of Eu 3+ concentration for Eu 3+ :Y 2 O 3 particles synthesized using 0.5 M of urea and calcined at 1200 C during 6 h. Solid line corresponds to a linear fit, with intercept value at 0 at.% Eu 3+ of 5 cm 1 and slope of 0.26 cm 1 / at.% Eu 3+ .

Figure 4 . 23 :

 423 Figure 4.23: Shift of the main Raman line at 377 cm 1 as a function of the Eu 3+ concentration in Eu 3+ :Y 2 O 3 synthesized systems using 0.5 M urea and calcined at 1200 C during 6 h, varying Eu 3+ concentrations. Solid (red) line corresponds to linear fit, with intercept value of 378.37 cm 1 and slope of -0.32 cm 1 /%.

Figure 4 . 24 :

 424 Figure 4.24: Linewidth of the main Raman line at 377 cm 1 as a function of the 7 F 0 ! 5 D 0 inhomogeneous linewidth in Eu 3+ :Y 2 O 3 synthesized systems using 0.5 M urea and calcined at 1200 C during 6 h, varying Eu 3+ concentrations. Solid (red) line corresponds to linear fit, with intercept value of 5 cm 1 and slope of 0.009 cm 1 /GHz.
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 4426 Figure 4.26: EPR spectra taken at 9.5 GHz and 70 K for 0.5 at.% Eu 3+ :Y 2 O 3 prepared using 0.5 M urea and 0.3 at.% Eu 3+ :Y 2 O 3 prepared using 2.0 M urea, calcined at 1200 C during 6 h.

Figure 4 . 27 :

 427 Figure 4.27: EPR spectra taken at 9.5 GHz and 10 K for 0.3 at.% Eu 3+ :Y 2 O 3 prepared using 2.0 M urea and 0.5 at.% Eu 3+ :Y 2 O 3 prepared using 0.5 M urea, calcined at 1200 C during 6 h.
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Figure 5 . 1 : 1 - 7 F 2 5 D 1 - 7 F 1 l 3 %Figure 5 . 2 :

 511725171352 Figure 5.1: Energy level diagram for Eu 3+ .

λFigure 5 . 3 :

 53 Figure 5.3: Emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using 2.0 M urea calcined under di↵erent thermal treatments (a), and 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using di↵erent urea concentration and calcined at 900 C during 6 h. Measurements were recorded at 12 K upon excitation at 465 nm ( 7 F 0 ! 5 D 2 transition).

Figure 5 .

 5 [START_REF] Feynman | Simulating physics with computers[END_REF] shows a zoom of Figure5.3 (b) which exhibits the emission range of 5 D 0 ! 7 F j transitions with j= 0, 1, 2.

5 D 0 - 7 F 2 0. 3 % 5 D 0 - 7 F 0 5 D 0 - 7 F 1 Figure 5 . 4 :

 50723507507154 Figure 5.4: Magnification of Figure 5.2, which shows the emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using 2.0 M urea, calcined under di↵erent thermal treatments. Measurements were recorded at 12 K upon excitation at 465 nm ( 7 F 0 -5 D 2 transition).
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 55355 Figure 5.5: Emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 systems synthesized using 3.0 M urea and calcined at 900, 1000, 1100, and 1200 C during 6 h. Measurements were recorded at 12 K upon excitation of the 7 F 0 ! 5 D 0 transition (581 nm).

Figure 5 . 6 :

 56 Figure 5.6: Image from confocal microscopy of 0.3 at.% Eu 3+ :Y 2 O 3 particles (size: 300 nm). Measurements were performed at room temperature upon excitation at 532 nm with 1 mW of laser power.

Figure 5 . 7 :

 57 Figure 5.7: High resolution emission spectrum of 0.3 at.% Eu 3+ :Y 2 O 3 single particle recorded at room temperature upon excitation at 532 nm.

Figure 5 .

 5 Figure 5.7 shows the spectrum of a single bright spot in the confocal scan corresponding to a single Eu 3+ :Y 2 O 3 particle, which exhibits a very similar profile and linewidth as the one found for the room temperature spectrum of an ensemble of these Eu 3+ :Y 2 O 3 particles.

Figure 5 .

 5 Figure 5.8 displays a high resolution spectrum of the 5 D 0 ! 7 F 0 transition of a 0.3 at.% Eu 3+ :Y 2 O 3 single particle fitted with a Lorentzian function.

Figure 5 . 8 :

 58 Figure 5.8: High resolution emission spectrum of a 0.3 at.% Eu 3+ :Y 2 O 3 single particle recorded at room temperature upon excitation at 532 nm (red) and respective Lorentzian fit (blue).

λCFigure 5 . 9 :

 59 Figure 5.9: Emission spectrum of 0.3 at.% Eu 3+ :Y 2 O 3 particle ensemble recorded at room temperature upon excitation at 532 nm. The red curve represents the Lorentzian fit of experimental points.

Figure 5 . 11 :

 511 Figure 5.11: Emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using 0.5 M urea and calcined at 900 and 1200 C during 6 h. Measurements were recorded at 12 K upon excitation at 391 nm using short detection time (50 ns) and width (500 ns).

Figure 5 . 12 :

 512 Figure 5.12: Fluorescence decay curves of the 5 D 0 ! 7 F 2 transition recorded at 12 K following the excitation of the 7 F 0 ! 5 D 0 transition (581 nm) for 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized using 0.3, 0.5, 2.0 and 3.0 M urea and calcined at 900, 1000, 1100 and 1200 C during 6 h. Solid lines are exponential fits to the data.

Figures 5 .

 5 Figures 5.13 and 5.14 show the lifetimes of the 5 D 0 excited level for all 0.3 at.% Eu 3+ :Y 2 O 3 samples as a function of particle and crystallite sizes, respectively.

Figure 5 . 13 :

 513 Figure 5.13: Fluorescence lifetime values of the 5 D 0 level as a function of average particle sizes of 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized varying urea concentration and annealing temperature during 6 h. Measurements were recorded at 12 K following excitation of the 7 F 0 ! 5 D 0 transition (581 nm).

Figure 5 . 14 :

 514 Figure 5.14: Fluorescence lifetime values of the 5 D 0 excited level as a function of crystallite sizes of 0.3 at.% Eu 3+ :Y 2 O 3 particles synthesized varying urea concentration and annealing temperatures during 6 h. Measurements were recorded at 12 K following excitation of the 7 F 0 ! 5 D 0 transition (581 nm).

Figure 5 . 15 :

 515 Figure 5.15: Lifetimes of the 5 D 0 level measured in air (a) and water (b) as a function of 0.3 at.% Eu 3+ :Y 2 O 3 particle size synthesized using varying urea concentrations and calcined at di↵erent temperatures. Measurements were done under excitation of the 7 F 0 ! 5 D 0 transition (581 nm). Solid lines: fit using an e↵ective index based model (see text).

Figure 5 . 16 :

 516 Figure 5.16: Scheme of e↵ective refractive index model. The Eu 3+ ion (star) placed into an Eu 3+ :Y 2 O 3 particle with radius R and refractive index n B , is at the center of an influence sphere of radius R i . Depending on Eu 3+ position and the radii R and R i , the influence sphere can be fully (a) or partially composed by the particle with refractive index n B . The external medium has a refractive index n M .

  .

Figure 5 . 17 :

 517 Figure 5.17: Fluorescence decay curves of 5 D 0 excited level for 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using 0.5 M urea and calcined at 1200 C during 6, 12, 18 and 24 h. Measurements were recorded at 12 K following the excitation at 7 F 0 ! 5 D 0 transition (581 nm).

5 D 2 Figure 5 . 18 :

 52518 Figure 5.18: Decay time values of the 5 D 2 excited level recorded at 12 K following the excitation of the 7 F 0 ! 5 D 2 transition (465 nm) for 0.3 at.% Eu 3+ :Y 2 O 3 particles with di↵erent particle sizes calcined at 900, 1000, 1100 and 1200 C for 6 h.

5 D 2 Figure 5 . 19 :

 52519 Figure 5.18 shows 5 D 2 fluorescence decay curves with single exponential fits. A significant decrease on lifetimes is observed as a function of particle size for samples calcined at 900 C and even for all other thermal treatments as 1000, 1100 and 1200 C for 6 h. 5 D 2 lifetimes for all 0.3 at.% Eu 3+ :Y 2 O 3 samples -with di↵erent particle sizes and thermal treatments -are presented as a function of particle size in Figure5.19.

Figure 5 . 20 :

 520 Figure 5.20: Scheme of RE(OH)CO 3 @Y(OH)CO 3 core-shell particles proposed in the literature [101, 131, 132].

Figure 5 . 21 :

 521 Figure 5.21: Scheme of neodymium energy levels. Adapted from [181].

4 F 3 / 2

 432 5 nm excitation corresponding to the 4 I 9/2 ! 4 G 5/2 transition. Intensity (a. u.)]

Figure 5 . 22 :

 522 Figure 5.22: Fluorescence decay curves of 2.0 at.% Nd 3+ :Y 2 O 3 systems synthesized using 0.5 M urea and calcined at 900, 1000, 1100 and 1200 C for 6 h. Measurements were done at room temperature under 597.5 nm excitation ( 4 I 9/2 ! 4 G 5/2 ) and monitoring the 4 F 3/2 ! 4 I 9/2 transition. The inset shows the initial decay region.

Figure 5 . 23 :

 523 Figure 5.23: Fluorescence decay curves of 4 F 3/2 excited level at 946 nm for 2.0 at.% Nd 3+ :Y 2 O 3 sample prepared using 0.5 M urea and calcined at 900, 1000, 1100 and 1200 C for 6 h, recorded at room temperature following the excitation of 4 I 9/2 ! 4 G 5/2 transition (597.5 nm). Solid lines represent Inokuti-Hirayama fits.

Figure 5 . 24 :

 524 Figure 5.24: Scheme of Nd-Nd resonant energy transfer.

Fluorescence

  spectra of several Eu 3+ :Y 2 O 3 samples with di↵erent particle sizes and thermal treatments have shown characteristic emission profile from Eu 3+ in the C 2 site in Y 2 O 3 systems, under excitation of the 7 F 0 ! 5 D 0 and 7 F 0 ! 5 D 2 transitions. Samples prepared under several conditions, presented identical linewidths and line positions showing that no additional CHAPTER 5.
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Figure 6 . 1 :

 61 Figure 6.1: Scheme of phonon induced dephasing mechanisms. Levels a, b are spin states, and c is a crystal field level. On the lower left is the direct one-phonon process between levels b and a. On the right are three two-phonon processes which are (from left to right), a Raman process coupling b and a through a virtual state d, the Orbach process involving two resonant phonons and crystal filed level c, and a Raman elastic two-phonon pure dephasing process [48].

Figure 6 . 2 :

 62 Figure 6.2: Speckle pattern observed for transmitted light through the powder.

Figure 6 . 3 :

 63 Figure 6.3: Experimental setup for homogeneous linewidth measurements.

Figure 6 . 4 :

 64 Figure 6.4: Upper scheme: Two-pulse photon echo sequence. The two laser pulses (squares) flip the Bloch vectors by ⇡/2 and ⇡ angles around the x axis respectively.The colored square box superposed with the echo signal is the heterodyne pulse. Delays between pulses are denoted by ⌧ . Bottom: Block vectors' evolution as a function of two-pulse echo sequence (see text). Adapted from[START_REF] Tumino | Growth and coherent spectroscopy of europium-and praseodymium-doped crystals for quantum memory applications[END_REF].

Figure 6 . 5 :

 65 Figure 6.5: Three-pulse photon echo sequence.

Figure 6 . 6 :

 66 Figure 6.6: Scheme of spectral hole burning [1].

  6.1.4.2 Measurements on small aggregates of Eu 3+ :Y 2 O 3 particles Hole burning experiments on small aggregate of Eu 3+ :Y 2 O 3 particles were performed at the Department of Physics in Lund University under the supervision of Professor Stefan Kröll. Measurements were performed with a very narrow dye laser (linewidth < 1 kHz). Part of the experimental setup is presented in Figure 6.7.
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 67 Figure 6.7: Images from the optical setup at Lund Physics Department.

Figure 6 . 8 :

 68 Figure 6.8: Images from optical (a) and scanning electron microscopes (b) of 0.5 at.% Eu 3+ :Y 2 O 3 particles dispersed on quartz substrates.

Figure 6 . 10 :

 610 Figure 6.10: Ground state hyperfine levels of Eu 3+ isotopes.
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 2 Spectroscopy of 0.5 % Eu 3+ :Y 2 O 3 sample 6.2.1 0.5 % Eu 3+ :Y 2 O 3 sample

Figure 6 . 12 :

 612 Figure 6.12: Echo intensity decay measured at 1.7 K for a 0.5 at.% Eu 3+ :Y 2 O 3 sample prepared using 0.5 M urea and calcined at 1200 C during 6 h. The inset shows the decay in log scale with a linear fit (red line).
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Figure 6 . 13 :

 613 Figure 6.13: Photon echo decays measured at the center of the inhomogeneous line and at laser frequencies 5 and 8 GHz o↵ peak in a 0.5 at.% Eu 3+ :Y 2 O 3 sample. T=2 K.
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Figure 6 . 14 :

 614 Figure 6.14: Temperature dependence of the homogeneous linewidth h measured by two-pulse photon echoes for a 0.5 at.% Eu 3+ :Y 2 O 3 sample. The solid line represents a linear fit to h = 0 + RT with 0 = 54.8 ± 3.3 kHz and R = 8.3 ± 1.2 kHz/K.

3 T= 2 KFigure 6 . 15 :

 32615 Figure 6.15: Three-pulse photon echo amplitude decays measured at 2 K as a function of ⌧ for t w = 20 µs, 200 µs and 1 ms, in a 0.5 at.% Eu 3+ :Y 2 O 3 sample. The solid lines represent exponential fits.

Figure 6 . 16 :

 616 Figure 6.16: Homogeneous broadening measured at 2 K as a function of t w for 0.5 at.% Eu 3+ :Y 2 O 3 sample prepared using 0.5 M urea and calcined at 1200 o C during 6 h. The solid line represents the fit of the curve.

Figure 6 . 17 :

 617 Figure 6.17: E↵ective linewidth ef f measured under superfluid helium (1.4 K) and at 2.0 K as a function of t w for a 0.5 at.% Eu 3+ :Y 2 O 3 sample.

Figure 6 . 18 :

 618 Figure 6.18: Holewidths as a function of temperature for a 0.5 at.% Eu 3+ :Y 2 O 3 sample.

T = 2 KFigure 6 . 22 :

 2622 Figure 6.22: Homogeneous linewidth values ( 0 ) measured at 2 K as a function of particle size for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared with di↵erent urea concentrations and calcined at 1200 o C during 6 h.

Figure 6 . 23 :

 623 Figure 6.23: Temperature dependence of the homogeneous linewidth h measured by two-pulse photon echoes for 0.3 at.% Eu 3+ :Y 2 O 3 sample prepared using 3.0 M urea and calcined at 1200 C during 6 h.
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 33624 Figure 6.24: Homogeneous linewidths obtained at 2 K as a function of annealing temperature for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared using 0.3 and 0.5 M urea.
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Figure 6 . 25 :

 625 Figure 6.25: Homogeneous linewidths measured at 2 K for a 0.3 at.% Eu 3+ :Y 2 O 3 sample prepared using 0.5 M urea and calcined at 1200 C during 6, 12, 18 and 24 h.

  

Table 2 .

 2 1: Main characteristics of europium ions (CN = coordinator number).

		Europium 3+	
	Electronic configuration	[Xe]4f 6
	Ground/excited states	7 F 0 / 5 D 0
	Ionic radius (CN=6)	0.0947 nm
	Nuclear spin (I)	5/2
	Isotopes	151 Eu	153 Eu
	Natural abundance	47.8 %	52.2 %
	Mag. moment (bare nucleus) 3.465µ N /1.056kHz/G 1.531 µ N /0.4668 kHz/G
	Quadrupole moment	+0.95 . 10 24 cm 2	+2.42 . 10 24 cm 2

  3+ :Y 2 O 3 bulkand nanocrystalsAs introduced previously, RE atoms doped into various hosts are known to exhibit very sharp optical lines, especially at low temperatures. Among several materials, Eu 3+ :Y 2 O 3 bulk crystals stand out because of its kilohertzscale homogeneous linewidth for liquid helium temperatures[START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF]. Macfarlane and Shelby probed T 2 lifetimes by photon echo technique at low temperature for Eu 3+ :Y 2 O 3 single crystal prepared by Verneuil method. These authors found 510 µs for the optical coherence lifetime of the 7 F 0 -5 D 0 transition, which is the longest coherence lifetime seen for Eu 3+ :Y 2 O 3 , corresponding to 600 Hz of homogeneous linewidth[START_REF] Macfarlane | Sub-kilohertz optical linewidths of the 7 F 0 $ 5 D 0 transition in Y 2 O 3 :Eu 3+[END_REF]. Babbit and coauthors have reported at liquid-helium temperatures 10 GHz inhomogeneous absorption widths for 7 F 0 ! 5 D 0 transition in 2.0 at.% Eu

3+ 

:Y 2 O 3 and an homogeneous linewidth around 2.5 kHz

[START_REF] Babbitt | Optical dephasing, hyperfine structure, and hyperfine relaxation associated with the 580.8nm 7 F 0 -5 D 0 transition of europium in Eu 3+ :Y 2 O 3[END_REF]

. Flinn and coauthors have done two-pulse photon echo measurements on Eu 3+ :Y 2 O 3 samples prepared under di↵erent crystal-growth techniques, founding additional sample-dependent contribution to the homogeneous broadening in comparison with a crystal growth by the flame fusion technique. The broadening found is not correlated with Eu 3+ concentration in the matrix, suggesting the presence of disorder in samples with large homogeneous linewidths

[START_REF] Flinn | Anomalous optical dephasing in crystalline Y 2 O 3 : Eu 3+[END_REF]

. The homogeneous linewidth values found in Flinn's work are showed in Table

2

.2.

Table 2 .

 2 

	Sample	Eu 3+ concentration (at. %)	h (kHz)
	Fiber F6	0.55	4.0
	Fiber F1	0.3	18
	Fiber F5	0.13	42
	Fiber F2	0.1	26
	Fiber F3	0.05	38
	Fiber F4	0.004	9.4
	Flame fusion	0.3	2.5

2: Homogeneous linewidth values reported by Flinn and coauthors for Eu 3+ :Y 2 O 3 fibers and flame-fusion samples at 1.4 K [94].
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Table 3 .

 3 1: Average particle size values of 0.3 at.% Eu 3+ :YOC and 0.3 at.% Eu 3+ :Y 2 O 3 particles as a function of urea concentration and average losses in particle diameter.

	Urea concentration Eu 3+ :YOC size Eu 3+ :Y 2 O 3 size Diameter losses
	0.3 M	729 nm	540 nm	26 %
	0.5 M	633 nm	450 nm	29 %
	2.0 M	289 nm	215 nm	26 %
	3.0 M	198 nm	150 nm	24 %

  .28.

													CHAPTER 3.
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Table 3 .

 3 2: Estimated average crystallite size (CS) -from TEM and XRD results -for 0.3 at.% Eu 3+ :Y 2 O 3 samples with di↵erent urea concentration and thermal treatments during 6 h. for samples obtained with di↵erent Eu 3+ doping level show the absence of reflections assigned to secondary phases. The crystallite sizes estimated for these samples doped with di↵erent Eu 3+ concentrations are presented in Figure 3.32. 3+ concentration. The crystallite size values present similar magnitude order. The divergence between crystallite values for 0.5 and 5 at.% Eu 3+ :Y 2 O 3 samples can be attributed to uncertainties from the fit. The values for other samples are in agreement with crystallite size value found for 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 0.5 M and calcined at 1200 o C during 6 h. A table with crystallite sizes and respective lattice parameters for all samples with di↵erent Eu 3+ concentrations is presented in Table 3.3.

	[Urea] (M) Temperature ( o C) CS(nm) by TEM CS(nm) by XRD
	0.3 M 0.3 M 0.5 M 0.5 M 0.5 M 2.0 M 2.0 M 2.0 M 2.0 M 3.0 M 3.0 M 3.0 M 3.0 M	1100 1200 1000 1100 1200 900 1000 1100 1200 900 1000 1100 1200	121 ± 30 138 ± 40 98 ± 33 121 ± 39 165 ± 38 42 ± 17 72 ± 20 99 ± 28 126 ± 37 47 ± 15 73 ± 23 100 ± 27 129 ± 37	92 118 73 89 107 43 56 68 89 36 47 63 88

Figure 3.31: XRD patterns of Eu 3+ :Y 2 O 3 particles obtained using 0.5 M of urea containing 0.3, 0.5, 0.7, 1.0 and 5 at.% Eu 3+ , calcined at 1200 o C during 6 h. Di↵ractograms Figure 3.32: Crystallite size of Eu 3+ :Y 2 O 3 particles synthesized using 0.5 M of urea calcined at 1200 o C during 6 doped with 0.3, 0.5, 0.7, 1.0 and 5.0 at.% of Eu 3+ .

Figure 3.32 shows no clear dependence of crystallite sizes as a function of Eu

Table 3 .

 3 3: Average crystallite sizes (CS) and refined lattice constants (a) estimated by FullProf analysis of Eu 3+ :Y 2 O 3 samples with di↵erent Eu 3+ concentrations. All samples were prepared with 0.5 M and calcined at 1200 o C during 6 h.

	[Eu 3+ ] (%) CS (nm) Refined a ( Å)
	0.3	107	10.60247(9)
	0.5	133	10.60265(2)
	0.7	107	10.60434(5)
	1.0	113	10.60519(1)
	5.0	139	10.61000(2)

Table 3 .

 3 4: Average crystallite sizes (CS) estimated by FullProf analysis for Eu 3+ :Y 2 O 3 samples with di↵erent urea concentrations, particle sizes (PS), Eu 3+ concentrations and thermal treatments during 6 h.

	[Urea] (M) PS (nm) [Eu 3+ ] (%) T ( o C) CS (nm)
	0.3 M 0.3 M 0.3 M 0.3 M 0.5 M 0.5 M 0.5 M 0.5 M 2.0 M 2.0 M 2.0 M 2.0 M 3.0 M 3.0 M 3.0 M 3.0 M 0.5 M 0.5 M 0.5 M 0.5 M	543 ± 58 551 ± 52 538 ± 60 537 ± 61 450 ± 47 451 ± 49 457 ± 46 446 ± 48 219 ± 34 224 ± 33 212 ± 34 207 ± 36 149 ± 26 155 ± 27 145 ± 28 153 ± 38 394 ± 113 390 ± 63 358 ± 28 406 ± 42	0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.7 1.0 5.0	900 1000 1100 1200 900 1000 1100 1200 900 1000 1100 1200 900 1000 1100 1200 1200 1200 1200 1200	57 71 92 118 53 73 89 107 43 56 68 89 36 47 63 88 133 107 113 139

  [START_REF] Deutsch | Quantum -theory, the church-turing principle and the universal quantum computer[END_REF] precursors with sizes from 730 to 198 nm were prepared by changing urea concentrations from 0.3 to 3.0 M. Thermal treatments were necessary to convert Eu 3+ :Y(OH)CO 3 in Eu 3+ :Y 2 O 3 producing systems with average sizes from 550 to 150 nm. It can be seen that 6 hours of annealing time, for temperatures ranging from 900 to 1200 o C, is enough to have crystalline Eu 3+ :Y 2 O 3 particles with relevant dispersion. All calcined samples with di↵erent particle sizes and Eu 3+ concentrations, exhibit cubic Y 2 O 3 phase with absence of second phase. FullProf software was able to probe constant lattices and crystallite sizes. Crystallite sizes vary from 40-60 nm to 90-120 nm as a function of thermal treatments from 900 to 1200 o C / 6 h, in addition samples with the di↵erent Eu 3+ concentrations from 0.3 to 5% do not a↵ect particle and crystallite sizes.
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Table 4 .

 4 1: Inhomogeneous linewidth inh values of 7 F 0 ! 5 D 0 transition of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared with di↵erent urea concentrations and temperatures of annealing during 6 h.

	[Urea] Particle size Annealing temperature Crystallite size	inh
	0.3 M 543 ± 58 nm 0.3 M 551 ± 52 nm 0.3 M 538 ± 60 nm 0.3 M 537 ± 61 nm 0.5 M 450 ± 47 nm 0.5 M 451 ± 49 nm 0.5 M 457 ± 46 nm 0.5 M 446 ± 48 nm 2.0 M 219 ± 34 nm 2.0 M 224 ± 33 nm 2.0 M 212 ± 34 nm 2.0 M 207 ± 36 nm 3.0 M 149 ± 26 nm 3.0 M 155 ± 27 nm 3.0 M 145 ± 28 nm 3.0 M 153 ± 38 nm	900 C 1000 C 1100 C 1200 C 900 C 1000 C 1100 C 1200 C 900 C 1000 C 1100 C 1200 C 900 C 1000 C 1100 C 1200 C	57 nm 71 nm 92 nm 118 nm 53 nm 73 nm 89 nm 107 nm 43 nm 56 nm 68 nm 89 nm 36 nm 47 nm 63 nm 88 nm	36 GHz 24 GHz 18 GHz 12 GHz 32 GHz 22 GHz 17 GHz 11 GHz 37 GHz 25 GHz 19 GHz 12 GHz 34 GHz 23 GHz 17 GHz 14 GHz

  3 at.% Eu 3+ :Y 2 O 3 samples prepared with 0.5 M urea and calcined at 1200 C during 6, 12, 18 and 24 h are displayed in Figure 4.11.

	Normalized intensity (a. u.)	0.0 0.4 0.8 1.2	0.3 at.% Eu 3+ : Y 2 O 3 0.5 M (480 nm) 1200°C / 6 h 12 h 18 h 24 h
		-60	-40	-20	0	20	40	60
				Frequency (GHz)	

Table 4 .

 4 2: Inhomogeneous linewidth inh values of 7 F 0 ! 5 D 0 transition of 0.3 at.% Eu 3+ :Y 2 O 3 samples prepared with 0.5 M and calcined at 1200 C during 6, 12, 18 and 24 h. E↵ect of Eu 3+ concentrationFigure 4.12 shows the inhomogeneous linewidths of Eu 3+ :Y 2 O 3 systems doped with 0.3, 0.5, 0.7, 1.0 and 5.0 at.% of Eu 3+ :Y 2 O 3 prepared with 0.5 M of urea and calcined at 1200 C during 6 h.

	Time of annealing at 1200 C	inh
	6 h	12 GHz
	12 h	10 GHz
	18 h	12 GHz
	24 h	10 GHz
	4.2.3	

Table 4 .

 4 3: Inhomogeneous linewidth inh values of 7 F 0 ! 5 D 0 transition of 0.3, 0.5, 0.7, 1.0 and 5.0 at.% Eu 3+ :Y 2 O 3 particles prepared using 0.5 M of urea and calcined at 1200 C during 6 h.

	Eu 3+ concentration	inh
	0.3 %	13 GHz
	0.5 %	16 GHz
	0.7 %	20 GHz
	1.0 %	23 GHz
	5.0 %	135 GHz

  Eu 3+ concentration was previously reported for Eu 3+ :Y 2 O 3 bulk crystal[START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF], Eu 3+ :Y 2 SiO 5 crystals[START_REF] Könz | Temperature and concentration dependence of optical dephasing, spectral-hole lifetime, and anisotropic absorption in Eu 3+ :Y 2 SiO 5[END_REF], Pr 3+ La 2 (WO 4 ) 3 crystals[START_REF] Beaudoux | Concentration dependence of absorption and optical and hyperfine transition dynamics in Pr 3+ :La 2 (WO 4 ) 3[END_REF] and Eu 3+ :Y 2 O 3 ceramics[START_REF] Kunkel | Rare-earth doped transparent ceramics for spectral filtering and quantum information processing[END_REF]. For comparison, Figure4.14 exhibits inhomogeneous linewidth values as a function of Eu 3+ doping level for our particles and several RE doped systems.
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Table 4 .

 4 4: Inhomogeneous linewidth inh at 0 at.% Eu 3+ concentration and slope values of linear fits of experimental data for % Eu 3+ :Y 2 O 3 particles, ceramics[START_REF] Kunkel | Rare-earth doped transparent ceramics for spectral filtering and quantum information processing[END_REF] and fiber crystals[START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF], and Eu 3+ Y 2 SiO 5 crystals[START_REF] Könz | Temperature and concentration dependence of optical dephasing, spectral-hole lifetime, and anisotropic absorption in Eu 3+ :Y 2 SiO 5[END_REF]. Figure 4.14 andTable 4.4 show larger extrapolated inh values at 0 at.% Eu 3+ for Eu 3+ :Y 2 O 3 particles and ceramics than for Eu 3+ :Y 2 O 3

	Systems	inh at 0 at.% Eu 3+	Slopes
	Eu 3+ :Y 2 O 3 particles	9 GHz	15 GHz/%
	Eu 3+ :Y 2 O 3 ceramics [45]	8 GHz	17 GHz/%
	Eu 3+ :Y 2 O 3 fiber crystals [21]	3 GHz	34 GHz/%
	Eu 3+ :Y 2 SiO 5 crystals [157]	0.2 GHz	22 GHz/%

  with the Raman active modes attribution.
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Figure 4.

16: Raman spectra of 0.3 at.% Eu 3+ :Y 2 O 3 particles prepared using 3.0 M of urea and calcined under 900, 1000, 1100 and 1200 C during 6 h, and Raman spectrum of a 0.5 at.% Eu 3+ :Y 2 O 3 transparent ceramic. Measurements were performed at room temperature under excitation at 633 nm. Asterisks: Eu 3+ fluorescence.
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		5 M urea
	and 0.3 at.% Eu 3+ :Y 2 O 3 sample prepared using 2.0 M urea, both of them
	calcined at 1200 C during 6 h. EPR measurements performed at room
	temperature are presented in Figure 4.25.

4.4 Electron Paramagnetic Resonance (EPR)

EPR measurements were performed in a few Eu 3+ :Y 2 O 3 samples to identify possible defects with unpaired electrons. As Eu 3+ is a non-Kramer's ion, its EPR spectrum is silent . However, the presence of Eu 2+ -from partial Eu 3+ reduction -could be detected by this technique. Eu 2+ ions have a 4f 7 configuration and an electron spin S value of 7/2. EPR experiments were performed at 9.5 GHz at room and low temperatures (70 and 10 K) on a 0.5 at.% Eu 3+ :Y 2 O 3 sample prepared using 0.

Table 5 .

 5 1: Emission line assignments of 0.3 at.% Eu 3+ :Y 2 O 3 systems excited at 465 nm ( 7 F 0 ! 5 D 2 transition) at 12 K and comparison with literature [167]. Transition Our Eu 3+ :Y 2 O 3 particles (nm) Eu 3+ :Y 2 O 3 bulk (nm)

	5 D 2 ! 7 F 2 5 D 1 ! 7 F 0 5 D 1 ! 7 F 1 5 D 1 ! 7 F 2 5 D 1 ! 7 F 3 5 D 0 ! 7 F 0 5 D 0 ! 7 F 1 5 D 0 ! 7 F 2 5 D 0 ! 7 F 3 5 D 0 ! 7 F 4	489, 501 528 534, 539 545, 550, 554 563, 569 581 588, 593, 600 612, 631 650, 663 687, 693, 707, 709, 712	487.6, 488, 488.8 468.3, 527.6, 528.2 533.9, 538.5, 543.8 553.4, 554.8, 569.1 585-596 581 588, 593, 600 611, 613, 631 650 -664 687-711

5.2.3 Emission spectra of Eu

3+ :Y 2 O 3 single particle under excitation at 7 F 0 ! 5 D 1

It is known that the dipole-forbidden nature of the narrow RE transitions induces in a weak coupling of RE ions to optical fields. This low coupling results in ultra-low emission rates for individual ions, limiting most experiments to macroscopic ensembles. To overcome this problem, particles could be placed in a high finesse optical microcavity

[START_REF] Hunger | A fiber FabryPerot cavity with high finesse[END_REF]

. As a first step, in collaboration with the group of David Hunger at LMU/MPI for Quantum Optics in Munich, confocal fluorescence microscopy has been carried out on 0.3 at.% Y 2 O 3 particles prepared with 0.5 M and calcined at 1200 C during 24 h. Figure 5.6 shows a confocal microscopy image of dispersed Eu 3+ :Y 2 O 3 particles under excitation of the 7 F 0 ! 5 D 1 transition (532 nm).

  Emission spectra measured under excitation at 391 nm were recorded in order to investigate the emission of Eu 3+ :Y 2 O 3 particles between 395 to 670 nm. Figures 5.10 and 5.11 show the low temperature emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples with di↵erent particle sizes and thermal treatments, respectively. The detection delay was set at 50 ns with a width of 500 ns.Figure5.10: Emission spectra of 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized using 0.5 and 2.0 M urea and calcined at 1200 C during 6 h. Measurements were recorded at 12 K upon excitation at 391 nm using short detection time (50 ns) and width (500 ns).
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Table 5 .

 5 2: Particle sizes (PS) and lifetimes (T 1 ) of the 5 D 0 level measured in air and water for 0.3 at.% Eu 3+ :Y 2 O 3 samples synthesized varying urea concentrations and temperatures of annealing during 6 h. Measurements were done under excitation of the 7 F 0 ! 5 D 0 transition (581 nm).

	Eu 3+ :Y 2 O 3	PS	T 1 of 5 D 0 (air) T 1 of 5 D 0 (H 2 O)
	0.3 M 900 C 550 nm	1.14 ms	1.09 ms
	0.3 M 1000 C 550 nm	1.10 ms	1.05 ms
	0.3 M 1100 C 550 nm	1.09 ms	1.05 ms
	0.3 M 1200 C 550 nm	1.10 ms	1.06 ms
	0.5 M 900 C 450 nm	1.27 ms	1.13 ms
	0.5 M 1000 C 450 nm	1.20 ms	1.09 ms
	0.5 M 1100 C 450 nm	1.19 ms	1.09 ms
	0.5 M 1200 C 450 nm	1.19 ms	1.09 ms
	2.0 M 900 C 210 nm	1.64 ms	1.36 ms
	2.0 M 1000 C 210 nm	1.58 ms	1.34 ms
	2.0 M 1100 C 210 nm	1.49 ms	1.32 ms
	2.0 M 1200 C 210 nm	1.43 ms	1.23 ms
	3.0 M 900 C 150 nm	1.69 ms	1.40 ms
	3.0 M 1000 C 150 nm	1.60 ms	1.36 ms
	3.0 M 1100 C 150 nm	1.53 ms	1.34 ms
	3.0 M 1200 C 150 nm	1.35 ms	1.25 ms

Table 5 .

 5 3: Fluorescence lifetime values of 0.3 at.% Eu 3+ :Y 2 O 3 particles obtained using 0.5 M urea and calcined at 1200 C as a function of annealing times.

	Time of annealing at 1200 C 5 D 0 fluorescence lifetime
	6 h	1.25 ms
	12 h	1.23 ms
	18 h	1.24 ms
	24 h	1.22 ms

  .11. 
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  2 , where d is the particle size for Eu 2 O 3 and Eu 3+ :Y 2 O 3 nanoparticles with crystallite sizes between 4 and 20 nm[START_REF] Hong | Spectral hole burning in crystalline Eu 2 O 3 and Y 2 O 3 : Eu 3+ nanoparticles[END_REF]. Extrapolating these results for our particles, we find that h should be divided by a factor of about 4 between this work and that of Perrot et al. This is twice what is observed, which suggests that additional processes are present. Indeed, dephasing linked to TLS or magnetic impurities can have a large influence, as seen in some Eu 3+ :Y 2 O 3 transparent ceramics with 50 µm crystalline grains[START_REF] Ferrier | Narrow inhomogeneous and homogeneous optical linewidths in a rare earth doped transparent ceramic[END_REF] and several Eu 3+ :Y 2 O 3 bulk crystals[START_REF] Flinn | Sample-dependent optical dephasing in bulk crystalline samples of Y 2 O 3 :Eu 3+[END_REF], which show coherence lifetimes in the same range as our particles. A detailed study of the contributions to h in the 0.5 at.% Eu 3+ :Y 2 O 3 samples is presented below to identify the main causes of decoherence in the 0.5 at.% Eu 3+ :Y 2 O 3 samples.

Table 6 .

 6 1: Coherence lifetimes (T 2 ) and homogeneous linewidth ( h ) values at 2 K for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared with di↵erent urea concentration and calcined at 1200 C during 6 h.

	Particle size [Urea]	T 2	h
	150 nm 215 nm 450 nm 540 nm	3.0 M 1.62 µs ± 0.16 197 kHz ± 17 2.0 M 1.68 µs ± 0.23 190 kHz ± 23 0.5 M 1.60 µs ± 0.12 199 kHz ± 14 0.3 M 1.55 µs ± 0.15 187 kHz ± 18

Table 6 .

 6 2: Homogeneous linewidths at 2 K ( h ) for 0.3 at.% Eu 3+ :Y 2 O 3 systems prepared with 0.5 M urea and calcined at 1200 during 6, 12, 18 and 24 h.

	[Urea] Thermal treatment [Eu 3+ ]	h
	0.5 M	1200 o C / 6 h	0.3 % 177 kHz
	0.5 M	1200 o C / 12 h	0.3 % 208 kHz
	0.5 M	1200 o C / 18 h	0.3 % 166 kHz
	0.5 M	1200 o C / 24 h	0.3 % 166 kHz

  Initial Training Network -Coherent Information Processing in Rare-Earth Ion Doped Solids (CIPRIS). In this network, several European research laboratories and industrial partners shared the common aim to develop and study RE doped materials for future information technology. Classical and quantum processing approaches were developed by inter-disciplinary research e↵orts, combining physics, material science and information technology. The IRCP team developed rare earth (RE) doped single crystals and nanoparticles based on its expertise on materials design and characterization. The main goal of this work was the study of the coherent properties of RE doped nanocrystals. For that, we focused our attention on Eu 3+ :Y 2 O 3 because bulk Eu 3+ :Y 2 O 3 crystals present long optical coherence lifetimes (hundreds of µs) and narrow inhomogeneous broadenings (a few GHz), for a transition at 580 nm compatible with our dye laser. Moreover, synthesis of non-agglomerated Y 2 O 3 nanocrystals with narrow size distribution is possible. We expect that RE doped nanocrystals will o↵er high flexibility to design nanostructured systems. For example, this could be used to couple RE with other quantum systems to build hybrid devices with optimized performances. After having introduced, in the first part of Chapter 2, the theoretical framework that describes the behavior of rare-earth ions in crystals, we described the host used in this project, Y 2 O 3 . The state of the art for Eu 3+ :Y 2 O 3 bulk ands nanocrystals were presented.

The name of rare-earths is historical but not so true in reality. In the eighteen century, these "earthy" elements were found just in Sweden. Actually, except for promethium, their abundance is comparable, or even larger than other elements that are not considered rares (ten times more than lead, for example).

Measurements of transmission electronic microscopy were done thanks to Patricia Beaunier at Laboratoire de Réactivité de Surface -UPMC and Patrick Le Griel at Collège de France in Paris.
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Lorentzian fit

Transmission intensity (a. u.)

Frequency (GHz) The absorption curve is well fitted by a Lorentzian function with a linewidth of 14.4 GHz. This value is in the range of widths found for Eu 3+ :Y 2 O 3 single crystals and nanocrystals [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF], as discussed in Chapter 4. The peak optical density was around 0.55, larger than the 0.4 value found by Perrot and coauthors in 0.9 % Eu 3+ doped sample [START_REF] Perrot | Narrow optical homogeneous linewidths in rare earth doped nanocrystals[END_REF]. This indicates a larger mean free path for light in the 0.5 at.% Eu 3+ :Y 2 O 3 sample and therefore stronger scattering. This could be due to the smaller particles of this sample (500 nm vs several µm).

Two-pulse photon echo

Two-pulse photon echo experiments were performed in order to determine the dephasing time T 2 and consequently the homogeneous linewidth ( h = 1/⇡T 2 ) of the Eu 3+ transition 5 D 0 -7 F 0 . Figure 6.12 shows the echo amplitude decay curve at 1.7 K (under super fluid helium) as a function of the delay ⌧ between the first and second pulses. A broadening of the holes when increasing the delay between burn and scan pulses is observed as well as a decrease in depth. Figure 6.20 shows the time dependence of the integrated hole area. The signal strengths were about 11 kcounts/s, whereas the background signal measured with the laser 1 THz o↵ resonance was 25 counts/s. The largest contribution to the background level was the dark counts on the APD. A small additional background (4 count/s) is attributed to Eu 3+ ions that are hole burned in the 3F technique. The measurements yield linewidths that range between 1.6 MHz and 3.2 MHz. Because of the limited number of measurements, it was di cult to attribute the di↵erence to region-to-region variations in the particle properties. Surprisingly, these linewidths are significantly larger than those observed in 3PPE experiments, even for long delays. As the laser linewidth for these 3F experiments was very narrow, linewidths on the order of 400 kHz should observed (see Fig. 6.17). The origin of this discrepancy is not fully understood at the moment. Additional experiments on single crystal with narrower linewidths and no spectral di↵usion could help to determine the lower limit of the linewidths obtained by the 3F method.