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Magnetic tunnel junctions for ultrasensitive all-oxide hybrid sensors for medical applications
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Sensing extremely weak magnetic signals, such as those produced by electrical activity of the human heart and brain, still remains a challenge. A promising alternative to established fieldsensing techniques is a novel, spin electronic based, ultrasensitive device called an all-oxide mixed sensor. It comprises a superconducting loop, acting as a flux-to-field transformer and field amplifier, combined with a magnetic tunnel junction to sense the field.

My research activities have the goal to improve the performance of the mixed sensor, focusing on its core component -the magnetic tunnel junction (MTJ). The capability of an MTJ is predominantly determined by the quality of the tunnel barrier and by stability of magnetization states in ferromagnetic electrodes. In this context, oxide materials, known for their remarkable physical properties, have already shown their advantages. Thus, studies on La 0.7 Sr 0.3 MnO 3 /SrTi 0.8 Nb 0.2 O 3 (LSMO/Nb:STO) functional oxide interfaces, exploration of SrRuO 3 (SRO)/LSMO interfacial coupling, and the final integration of these two components into magnetic tunnel junctions form the main part of my work.

In the presented thesis, oxide thin films and heterostructures were grown by pulsed laser deposition. The electronic devices for investigations were made using clean room microfabrication techniques. Magnetic and (magneto-) transport measurements were performed at temperatures down to 10 K. Numerical simulations were realized. We explored transport properties of rectifying ultrathin film LSMO/Nb:STO Schottky junctions with micrometer-sized mesas, pursuing the objective of applying these metal-semiconductor structures in magnetic tunnel junctions, replacing the classical tunnel barrier. Our research provides new insights into the complex problematics of functional oxide interfaces critical for spintronic devices. SRO thin films and SRO/LSMO exchange bias system were studied with regard to their possible use for stabilizing the magnetization states in MTJs. Previously not reported magnetic anisotropy of LSMO and magnetic hysteresis loops with unusual asymmetry were observed. We successfully integrated SRO in all-oxide MTJs and thus verified the concept of SRO pinning layer. Finally, we developed and realized a novel type of magnetic tunnel junctions -MTJs with Nb:STO double Schottky barrier, providing an improved barrier-electrode interface quality. Junctions characteristics were studied in terms of applied bias, temperature and barrier thickness. Tunnel magnetoresistance ratios of up to 350 % were measured at low temperature. Magnetic tunnel junctions with semiconducting barriers open new possibilities not only for mixed sensor performance enhancement, but also for diverse other new-generation spintronic applications.

Les couches minces et multicouches d'oxyde utilisées dans ce travail ont été déposées par ablation laser pulsé. Les jonctions ont été produites en utilisant des techniques de microfabrication en salle blanche. Des mesures de (magnéto-) transport ont été effectuées et des simulations numériques ont été réalisées. Notre recherche sur les jonctions Schottky LSMO/Nb:STO fournit de nouvelles connaissances sur la problématique complexe des interfaces d'oxydes fonctionnels, ce qui est essentiel pour les dispositifs de spintronique. Les couches minces du SRO et bicouches LSMO/SRO ont été explorées en termes des propriétés magnétiques du SRO, et du couplage antiferromagnétique à l'interface du LSMO et du SRO. L'anisotropie magnétique du LSMO, qui n'a pas été rapportée à ce jour, et les boucles d'hystérésis magnétiques avec asymétrie inhabituelle ont été observées. Par ailleurs, nous avons intégré avec succès le SRO dans la jonction tunnel, et donc vérifié le concept de couche dure à base de l'interface LSMO/SRO. Finalement, nous avons développé et réalisé un nouveau type de jonction tunnel, c'est-à-dire les jonctions avec la double barrière Schottky, qui fournissent une meilleure qualité de l'interface électrode-barrière. Les jonctions tunnel avec des barrières semi-conductrices ouvrent de nouvelles possibilités pour diverses applications en spintronique.

Introduction

Non-invasive investigative techniques, e.g. magnetocardiography (MCG) and magnetoencephalography (MEG), are often indispensable for successful medical diagnostics. MCG and MEG could provide important information about such diseases like coronary artery ischemia and epilepsy, but they are also very promising for foetal heart and brain monitoring [1][2][3][4][5][6]. In contrast to well-established laboratory tools, e.g. electrocardiography (ECG) and electroencephalography (EEG), not electric current, but magnetic field, produced by the human heart and brain, is measured using MCG and MEG respectively.

In order to detect extremely weak magnetic signals (down to the femtotesla range, i.e. 10 -15 T), such as those generated by the human body, very sensitive sensors are required. Presently, commercially available MEG and MCG systems use the so-called low-temperature Superconducting QUantum Interference Devices -SQUIDs. These are currently the most sensitive tools for magnetic field sensing. The best SQUIDs typically operate at the temperature of liquid helium, i.e. 4 K. Liquid helium cooling increases operational costs of the device drastically. Less cost intensive SQUIDs, operable at the temperature of liquid nitrogen, i.e. 77 K, have also been realized. These so-called high-T C SQUIDs (T C = critical temperature of the superconductor) can reach magnetic field noise levels down to 10 fT Hz 1/2 [5]. However, the reproducibility of desired properties and the fabrication process of such devices are still a challenge.

As a promising alternative to SQUIDs, a novel magnetic sensor called a mixed sensor has been developed at the Condensed Matter Physics Laboratory 1 , part of the French Alternative Energies and Atomic Energy Commission 2 in Saclay. It has already demonstrated its ability to detect magnetic fields in the femtotesla range [7]. The mixed sensor consists of two main parts: a superconducting loop acting as a flux-to-field transformer and field amplifier, and a magnetoresistive (MR) element for magnetic field detection (Figure 1). In the case of alloxide mixed sensors, the flux-to-field transformer is made of high-T C superconductor YBaCuO 3 (YBCO). Supercurrent, created inside of YBCO loop by an external field due to the Meissner effect, is the source for a local magnetic field. The superconducting loop has a constriction, which increases the density of the supercurrent drastically, resulting in the increased density of field lines. An MR sensor, closely positioned to the constriction, detects this locally enhanced field. This MR sensor can be either a giant magnetoresistance (GMR) element or a tunnel magnetoresistance (TMR) element. The all-oxide mixed sensor operates at the temperature of liquid nitrogen, which makes it remarkably less cost-intensive compared to low-T C SQUIDs. [7].

YBCO belongs to the group of functional oxides with the perovskite structure. Functional oxides exhibit a wide variety of interesting phenomena like ferromagnetism, superconductivity, ferroelectricity, piezoelectricity etc. They are part of an active research since several decades, and a rapidly growing research field. Oxides are already widely used in spintronic devices and have the potential to be the next generation of nano-electronic materials [8]. Perovskite oxides share the same crystal structure and have close lattice parameters, allowing epitaxial growth of heterostructures. Epitaxial growth provides smooth interfaces and low noise characteristics. Oxides can be easily integrated into the mixed sensor. Thus, using other perovskite oxides combined with YBCO would be of great advantage. Such an all-oxide mixed sensor could achieve sensitivities down to the subfemtotesla range at 77 K.

In the presented work we developed the core of the all-oxide mixed sensor -the magnetic tunnel junction (MTJ). Two parameters are crucial for the MTJ performance. The first is the quality of the tunnel barrier and of the barrier-electrode interface. Defects, e.g. oxygen vacancies, are known to destroy spin polarization and reduce magnetoresistance ratio in tunnel junctions. In this regard, the aim of our work was to enhance the barrier properties in MTJs by significantly reducing oxygen vacancies and other defects, using the heavily doped semiconductor SrTi 0.8 Nb 0.2 O 3 (Nb:STO) instead of the classical insulating tunnel barrier. Thus, detailed experimental studies on Schottky functional oxide interfaces formed by the Nb:STO and ferromagnetic half-metal La 0.7 Sr 0.3 MnO 3 (LSMO) constitute the first part of our work.

Another critical parameter of the tunnel junction is the stabilization of magnetization states of the ferromagnetic electrodes in parallel and antiparallel configurations. The effect of interfacial coupling between ferromagnetic and antiferromagnetic materials, the so-called exchange bias interaction, has been proven to be effective for this purpose. In that context, as our second goal, we investigated the effect of antiferromagnetic coupling at the interface between two ferromagnetic oxides: LSMO and SrRuO 3 (SRO), in order to use SRO as pinning layer in magnetic tunnel junctions.

The final integration of the Schottky interface and the SRO pinning layer into magnetic tunnel junctions, and the exploration and analysis of their properties complete our work.

The presented PhD thesis was prepared under the supervision of professor Philippe Lecoeur in the CTM 1 research group at the Institute of Fundamental Electronics (IEF) 2 . The IEF is a mixed unit of the University of Paris-Sud 3 and CNRS 4 , and is located in Orsay, France. We worked in effective collaboration with the SPEC lab at the CEA in Saclay.

The manuscript is organized as follows: Chapter One provides a general introduction into magnetic phenomena in functional oxides, discusses the relevant materials, and reviews the state-of-art of research on SRO/LSMO exchange coupling and Nb:STO/LSMO Schottky interfaces. Chapter Two introduces experimental techniques and methods as well as equipment, used in the frame of this work. Growth of oxide thin films and device fabrication process are described in greater detail. Chapter Three deals with Nb:STO/LSMO metalsemiconductor Schottky contacts. We give important experimental information, demonstrate our results and analyze them. Chapter Four presents our studies on antiferromagnetic coupling at the SRO/LSMO interface. Structural analysis, magnetic characterisation and other investigations are the subject of this chapter. Chapter Five makes our work on magnetic tunnel junctions complete. The eventual integration of components discussed in preceding chapters and the exploration of the resulting structure are the topic of this thesis part. Conclusions and outlook section summarizes the obtained results and debates prospective concepts.

I.1 Introduction to oxide spintronics

The term spin electronics or spintronics unites all devices using the spin degree of freedom of the electron to carry, manipulate or store information, in contrast to conventional electronics based only on charge. Since the dimensions of electronic devices decrease steadily and rapidly, conventional technology reaches its fundamental physical limits, colliding with pure quantum mechanical effects. New approaches have to be made to insure a permanent progress of the electronic technology. With spintronics, a new generation of electronic devices arises, providing non-volatile data storage technology, ultra-fast switching, reduced energy consumption and increased integration density [1,2].

Currently, spin based electronics is not only a rapidly growing research field, but also an integral part of the electronic industry. Read heads based on the tunnel magnetoresistance effect (see section 1.2) are a commercial standard. Non-volatile magnetoresistive random access memories (MRAMs) are in serial production (Figure I.1). Potential future spintronic devices, e.g. spin-torque diode, spin logic devices and novel magnetic field sensors are under development [3,4].

Figure I.1: Commercially available Everspin MR2A08A magnetoresistive random access memory (MRAM).

From [5].

The beginning of the spintronic era can be dated back to the pioneering experiment of P. M. Tedrow and R. Meservey in 1971 [6] that revealed the spin-dependent character of tunnelling current. Few years later, M. Julliere investigated magnetoresistance on Fe/Ge/Co tunnel junctions at low temperature and developed a phenomenological model to describe the observed change of conductance as a function of spin polarization. This approach is now called the Julliere model [7]. The field of spintronics experienced accelerated growth with the discovery of giant magnetoresistance by A. Fert group in 1988 [8], interlayer coupling in P. Gruenberg team in 1989 [9] and the observation of reproducible room temperature tunnel magnetoresistance by Miyazaki et al. [10,11] and Moodera et al. [12] in the early 90s.

The giant magnetoresistance effect, awarded the Nobel Prize in physics 2007, is observed in so-called spin-valve structures [13], consisting of two ferromagnetic electrodes separated by a few nm thin non-magnetic metallic spacer (Figure I.2). One of the electrodes is pinned by an exchange interaction with an antiferromagnet, so that the magnetizations in the two ferromagnets can be aligned either parallel or antiparallel, depending on the applied magnetic field. The current through the GMR sandwich strongly depends on the magnetization configuration: in case the valve is in parallel state, large current can pass; if the alignment is antiparallel, only small current can flow. This effect can be explained by the spin-dependent scattering of carriers on ferromagnet-spacer interfaces in the spin-valve.

Figure I.2: Spin-valve structure. Ferromagnetic (FM) electrodes are separated by a metallic spacer. The bottom electrode is pinned by an antiferromagnet (AFM). Magnetization of the free layer follows the applied magnetic field.

The tunnel magnetoresistance effect, the subject of the next section, is observed in structures very similar to spin-valves: the metallic spacer is replaced by an insulating barrier. It results in the magnetic tunnel junction. TMR effect is based on the spin-dependent tunnelling of carriers. The tunnelling probability depends on the relative orientation of magnetizations in the two electrodes, due to the imbalance of spin-up and spin-down densities of states at the Fermi level in ferromagnetic materials, i.e. spin polarization. The higher the spin polarization, the larger the TMR ratio. Thus, very large, theoretically infinite TMR ratios can be achieved using so-called half-metallic ferromagnets [14] as electrodes in magnetic tunnel junctions. Half-metals have available density of states at the Fermi level only for one spin orientation. Therefore, they are expected to be totally spin-polarized. The search for half-metals leads to magnetic oxides.

Magnetic oxides, and in particular highly spin-polarized mixed-valence manganites, are currently a very dynamic part of scientific research. Exhibiting a rich variety of physical properties, magnetic oxides are promising candidates for the next-generation spintronic devices [15][16][17][18]. First investigations on mixed-valence manganites were made several decades ago. In 1950 J.H. Van Santen and G.H. Jonker discovered the colossal magnetoresistance effect (CMR) in manganite compounds [19]. Under the applied external magnetic field, the electric resistance of the system was observed to be strongly reduced (see Section 1.2). This effect is related to the spin disorder reduction under the large applied magnetic field, and it is maximized close to the Curie temperature T C of the ferromagnet. Far below the Curie temperature, the magnetic order is already established, thus the influence of the external field is vanishingly small. On the other hand, far above T C , strong thermal excitations prevent the reduction of the spin disorder by the applied magnetic field. However, due to relatively small applied magnetic fields in the earlier years of the CMR research, the observed CMR ratio was not large enough to attract a great interest. The discovery of high-temperature superconductivity [20] in 1986 increased the interest on magnetic oxides. Few years later, large CMR values were reported [21,22], awakening great hopes with regard to the application of these materials in magnetic field sensing. Nevertheless, the big disadvantage of CMR-based field-sensing devices is the required large applied magnetic field, typically of several Tesla, making the use of colossal magnetoresistance in daily life very questionable.

The biggest success, in terms of large magnetoresistance ratios combined with low applied magnetic fields, was experienced by TMR-based devices. Using manganites as ferromagnetic electrodes in magnetic tunnel junctions, tunnel magnetoresistance ratios one order of magnitude larger than in metal-based MTJs were obtained [18]. First TMR experiments on LSMO and LaCaMnO 3 manganite tunnel junctions were reported by the IBM group in 1996 [23,24]. TMR ratio of 83 % was measured at low temperature [23]. Soon, increased magnetoresistance of several hundred percent was reported in LSMO/SrTiO 3 (STO)/LSMO tunnel junctions [25,26], finalized by record values of over 1800 % [27,28], corresponding to a spin polarization of 95 %. Large TMR ratios measured on manganite tunnel junctions show that significant improvement of spintronic device's performance and, in particular of magnetic field sensors can be achieved using oxide materials. In the next sections we go deeper into details regarding the tunnel magnetoresistance effect and oxide materials for magnetic tunnel junctions.

I.2 Tunnel magnetoresistance

In this section we briefly introduce the theoretical background, necessary to understand the tunnel magnetoresistance effect, and review the state of the art of the research on LSMO/STO based magnetic tunnel junctions.

The tunnel magnetoresistance effect appears in magnetic tunnel junctions consisting of two ferromagnetic layers separated by a few nanometers thin insulating tunnel barrier (Figure I.3 left). If a bias voltage is applied between the two FM electrodes, the resistance of such a sandwich depends on the relative orientation of magnetic moments in the ferromagnets. In the case of parallel magnetizations, the device is in the low-resistance-state, a large current can flow. If the two magnetization directions are antiparallel, the junction is in the highresistance-state and the current through the structure is low. The situation can be understood from Figure I.3 (right). The arrows indicate the relative magnetization orientation in the two ferromagnetic layers.

Figure I.3: (left) Schematic view of a magnetic tunnel junction. Magnetic electrodes (violet and red) are separated by the tunnel barrier (blue). Arrows indicate the direction of magnetization in the electrodes. The low-resistance-state (top) and high-resistance-state (bottom) are implied by the needle deflection inside the symbolic ohmmeter. (right) Typical response of an MTJ: the resistance changes depending on alignment of the magnetization directions (red arrows) in the ferromagnetic electrodes. R P is the resistance in the parallel state, R AP is the resistance in the antiparallel state.

The tunnel magnetoresistance is a pure quantum-mechanical effect and a result of spindependent tunnelling. The tunnel effect describes a non-zero probability for a particle, e.g. an electron, to overcome a potential barrier, even if the potential energy of the barrier is higher than the energy of the particle. In other words, an electron coming from a metallic electrode can penetrate a thin insulating layer and reach the opposite side. The current through the junction is given by the product of the density of states (DOS) in the electrodes multiplied by the transmission coefficient D and occupation probability of the states.

Considering firstly the simple case of non-magnetic, metallic electrodes and a onedimensional rectangular potential barrier with height V0 in the stationary state (Figure I.4), and assuming an elastic tunnelling through this barrier, the transmission coefficient D, and thus the transmission probability T can be calculated on the basis of the Schrödinger equation: In the case of ferromagnetic electrodes the situation changes dramatically. Ferromagnets have intrinsically a difference in densities of states n↑ and n↓ at the Fermi level for spin-up and spin-down electrons respectively, i.e. the electrodes are spin-polarized (Figure I.5). The spin-polarization P is defined as the normalized difference of the DOS:

↑ ↓ ↑ ↓ , (I.3)
Since the tunnel current depends on the initial and final DOS (Fermi's golden rule) for both spin-orientations, in an elastic process the current will strongly depend on the relative magnetization orientation of the two ferromagnetic electrodes.

Figure I.5: Densities of states for spin-up and spin-down electrons in ferromagnetic cobalt (Co) compared with DOS in nonmagnetic copper (Cu).

The asymmetry in densities of states of the two spin orientations at the Fermi level in cobalt is well recognizable. Adapted from [29].

The first who made the bridge between the tunnel conductance and spin polarization was M. Julliere in 1975 [7]. The Julliere model assumes two independent spin channels for spinup and spin-down electrons respectively, analogous to the two-current model of N. F. Mott.

If the spin direction is preserved, i.e. there is no spin-flip during tunnelling, the total conductance G is given as a sum of both channel conductances and proportional to the product of densities of states n in the two electrodes: where G P and G AP are the conductances in parallel and antiparallel configurations respectively, n1↑(2↑) and n1↓(2↓) are tunnelling densities of states for electrode 1 (electrode 2) for majority-and minority-spin electrons respectively. Thus, outgoing from the definition of the tunnel magnetoresistance and using equations (I.3) -(I.5), the TMR can be related to the spin polarization by: , (I. 6) where R P (R AP ) is the junction resistance in the parallel (antiparallel) magnetization state, and P 1 and P 2 are the spin polarizations in electrode 1 and 2 respectively. The effect can be intuitively understood from Figure I.6.

Figure I.6: Schematic view of the densities of states and spin-polarized currents in parallel (left) and antiparallel (right) configurations for ferromagnet-insulator-ferromagnet tunnel junction.

In the parallel configuration the number of occupied initial states is comparable with the number of available final states. This leads to the large current through the junction.

In the antiparallel configuration a large (small) number of occupied initial states faces a small (large) number of available final states for major (minor) spin orientation. This results in the high-resistance-state of the tunnel junction.

The Julliere model encompasses all fundamental parameters of the tunnel magnetoresistance, but further experiments have shown: the assumed dependence only on the properties of the electrodes does not hold. This model was further developed by M. B. Stearns [30], who took into account the tunnelling probability of the electrons, which depends on their effective mass. J. C. Slonczewski improved the model introducing the effective spin polarization and thus taking into consideration the height of the tunnel barrier [31]. Finally, A. M. Bratkovski considered impurity scattering and a reduced effective electron mass in his calculations [32]. Additionally, parameters like ferromagnet and barrier material, barrier quality and ferromagnet-insulator interface characteristics have a huge impact on TMR. Two main features play a crucial role in the performance of a tunnel junction: the temperature and voltage dependence. In the next paragraphs we discuss these features concerning the situation in manganite MTJs.

TMR decrease with increasing temperature is actually observed in all tunnel junctions. But, especially in manganite MTJs, the TMR decreases faster than the bulk magnetization and often disappears remarkably below the Curie temperature of ferromagnetic electrodes [23, 25-27, 33, 34]. In LSMO/STO-based tunnel junctions, temperature-dependent magnetoresistance reduction was already noticed in the pioneering work of Lu et al. [23]. Several effects may be responsible for temperature-dependent TMR decay. Firstly, spinwave excitations can lead to electron-magnon scattering with spin-flip, and as result -to reduced spin-polarization [23,[35][36][37]. As another possibility, defects at the interface, e.g. oxygen vacancies or Mn ions diffused into STO barrier, can induce spin-flipping [25,26,34,36]. It should be noted here that the spin-polarization at LSMO/STO interfaces was found to be more robust, compared with LSMO free surfaces [38], indicating the crucial role of oxygen content at the ferromagnet-insulator interface. Finally, electron-phonon scattering may contribute to the TMR decay with temperature [39]. Adapted from [40,42].

A significant decrease of TMR ratio with increasing bias voltage is observed in magnetic tunnel junctions [7,25,40,41]. Additionally, a strong decrease of conductance at very low bias, called zero-bias anomaly (ZBA) often accompanies the voltage-dependent TMR fall [40][41][42]. Hot electrons, causing magnon excitations at the ferromagnet-insulator interface, decreasing the spin polarization and thus the TMR, were suggested as a possible explanation for this bias-dependent behaviour [43]. Also defects in the tunnel barrier and the appearance of the Coulomb blockade are under discussion in terms of their contribution to the bias-related effects [34,42,44].

Summarized, many factors have impact on the tunnel magnetoresistance ratio. In particular, as follows from the Julliere model, large TMR can be achieved using electrodes with high spin polarization. In the case of 100% -spin-polarized ferromagnets, the so-called halfmetals, even an infinite TMR is expected. Indeed, very large TMR ratios were measured on magnetic tunnel junctions with electrodes made of the half-metallic manganite LSMO [27,28] -the most extensively studied manganite [17]. The LSMO should be the subject of the next section.

I.3 Mixed-valence manganite La1-xSrxMnO3

In this section we summarize the physical properties of the mixed-valence perovskite manganese oxide La 1-x Sr x MnO 3 , focusing on its ferromagnetic compound La 0.7 Sr 0.3 MnO 3 (LSMO).

LSMO belongs to the group of ferromagnetic metals with a very unusual electronic structure [45]. This group, called half-metals, has available densities of states for only one spin orientation at the Fermi level E F . The other spin sub-band has an energy gap at the E F (Figure I.8 left). Thus, the current is totally spin-polarized. In the particular case of LSMO, this manganite is considered to be the so-called "transport half-metal": strictly speaking, it has densities of states for carriers with both spin orientations at the Fermi level, but carriers in only one spin sub-band are available for transport (Figure I.8 right). The other sub-band contains electrons with much lower mobility and does not contribute noticeably to the conduction, resulting in a nearly fully spin-polarized current [46].

LSMO is a mixed-valence manganite that crystallizes in the perovskite lattice structure. The parent compound of LSMO is the antiferromagnetic insulator LaMnO 3 . In its unit cell, Mn ion is centred in an oxygen octahedron, surrounded by La ions. By partial substitution of trivalent La 3+ ions by divalent Sr 2+ ions in LaMnO 3 , the mixed-valence structure of LSMO arises (Figure I.9 left). Due to different radii of La and Sr ions and the Jahn-Teller effect, the orthorhombic crystal lattice of LaMnO 3 is distorted and the oxygen octahedron rotated. The bulk LSMO has a rhombohedral crystal structure. In the pseudo-cubic description the lattice parameter of LSMO is 0.3889 nm. Deposited on an STO substrate with a larger lattice constant (0.3905 nm), LSMO becomes tetragonal under tensile stress, with a reduced lattice parameter of some 0.3850 nm [49,50]. Depending on the Sr doping concentration, the properties of La From [48].

The optimally doped LSMO (La 0.7 Sr 0.3 MnO 3 ) is a ferromagnetic metal with the bulk Curie temperature of nearly 380 K [51] -one of the highest among magnetic oxides. In thin films the Curie temperature is usually reduced to 350 K [46,49,52]. The magnetic moment per unit cell is close to 3.7 μ B at low temperature [49,52,53]; a small coercive field of a few Oersted makes LSMO very attractive for applications. In the bulk material the easy axis of magnetization lies along the pseudo-cubic [START_REF] Dash | Electrical creation of spin polarization in silicon at room temperature[END_REF] direction [54,55]. In contrast, LSMO thin films under tensile stress on STO substrates, as used in the presented work, show biaxial magnetic anisotropy, with easy axes lying in the plane along the pseudo-cubic [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] and [-110] directions [54,56,57]. However, at temperatures close to 300 K an easy axis along the cubic [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] direction was also reported [58]. In general, the magnetic anisotropy exhibits a clear dependence on temperature, strain and film thickness [49,50,52,59]. LSMO is a double-exchange (DE) ferromagnet. The substitution of Sr 2+ ions for La 3+ leads to the mixed valence of Mn 3+ and Mn 4+ ions due to charge compensation. The DE ferromagnetic coupling, originally introduced by C. Zener [60], results from the indirect exchange between Mn 3+ and Mn 4+ via an oxygen ion. The hopping e g electron of Mn 3+ moves, conserving its spin orientation, into the oxygen 2p orbital simultaneously with transfer from O 2p into the empty e g orbital of Mn 4+ ion. Because of the strong Hund's coupling, this process is energetically preferable if the spins of the Mn ions are aligned parallel. This fact explains the reduction of LSMO resistance in applied magnetic field and thus, the effect of colossal magnetoresistance.

Consequently, the spontaneous alignment of Mn spins below the Curie temperature T C leads to an increased electrical conduction due to delocalization of e g electrons. In other words, the paramagnet-ferromagnet transition in LSMO is accompanied by the insulator-metal transition (Figure I.11). LSMO is a hole-doped manganite and a "bad metal" with the crossover temperature T* of about 200 K for thin films [59]. Below this temperature LSMO behaves like a metal. At temperatures above T* the number of mobile carriers decreases leading to loss of metallic properties. [61].

In conclusion to this section, we highlight the remarkable physical properties of the ferromagnetic functional oxide LSMO. The perovskite lattice structure, a nearly total spinpolarization, the relatively high Curie temperature and a low coercive field make LSMO a very attractive candidate for use in a large variety of applications. In the next section we discuss in greater detail one of the most important developments in the area of field sensing devices -the magnetic tunnel junction.

I.4 Magnetic tunnel junction

In this section we focus on the magnetic tunnel junction in terms of its optimal performance. Firstly, we consider the properties of the ferromagnetic oxide SrRuO 3 and the exchange coupling between SRO and LSMO in regard to its use for magnetic states stabilization in tunnel junctions. Next, we discuss the importance of the electrode-barrier interface quality in an MTJ. Finally, we introduce a significantly improved interface based on a metalsemiconductor Schottky contact, formed by the LSMO and niobium-doped perovskite oxide STO.

A magnetic tunnel junction is formed by two ferromagnetic electrodes separated by a thin insulating barrier (Figure I.12). The current passing through this sandwich strongly depends on the relative magnetization alignment of the electrodes. Thus, the stability of these magnetization states is required in order to observe the TMR effect. The simplest way to realize this condition is to use two ferromagnetic electrodes with different coercive fields. This can be achieved by different electrode thicknesses, different materials or by doping. The latter method i.a. was applied in our work. The layer with lower coercivity, the so-called soft layer, was fabricated of LSMO. The hard layer, i.e. the layer with higher coercivity, was made of the LSMO doped with ruthenium (more details and experimental results are presented in Chapter V). Another way to stabilize the magnetization alignment is to make use of the exchange bias effect (see section I.4.2). In this case, one of the electrodes, the pinned layer, is in contact with an antiferromagnetic material or the other ferromagnet. Due to an interfacial interaction, a larger magnetic field is needed to reverse the magnetization of the pinned layer compared with a free, i.e. unpinned electrode. Recently, an exchange bias-like effect was observed in bilayers and superlattices composed of LSMO and the other ferromagnetic perovskite oxide SRO [62][START_REF] Solignac | Dual antiferromagnetic coupling at La 0.67 Sr 0.33 MnO 3 /SrRuO 3 interfaces[END_REF][START_REF] Padhan | Antiferromagnetic coupling and enhanced magnetization in allferromagnetic superlattices[END_REF][START_REF] Ziese | Inverted hysteresis and giant exchange bias in La 0.7 Sr 0.3 MnO 3 /SrRuO 3 superlattices[END_REF], opening new possibilities for improvement of the all-oxide magnetic tunnel junction performance. Individually, LSMO and SRO show a ferromagnetic ordering. Joined together, they exhibit an antiferromagnetic coupling at their interface.

Close crystallographic structure enables an easy integration of SRO into an all-oxide-type MTJ, and moreover, makes SRO compatible with a variety of other functional oxides, allowing successful use in epitaxial heterostructures. In particular, similar lattice constants with LSMO and STO, large anisotropy and coercivity, 2D growth on STO, providing smooth surfaces [START_REF] Esteve | Step velocity tuning of SrRuO 3 step flow growth on SrTiO 3[END_REF], and the Curie temperature of 160 K make SRO very attractive for application in an LSMO/STO/LSMO magnetic tunnel junction as an integral part of a mixed sensor operable at the temperature of liquid nitrogen.

Remarkable features of SRO led to an extensive research on this ferromagnet. Only during the last 20 years, some 1000 papers have been published [START_REF] Koster | Structure, physical properties, and applications of SrRuO 3 thin films[END_REF]. In the next section we present the physical properties of this extraordinary oxide.

I.4.1 Itinerant ferromagnet SrRuO3

SRO is a ferromagnetic metal with the perovskite crystallographic structure. SRO is widely used in oxide heterostructures to support epitaxy and as electrode, due to its good electrical conductivity [START_REF] Koster | Structure, physical properties, and applications of SrRuO 3 thin films[END_REF]. The resistivity of SRO varies in the range from a few μΩ•cm at low temperature to circa 150 μΩ•cm at room temperature [START_REF] Allen | Transport properties, thermodynamic properties, and electronic structure of SrRuO 3[END_REF] and shows a metallic behaviour with a typical drop at the Curie temperature. SRO has an orthorhombic structure at room temperature (Figure I.13) with lattice constants: a = 0.5567 nm, b = 0.5530 nm and c = 0.7845 nm [START_REF] Jones | The structure of SrRuO 3 by timeof-flight neutron powder diffraction[END_REF], corresponding to the pseudo-cubic lattice parameter of 0.3939 nm [START_REF] Koster | Structure, physical properties, and applications of SrRuO 3 thin films[END_REF].

Grown on STO substrate with a smaller lattice constant (0.3905 nm), SRO has the out-ofplane parameter of 0.3950 nm due to compressive strain in the plane.

Figure I.13:

Schematic view of the orthorhombic unit cell of SrRuO 3 . The pseudo-cubic cell is shown too. From [START_REF] Gan | Lattice distortion and uniaxial magnetic anisotropy in single domain epitaxial (110) films of SrRuO 3[END_REF].

SRO is a band itinerant ferromagnet with the bulk Curie temperature of 160 K [START_REF] Longo | Magnetic Properties of SrRuO 3 and CaRuO 3[END_REF], reduced to 150 K in strained thin films [START_REF] Eom | Single-crystal epitaxial thin films of the isotropic metallic oxides Sr 1-x Ca x RuO 3 (0 ≤ x ≤ 1)[END_REF][START_REF] Kats | Large anisotropy in the paramagnetic susceptibility of SrRuO 3 films[END_REF]. Ru 4d electrons are responsible for magnetism. The reported magnetic moment per Ru ion is between 1.4 μ B and 1.9 μ B at low temperature [START_REF] Cao | Thermal, magnetic, and transport properties of single-crystal Sr 1-x Ca x RuO 3 (0 ≤ x ≤ 1.0)[END_REF][START_REF] Klein | Transport and magnetization in the badly metallic itinerant ferromagnet SrRuO 3[END_REF][START_REF] Kim | Magnetic properties of SrRuO 3 thin films having different crystal symmetries[END_REF][START_REF] Bern | Structural, magnetic and electrical properties of SrRuO 3 films and SrRuO 3 /SrTiO 3 superlattices[END_REF][START_REF] Grutter | Enhanced magnetism in epitaxial SrRuO 3 thin films[END_REF]; the coercive field is high, lying for thin films in the Tesla range [START_REF] Bern | Structural, magnetic and electrical properties of SrRuO 3 films and SrRuO 3 /SrTiO 3 superlattices[END_REF]. SRO has a strong magnetic anisotropy with one single easy axis of magnetization in thin films, i.e. the orthorhombic b-axis, located at temperatures above T C in the (100) pseudocubic plane, about 45° to the thin film surface normal. The easy axis shows a temperature-dependent character and rotates from 45° to circa 30° with decreasing temperature [START_REF] Klein | Transport and magnetization in the badly metallic itinerant ferromagnet SrRuO 3[END_REF][START_REF] Gan | Lattice distortion and uniaxial magnetic anisotropy in single domain epitaxial (110) films of SrRuO 3[END_REF]. The magnetic anisotropy was shown to be due to the strong crystalline anisotropy [START_REF] Gan | Lattice distortion and uniaxial magnetic anisotropy in single domain epitaxial (110) films of SrRuO 3[END_REF][START_REF] Marshall | Lorentz transmission electron microscope study of ferromagnetic domain walls in SrRuO 3 : Statics, dynamics, and crystal structure correlation[END_REF].

Due to the asymmetric orthorhombic cell of SRO, growth of crystallographic domains with 6 different orientations, i.e. variants, is possible on (001) STO substrates [START_REF] Jiang | Effects of miscut of the SrTiO 3 substrate on microstructures of the epitaxial SrRuO 3 thin films[END_REF]. The variants are called X (X'), Y (Y') and Z (Z') (Figure I.14). For different variants, the (001) orthorhombic plane and thus the easy axis of SRO are in different directions, reducing the magnetic anisotropy. This can be an unfavourable situation with regard to possible applications. Reduction of the variants and improvement of the crystalline quality of SRO thin films can be achieved by growth on vicinal STO substrates, i.e. on substrates with a miscut [START_REF] Eom | Single-crystal epitaxial thin films of the isotropic metallic oxides Sr 1-x Ca x RuO 3 (0 ≤ x ≤ 1)[END_REF][START_REF] Gan | Control of the growth and domain structure of epitaxial SrRuO 3 thin films by vicinal (001) SrTiO 3 substrates[END_REF]. From [START_REF] Jiang | Domain structure of epitaxial SrRuO 3 thin films on miscut (001) SrTiO 3 substrates[END_REF].

The miscut angle α is defined as the angle between the surface normal and the [001] substrate direction. For a larger α, i.e. 1 ≤ α and an in-plane miscut direction β close to the [010] substrate axis, SRO thin films were found to be single domain (Figure I.15). It should be mentioned that, since the distinction between domains with c-axis along the same crystallographic direction is difficult, i.e. between the domains X and X' (also Y and Y', Z and Z'), often only three types of domains (X, Y and Z) are considered. Gan et al. argued that the single domain SRO growth is caused by the step flow growth mode on vicinal substrates, with SRO axes aligned to the substrate steps [START_REF] Gan | Control of the growth and domain structure of epitaxial SrRuO 3 thin films by vicinal (001) SrTiO 3 substrates[END_REF]. According to Vailionis et al. the preferable growth direction of SRO is with its c-axis parallel to the steps. For steps only along STO [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] or [010] directions, and a large enough miscut angle, single domain growth is induced. A low miscut angle leads to an island growth and thus to a multi-domain structure [START_REF] Vailionis | Strain-induced single-domain growth of epitaxial SrRuO 3 layers on SrTiO 3 : A high temperature x-ray diffraction study[END_REF]. More detailed background information about SRO can be found in Ref. [START_REF] Koster | Structure, physical properties, and applications of SrRuO 3 thin films[END_REF]. 

I.4.2 La0.7Sr0.3MnO3/SrRuO3 exchange coupling

The antiferromagnetic coupling, present at the interface of LSMO and SRO, belongs to the exchange bias type interactions, usually observed in ferromagnet-antiferromagnet systems.

The exchange bias effect (EB) was firstly reported by W.H. Meiklejohn and C.P. Bean in oxide-coated cobalt particles in 1956 [START_REF] Meiklejohn | New magnetic anisotropy[END_REF]. When this compound was cooled below its Neel temperature in the applied magnetic field (also called cooling field -CF), an exchange coupling was induced at the interface, leading to a shift of the hysteresis loop along the field axis, as can be seen in Figure I. 16 (left). Another feature was an increased coercivity H C . The authors called this effect "new magnetic anisotropy". In the following years, EB in ferromagnet-ferrimagnet, antiferromagnet-ferrimagnet, ferrimagnet-ferrimagnet, ferromagnet-ferromagnet bilayers, particles embedded in a matrix, and superlattices was reported too [START_REF] Nogues | Exchange bias[END_REF].

The origin of exchange bias is identified to be an interaction between magnetic materials at their interface. The EB effect can be qualitatively understood considering Figure I.16 (right). If a magnetic field is applied at the temperature below the Curie temperature T C of the ferromagnet, but above the Neel temperature T N of the antiferromagnet, and the system is then cooled below T N , magnetic moments in both materials close to the interface will align ferromagnetically or antiferromagnetically, depending on a specific interface. The existence of uncompensated interface magnetic moments in the antiferromagnet is usually assumed. This is the preferred configuration of the system, i.e. the induced anisotropy is unidirectional. During the field reverse, a larger field is thus needed to turn the FM layer from its stable configuration. Analogically, a smaller field is required to rotate spins back to the initial state. Thus, as a result, the hysteresis loop is shifted along the field axis. Depending on the type of exchange coupling, i.e. ferromagnetic or antiferromagnetic, the hysteresis loop is shifted opposite to the CF direction or along it respectively. From the loop shift the exchange field H E can be determined. This simple picture describes EB in general terms. In real systems, a complex interplay of the interfacial spin structure, magnetic domains, interface roughness and contamination, anisotropy of involved magnetic materials, layer thickness and other parameters determine the behaviour of exchange coupling [START_REF] Nogues | Exchange bias[END_REF][START_REF] Berkowitz | Exchange anisotropy -a review[END_REF]. More details about exchange bias the interested reader can find in [START_REF] Stamps | Mechanisms for exchange bias[END_REF][START_REF] Kiwi | Exchange bias theory[END_REF][START_REF] Nogues | Exchange bias in nanostructures[END_REF][START_REF] Radu | Exchange bias effect of ferro-/antiferromagnetic heterostructures, Magnetic Heterostructures[END_REF]. [START_REF] Meiklejohn | New magnetic anisotropy[END_REF]. The dashed line is the loop after zero field cooling. (right) Schematic explanation of the exchange bias effect: (a) situation at temperatures above the Neel temperature T N of the antiferromagnet and below the Curie temperature T C of the ferromagnet; (b) after field-cooling, the system is magnetic ordered and in a stable configuration; (c) a large magnetic field is needed to reverse the pinned layer; (d) the pinned layer is completely reversed; (e) a lower field is needed to return to the initial stable state. Adapted from [START_REF] Schuller | Unusual phenomena in exchange-biased nanostructures[END_REF].

Figure I.16: (left) Exchange bias: the shift of hysteresis loop (solid line) along the magnetic field axis observed by W.H. Meiklejohn and C.P. Bean

In contrast to the previously described "classic" EB system, consisting of an antiferromagnet and a ferromagnet, the coupling at LSMO/SRO interfaces occurs between two ferromagnetic materials. The result of their interfacial interaction is a shift of the LSMO magnetic hysteresis loop (called the minor loop) along the field axis. The SRO magnetization remains blocked during the field sweeping, due to its large coercivity. The situation can be seen in Figure I.17.

Figure I.17:

(left) Shift of the minor hysteresis loop in an LSMO/SRO bilayer in the negative direction for the negative cooling field (a) and in the positive direction for the positive applied field (b), confirming the antiferromagnetic coupling at the interface. From [62]. (right) Cooling field dependence of the exchange field (a) and coercivity (b). The inset in (a) shows the LSMO hysteresis loop with -6000 Oe (solid curve) and -1200 Oe (dashed curve) cooling fields. From [START_REF] Ke | Antiferromagnetic exchange-bias in epitaxial ferromagnetic La 0[END_REF].

Exchange bias in LSMO/SRO bilayers, firstly reported by X. Ke and co-authors [62], is positive, i.e. the LSMO magnetization loop is shifted in the direction of the magnetic field, applied during the cooling process. Thus, this coupling is of the antiferromagnetic nature. Ke et al. associated this effect with an atomic charge transfer, leading to a modified charge distribution at the interface. The exchange field H E was found to be weakly cooling fielddependent. For small cooling fields (i.e. -1200 Oe in Ref. [62]), H E changes its sign. This effect can be explained by a competition between the Zeeman interaction and interfacial coupling. For small fields the interfacial interaction prevails, resulting in a minor loop offset in the direction opposite to the cooling field direction [START_REF] Ke | Antiferromagnetic exchange-bias in epitaxial ferromagnetic La 0[END_REF]. The situation can be seen in Figure I.17 (right). The EB effect was not observed at temperatures above the Curie temperature T C of SRO. Below T C the exchange field increases with decreasing temperature. The blocking temperature is close to 120 K [62,[START_REF] Solignac | Temperature study of the antiferromagnetic coupling at the interface of La 0.7 Sr 0.3 MnO 3 and SrRuO 3 bilayers[END_REF]. The dependence of the LSMO layer coercivity on cooling field strength and bilayer configuration was reported. The LSMO coercivity decreases with increasing CF and is larger if LSMO is grown on top of SRO [START_REF] Ke | Antiferromagnetic exchange-bias in epitaxial ferromagnetic La 0[END_REF]. From [START_REF] Solignac | Dual antiferromagnetic coupling at La 0.67 Sr 0.33 MnO 3 /SrRuO 3 interfaces[END_REF]. (right) The Stoner-Wohlfarth simulation with low (dashed green curve) and high (dotted red curve) coupling strengths. Solid blue line gives the average of the two curves. From [START_REF] Solignac | Temperature study of the antiferromagnetic coupling at the interface of La 0.7 Sr 0.3 MnO 3 and SrRuO 3 bilayers[END_REF].

Unconventional major and minor hysteresis loops were observed in SRO/LSMO superlattices [START_REF] Ziese | Inverted hysteresis and giant exchange bias in La 0.7 Sr 0.3 MnO 3 /SrRuO 3 superlattices[END_REF]. The shape of M(H) curves was strongly dependent on SRO layer thickness. For a particular combination of SRO/LSMO thicknesses (4.8 nm and 2.4 nm respectively), the central part of the curve was inverted at low temperatures. At high temperatures the magnetic hard layer reversed as first. The authors explained this result by the combined effect of magnetocrystalline energy, interfacial exchange interaction and Bloch wall propagation.

Unusual asymmetry of the minor loop was observed in LSMO/SRO bilayers [START_REF] Solignac | Dual antiferromagnetic coupling at La 0.67 Sr 0.33 MnO 3 /SrRuO 3 interfaces[END_REF]. This effect was explained by the presence of two different coupling strengths at the interface (Figure I.18). According to this model, the linear part of the minor loop corresponds to a strong LSMO/SRO interfacial coupling; the hysteretic part is the result of a weak interaction. The asymmetry of the minor loop disappears at about 120 K. The nature of the observed coupling inhomogeneity is still not clear. The authors proposed as possible explanations: different SRO surface terminations, which modify the Ru-O-Mn bonds, an interfacial dipolar interaction and strain in LSMO induced by SRO variants.

First-principles calculations with ferromagnetic and antiferromagnetic spin configurations were performed for LSMO/SRO bilayers by Lee et al. [START_REF] Lee | Role of Oxygen 2p states for anti-ferromagnetic interfacial coupling and positive exchange bias of ferromagnetic LSMO/SRO bilayers[END_REF]. Their result was a lower total energy for the antiferromagnetic spin configuration, thus a preferred antiferromagnetic coupling at the LSMO/SRO interface, confirming previous experimental results. Further, the authors indicated the importance of Mn-O-Ru interactions for the present magnetic ordering. Additionally, Ziese et al. reported the first-principles study of the interlayer coupling in LSMO/SRO superlattices [START_REF] Ziese | Tailoring magnetic interlayer coupling in La 0.7 Sr 0.3 MnO 3 /SrRuO 3 superlattices[END_REF]. Their calculations have shown that the coupling is of the antiferromagnetic nature, depends on the Mn/Ru atoms at the interface and is provided by the Mn-O-Ru bond.

In conclusion, investigations on the exchange coupling, occurring at the LSMO/SRO interface, show that the SRO can be used to stabilize magnetization states in all-oxide magnetic tunnel junctions.

I.4.3 SrTi0.8Nb0.2O3/La0.7Sr0.3MnO3 Schottky interface

In addition to the previously discussed magnetic state stabilization, another parameter is crucial for the efficiency of a tunnel junction: the quality of the tunnel barrier and electrodebarrier interface. Oxide metal-insulator interfaces were explored extensively in the last decades, but in spite of continuous progress, complete understanding of their properties still remains a challenge. In particular, the performance of magnetic tunnel junctions with LSMO electrodes and STO tunnel barrier stays far below expectations. Due to its half-metallicity, large (and theoretically infinite) tunnel magnetoresistance ratios were predicted for LSMO based tunnel junctions. However, in only two publications TMR values close to 2000 % at low temperature were reported in the last two decades [27,28]. Moreover, a fast loss of magnetoresistance with increasing temperature, far from the Curie temperature of LSMO, an inhomogeneous distribution of the TMR ratio over a sample surface, a wide sample-tosample variation of the junction performance and a low percentage of working junctions within a batch are an unsolved problem until today. Compared to the expectations and huge experimental effort -a rather poor result.

The inadequate performance of LSMO/STO/LSMO tunnel junctions is often associated with defects, i.a. oxygen vacancies, which can be easily created during the thin film deposition. Besides of a possible loss of the half-metallicity in LSMO due to oxygen deficiency [START_REF] Picozzi | Oxygen vacancies and induced changes in the electronic and magnetic structures of La 0.66 Sr 0.33 MnO 3 : A combined ab initio and photoemission study[END_REF][START_REF] Wang | Defect-induced spin deterioration of La 0.64 Sr 0.36 MnO 3 : Ab initio study[END_REF], defects at the LSMO/STO interface and within the STO barrier were found to play a major role in the drop of the performance. It was suggested that lack of oxygen leads to a paramagnetic phase at the interface, resulting in spin-flip scattering (the so-called "dead layer") [26], and/or to a spin-independent parallel tunneling through the barrier via defect states [25,34]. Further, ferromagnetism due to oxygen vacancies was reported to exist in originally nonmagnetic STO and other materials [START_REF] Coey | Magnetism in hafnium dioxide[END_REF][START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF][START_REF] Potzger | Defect-induced ferromagnetism in crystalline SrTiO 3[END_REF][START_REF] Shein | First principle prediction of vacancy-induced magnetism in non-magnetic perovskite SrTiO 3[END_REF]. Thus, these ferromagnetic impurities can act as spin-flip scattering centers and destroy the spin polarization.

It is evident that a reduction of the oxygen vacancy content in the tunnel barrier and at the electrode-barrier interface will lead to an improved overall performance of the tunnel junction. To achieve that, we replaced the standard insulating STO tunnel barrier in our magnetic tunnel junctions by a niobium-doped STO (Nb:STO), which is an n-type semiconductor (Figure I.19). By substitution of Nb 5+ for Ti 4+ in SrTiO 3 , a compound of type SrTi 1-x Nb x O 3 arises. Since niobium has a higher valence, it acts as a donor, generating one conducting electron e' per dopant atom and thus increasing the conductivity of STO: . (I.7)

In this equation we use the Kroeger-Vink notation [START_REF] Kroeger | Relations between the concentrations of imperfections in crystalline solids[END_REF]. The main symbol represents a point defect, a superscripted X -electro-neutrality, • -a positive charge, ' -a negative charge, subscripted is the replaced lattice side. An oxygen vacancy is created if oxygen leaves the lattice. Assuming a double ionization, two electrons are then emitted into the conduction band:

2 .

(I.8)

Therefore, both processes result in creation of positively charged donor centres: the niobium ions and the oxygen vacancies . We suggest that niobium doping drastically reduces the probability of the creation of oxygen vacancies during thin film growth due to the equal charge of these defects. Indeed, a possible reduction of the oxygen content by means of niobium doping is known [START_REF] Chan | Nonstoichiometry in SrTiO 3[END_REF]. Consequently, replacement of a usual STO by Nb:STO would lead to an improved barrier and enhanced interface properties in a tunnel junction. In contact with LSMO, Nb:STO forms a metal-semiconductor interface, providing a structure similar to a Schottky junction. Thus a novel type of tunnel junctions arises (Figure I.20): tunnel junctions with a double Schottky barrier instead of the conventional insulating tunnel barrier (for more information about tunnel junctions with semiconducting Nb:STO barrier see Chapter V). An additional motivation for our work on LSMO/Nb:STO junctions was a high aspiration to understand how to create all-oxide metal-semiconductor interfaces with desired parameters, suitable for spintronic applications. In particular, spin injection efficiency that is critical for novel spintronic devices such as a spin transistor, can be improved by using ferromagnet-semiconductor contacts [START_REF] Dash | Electrical creation of spin polarization in silicon at room temperature[END_REF]. However, despite the extensive research on LSMO/Nb:STO interfaces, no reports on such systems in ultrathin film configuration and with micrometer-sized junctions are known hitherto (more about LSMO/Nb:STO metal-semiconductor junctions can be found in Chapter III). The rectifying metal-semiconductor (MS) contact is named after W. Schottky, who first proposed a model for potential barrier formation at the MS interface in 1939 [START_REF] Schottky | Zur Halbleitertheorie der Sperrschicht-und Spitzengleichrichter[END_REF]. Another theoretical model for rectifiers was provided by N. F. Mott [START_REF] Mott | The theory of crystal rectifiers[END_REF]. These models were enhanced by H. Bethe in 1942 [START_REF] Bethe | Theory of the boundary layer of crystal rectifiers[END_REF]. In fact, rectifying metal-semiconductor systems were known a long time before systematic theoretical investigations: in 1874 F. Braun reported rectifying behavior of a point contact [START_REF] Braun | Ueber die Stromleitung durch Schwefelmetalle[END_REF]. Schottky diodes quickly found practical application, used e.g. as radio wave detectors and frequency converters in the earlier years. Since several decades Schottky contacts have been an integral part of our daily life: most of the modern electronic devices contain metal-semiconductor contacts [START_REF] Tung | Recent advances in Schottky barrier concepts[END_REF]. Schottky contact is also an important component of novel spintronic devices and perfectly suitable for studying fundamental properties of MS interfaces [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF][START_REF] Dash | Electrical creation of spin polarization in silicon at room temperature[END_REF]. In recent years Schottky contacts formed by functional oxides LSMO and Nb:STO have attracted an increasing interest due to their outstanding properties and a high potential for spintronic applications [START_REF] Yajima | A heteroepitaxial perovskite metal-base transistor[END_REF][START_REF] Han | Spin injection and detection in lanthanum-and niobium-doped SrTiO 3 using the Hanle technique[END_REF][START_REF] Postma | Epitaxial diodes of a half-metallic ferromagnet on an oxide semiconductor[END_REF][START_REF] Minohara | Band diagrams of spin tunnelling junctions La 0.6 Sr 0.4 MnO 3 /Nb:SrTiO 3 and SrRuO 3 /Nb:SrTiO 3 determined by in situ photoemission spectroscopy[END_REF][START_REF] Ruotolo | High-quality all-oxide Schottky junctions fabricated on heavily doped Nb:SrTiO 3 substrates[END_REF][START_REF] Susaki | Transport mechanisms in manganite-titanate heterojunctions[END_REF][START_REF] Rana | Hot electron transport in a strongly correlated transition-metal oxide[END_REF]. Next, we provide a basic theoretical knowledge and the state of the art of the LSMO/Nb:STO oxide metal-semiconductor interfaces.

We consider the situation where an n-type semiconductor is in contact with a metal and the metal work function is larger than the electron affinity. The result is a potential barrier formed at the MS interface. This potential barrier, known as the Schottky barrier, arises due to a charge transfer from the semiconductor into the metal, which leads to a high-resistive depletion region in the semiconductor, also called the space-charge region. The charge transfer also induces a deformation of energy bands in the semiconductor. The Fermi levels of the metal and semiconductor line up. The situation can be understood from Figure I.21.

Here the metal work function φ m (semiconductor work function φ n ) is defined as the amount of energy required to move an electron from the Fermi level E F to the vacuum level. The difference between the vacuum level and semiconductor conduction band minimum (CBM) is known as the electron affinity χ of the semiconductor. W and VBM are the depletion region width and valence band maximum respectively. The amount of band bending is then given as the difference between the two work functions φ m -φ n and called the contact potential or built-in potential. By the Schottky-Mott rule, the potential barrier height φ B (also the Schottky barrier height = SBH) can be obtained as the difference between the metal work function and the electron affinity of the semiconductor:

(

).

(I.9)

Since the current flow through the structure exponentially depends on the Schottky barrier height, the SBH is the most important property of the metal-semiconductor interface and determines transport properties of the Schottky contact. The potential barrier at the metalsemiconductor interface leads to the rectifying behavior of the Schottky contact, i.e. the current from the semiconductor into the metal is larger than the opposite due to the SBH and depletion width, both modified by the applied bias. If a positive voltage is applied on the metal side, band bending is reduced. This results in a reduced depletion width and potential barrier height. As a consequence, a large electron current can flow from the semiconductor towards the metal. This situation is called forward bias. In the opposite case, a negative bias, applied to the metal, causes a strong band bending, i.e. an increased depletion width and The described relationship represents an ideal case. The reality is much more complicated: a complex interplay of an interfacial layer, an inhomogeneity of the barrier, the image-force lowering effect and the presence of interface states can strongly modify the barrier profile.

In particular, it was found that the SBH dependence on the metal work function is often much weaker than estimated from the Schottky-Mott rule (Figure I.23). This effect was called Fermi level pinning and explained by atomic structure-dependent states, formed at the MS interface due to charge rearrangement and formation of an additional "interface dipole". This problematics was extensively covered in the recent review on SBH [START_REF] Tung | The physics and chemistry of the Schottky barrier height[END_REF]. However, in other materials, e.g. SRO, an ideal Schottky barrier was found [START_REF] Minohara | Band diagrams of spin tunnelling junctions La 0.6 Sr 0.4 MnO 3 /Nb:SrTiO 3 and SrRuO 3 /Nb:SrTiO 3 determined by in situ photoemission spectroscopy[END_REF], in excellent agreement with the Schottky-Mott rule prediction.

Two types of current transport processes are present in Schottky contacts: interface-limited and bulk-limited. Interface-limited transport processes are e.g. thermionic emission, thermionic-field emission, direct tunneling and Fowler-Nordheim tunneling. They depend on the electric properties of the metal-semiconductor interface. The bulk-limited transport processes depend on the properties of the semiconductor; these are e.g. Frenkel-Poole emission, hopping conduction and ohmic conduction. In this paragraph we focus on the interface-limited current transport processes of majority carriers, i.e. electrons, as the most relevant conduction mechanisms in our devices. Thermionic emission is the dominating transport mechanism in case thermally excited electrons have enough energy to overcome the potential barrier at the metal-semiconductor interface; charge will flow from one electrode to another. Assuming that the barrier height φ B is much larger than k B T and the system is in thermal equilibrium, which is not affected by a net current flow, the Schottky equation for the current density in the reverse bias case can be expressed as follows [START_REF] Sze | Physics of semiconductor devices[END_REF]:

[ ( √ )], (I.10)
where A* is the Richardson constant, k B is the Boltzmann constant, T is the temperature, φ B is the potential barrier height at zero applied bias, E is the electric field at the interface, q is the electron charge, ε 0 is the vacuum permittivity and ε Op is the optical permittivity. Thermionic emission is largely temperature-dependent and thus the major conduction process at high temperatures, i.e. close to room temperature.

At low temperatures, when thermal excitation of charge carriers is negligible, tunneling can become the main transport mechanism:

[ ( ) √ ], (I.11)
where m* is the effective electron mass (1.3m 0 ) and ħ is the reduced Planck constant [START_REF] Sze | Physics of semiconductor devices[END_REF].

The tunneling is direct if electrons tunnel directly from (or into) the conduction band of the semiconductor near the Fermi level. In case of Fowler-Nordheim tunneling the potential barrier is tilted due to an electric field, thus the electrons tunnel only through a partial width of the barrier.

At intermediate temperatures tunneling of thermally excited electrons can occur. This process is called thermionic-field emission or field assisted tunneling, and can be considered as a combination of thermionic emission and direct tunneling. The energy band diagram and the difference between thermionic emission, thermally assisted and direct tunneling can be seen in Schottky contacts, composed of LSMO and Nb:STO, exhibit a rectifying behavior as expected for a metal in contact with an n-type semiconductor. Work functions of LSMO and Nb:STO, measured by photoemission spectroscopy (PES) at room temperature, are 4.8 eV and 4.1 eV respectively [START_REF] Minohara | Band diagrams of spin tunnelling junctions La 0.6 Sr 0.4 MnO 3 /Nb:SrTiO 3 and SrRuO 3 /Nb:SrTiO 3 determined by in situ photoemission spectroscopy[END_REF]. Assuming an ideal Schottky barrier and the equality of the electron affinity and work function for Nb:STO, the barrier height of 0.7 eV can be estimated from the Schottky-Mott rule (Eq. I.9). However, as literature reports, the SBH, obtained from currentvoltage, capacitance-voltage or PES measurements, deviates mostly from this ideal value and varies between approximately 0.4 eV and 1.2 eV [START_REF] Postma | Epitaxial diodes of a half-metallic ferromagnet on an oxide semiconductor[END_REF][START_REF] Minohara | Band diagrams of spin tunnelling junctions La 0.6 Sr 0.4 MnO 3 /Nb:SrTiO 3 and SrRuO 3 /Nb:SrTiO 3 determined by in situ photoemission spectroscopy[END_REF][START_REF] Ruotolo | High-quality all-oxide Schottky junctions fabricated on heavily doped Nb:SrTiO 3 substrates[END_REF][START_REF] Hikita | Termination control of the interface dipole in La 0.7 Sr 0.3 MnO 3 /Nb[END_REF]. This difference was explained by the formation of a dipole at the LSMO/Nb:STO interface due to polar discontinuity or rearrangement of atoms [START_REF] Minohara | Band diagrams of spin tunnelling junctions La 0.6 Sr 0.4 MnO 3 /Nb:SrTiO 3 and SrRuO 3 /Nb:SrTiO 3 determined by in situ photoemission spectroscopy[END_REF]. It was found to be dependent on Nb:STO surface termination [START_REF] Hikita | Termination control of the interface dipole in La 0.7 Sr 0.3 MnO 3 /Nb[END_REF][START_REF] Minohara | Termination layer dependence of Schottky barrier height for La 0.6 Sr 0[END_REF]. An additional 1-2 nm thin depletion layer was reported to exist at the LSMO/TiO 2 -Nb:STO interface [START_REF] Minohara | Depth profiling the potential in perovskite oxide heterojunctions using photoemission spectroscopy[END_REF]. The Schottky barrier height, obtained from current-voltage measurements, was proved to decrease with lowering temperature [START_REF] Postma | Epitaxial diodes of a half-metallic ferromagnet on an oxide semiconductor[END_REF][START_REF] Rana | Probing electron transport across a LSMO/Nb:STO heterointerface at the nanoscale[END_REF]. In the low temperature region, the depletion width was found to be reduced due to the applied electric field [START_REF] Rana | Probing electron transport across a LSMO/Nb:STO heterointerface at the nanoscale[END_REF], leading to an enhanced tunneling probability. At high temperatures (i.e. near 300 K) transport characteristics of LSMO/Nb:STO junctions are generally explained by the thermionic emission theory. In the intermediate region, thermally assisted tunneling occurs. In the presence of the additional interfacial depletion layer, a combination of tunneling through this layer and thermionic emission in the deeper Nb:STO region was suggested to take place [START_REF] Minohara | Depth profiling the potential in perovskite oxide heterojunctions using photoemission spectroscopy[END_REF]. A dependence of the barrier height and rectification ratio on Nb doping level was observed [START_REF] Postma | Epitaxial diodes of a half-metallic ferromagnet on an oxide semiconductor[END_REF]. (I.12). From [START_REF] Suzuki | Fabrication and characterization of Ba 1-x K x BiO 3 /Nb-doped SrTiO 3 all-oxide-type Schottky junctions[END_REF].

Another parameter was reported to have a strong influence on transport characteristics of metal-semiconductor contacts containing Nb:STO: electric field-and temperaturedependent electrical permittivity ε r (E,T). In the presence of an electric field, the depletion width in Nb:STO was found to be significantly reduced due to the lowered ε r [START_REF] Van Der Berg | Field dependent permittivity in metal-semiconducting SrTiO 3 Schottky diodes[END_REF][START_REF] Suzuki | Fabrication and characterization of Ba 1-x K x BiO 3 /Nb-doped SrTiO 3 all-oxide-type Schottky junctions[END_REF][START_REF] Yamamoto | Temperature dependence of the ideality factor of Ba 1-x K x BiO 3 /Nb-doped SrTiO 3 all-oxide-type Schottky junctions[END_REF]. Susuki et al. [START_REF] Suzuki | Fabrication and characterization of Ba 1-x K x BiO 3 /Nb-doped SrTiO 3 all-oxide-type Schottky junctions[END_REF] proposed a phenomenological equation to describe the field dependence of permittivity: In conclusion, a brief introduction into functional oxide spintronic materials and basic physical phenomena was given in this chapter. We introduced perovskite ferromagnets La 0. 
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Chapter II: Experimental tools and methods

In this chapter we introduce experimental tools and methods used for thin film growth, sample characterization and fabrication as well as for transport measurements and exploration of magnetic properties of our devices. We discuss thin film growth by pulsed laser deposition and describe fabrication process of microjunctions.

II.1 Introduction

Samples investigated in this work were grown by pulsed laser deposition (PLD). Since its first application in 1965 [1] the PLD has advanced to the established and most versatile thin film deposition techniques [2]. In particular, for complex oxides, PLD has emerged to be the most effective and consequently the most frequently used thin film growth method [3,4]. Indispensable for thin film characterization are atomic force microscopy (AFM), X-ray diffraction (XRD) and X-ray reflectivity (XRR). They allow determination of the surface morphology and structural analysis. To explore magnetic properties of our samples we used a super conducting quantum interference device (SQUID), a vibrating sample magnetometer (VSM), as well as Kerr microscopy and polarized neutron reflectivity (PNR). Our devices were processed by means of microfabrication techniques including optical lithography, chemically assisted ion beam etching (CAIBE) and sputtering. Temperature-dependent (magneto-) transport measurements were performed in a closed-cycle helium cryostat.

II.2 Pulsed laser deposition

In pulsed laser deposition a focused high-energy laser is used to ablate material from a target. The evaporated species with the same stoichiometry as the target are deposited on the substrate. For oxides this process usually takes place in an oxygen atmosphere. Other important features of the PLD technique are high deposition and nucleation rates, and adjustable kinetic energy of the ablated particles. These unique characteristics combined with simplicity make PLD the technique of choice for growth of functional oxide thin films and heterostructures. In addition, PLD allows sub-monolayer-precise growth, particularly important for magnetic tunnel junctions, where a barrier thickness of few nanometers is needed.

II.2.1 Basic principles and construction

After the target is hit by the laser beam, the temperature rises rapidly to several thousand degrees. As a result, a vapour layer of the ablated material is formed close to the target. This layer absorbs the remaining energy from the laser beam and expands adiabatically from the target surface in the substrate direction, forming the so-called "plasma plume". The plasma is deposited on the substrate providing thin film growth. The ablated particles arriving at the substrate can have a very high kinetic energy in the 100 eV range. Usually energies vary between approximately 1 eV and 5 eV, depending on the background pressure [5]. The deposition rate can reach up to 0.1 nm per pulse [3,6]. In the case of functional oxides, such as LSMO or SRO, it is normally lower, close to 0.01 nm per pulse. Due to the pulsed nature of PLD, the two processes, deposition and growth, alternate, i.e. they are timely separated.

That is also an individual characteristic of PLD [6]. The choice of the particular wavelength is determined by the aim of achieving an appropriate target penetration depth. To elude boiling, the laser energy should be absorbed as close as possible to the target surface [7]. An attenuator A is used to adjust the beam energy. A top flat profile of the laser beam on the target is achieved using a homogenizer H. It also helps to avoid droplet formation. A rectangular mask M provides a fixed beam cross section. The laser beam is focused under 45° on the target surface using the lens L with 350 mm focal length. The resulting laser spot dimensions are 2.5 × 1 mm 2 . The laser frequency range lies between 1 Hz and 100 Hz; usually we worked with 2-10 Hz. The multi-target holder for up to 12 targets allows in-situ deposition of various heterostructures, in particular multilayers for magnetic tunnel junctions. Targets rotate during the deposition to ensure uniform film growth. In this thesis we used sintered ceramic pellets with 3 cm diameter as targets. The sample holder is placed 5 cm above the target and equipped with a heater allowing deposition temperatures up to 900°C. The parameters, target-substrate distance D and pressure P, are related to each other by the law: PD 3 = constant [8]. Thus, keeping D constant, we control the growth conditions by changing the oxygen pressure. The chosen target-substrate distance was found to be optimal in terms of the Curie temperature and saturation magnetic moment of LSMO for the oxygen pressure of 300 mTorr [8]. Substrates are mounted on the holder using silver paste to ensure a good thermal contact. The pump system consists of the hybrid turbomolecular pump Adixen ATH 1300M with ultimate pressure of 6 × 10 -6 mTorr and the forepump Adixen ACP 15 with 3.7 × 10 -2 mTorr. A minimum pressure of circa 5 × 10 -6 Torr can be achieved in the PLD chamber. The chamber is connected to an oxygen/nitrogen gas system. Mass flow controllers allow precise pressure adjustment during the deposition, particularly important for materials deposited at low oxygen pressure, e.g. Nb:SrTiO 3 . The target carousel as well as the pump and gas systems are computer-controlled.

II.2.2 Growth thermodynamics and kinetics

A successful epitaxial oxide thin film growth by pulsed laser deposition requires an optimal combination of the following main parameters: laser energy density, laser pulse repetition rate, substrate temperature, oxygen background pressure and target-substrate distance.

Combined with the substrate choice, these parameters determine thermodynamics and kinetics of the thin film growth. The laser energy density in the target, also called fluence, defines the energy and flux of particles arriving on the substrate surface. Adjusting the laser frequency, it is possible to influence the time of atomic rearrangement on the substrate surface. The substrate temperature also strongly affects the growth kinetics. The background gas, i.e. oxygen in the case of functional oxides, is used to support the stoichiometric thin film growth and to reduce the kinetic energy of ablated particles due to plasma-gas interaction, i.e. interparticle collisions. The target-substrate distance has a strong impact on the thin film structure, morphology and magnetic properties.

There are three main thermodynamic growth modes: 2D layer-by-layer or Frank-Van der Merwe growth, 3D island or Volmer-Weber growth, and combined layer + island or Stranski-Krastanov growth [9,10,11]. 2D growth is usually the desired one and occurs if the surface free energy of the substrate γ S is larger than the sum of the surface free energy of the film γ F and the interfacial free energy γ I . The latter energy is a function of the strength of interatomic substrate-film interactions and strain (discussed below). In other words, the condition for layer-by-layer growth is a stronger interaction of deposited atoms with the substrate as with each other. In the case of 3D island growth the situation is opposite: individual atom interactions prevail, resulting in three-dimensional islands on the substrate surface. Finally, Stranski-Krastanov growth can be seen as a combination of the two previously described growth modes (Figure II.2).

Pulsed laser deposition usually takes place out of thermodynamic equilibrium. Thus, additionally to the thermodynamic picture, adatom kinetics on the surface should be taken into account, i.e. the diffusion of adatoms to energetically favourable positions. The most important parameter here is the substrate temperature, since the diffusion coefficient is temperature-dependent. By increasing their coordination number, adatoms can reach the most stable energy state. For instance, if a vicinal substrate is used (i.e. substrate with a miscut), as in the presented work, adatoms from terraces tend to attach to steps. If the mobility of adatoms is high enough, it results in the so-called "step flow" growth, as shown in Figure II.2 (left). The step flow is usually the preferred growth mode, providing atomically smooth surfaces. Its formation depends also on the density of defects (roughness) and the miscut angle of the substrate. A specific case of step flow growth is "step bunching", that occurs for strained thin films when the mean step velocity, the product of flux and substrate terrace width, is too low. Lower mobility of adatoms can still provide layer-by-layer growth.

In that case the mode "nucleation and coalescence" takes place: adatoms condensate enhanced on terraces forming islands, which then merge in 2D manner. Further decrease of mobility, e.g. due to temperature lowering, leads to 3D growth (Figure II.2 center).

Figure II.2: Schematic view of thermodynamics and kinetics of thin film growth. (left) 2D layer-by-layer or Frank-Van der Merwe growth. (center) 3D island or Volmer-Weber growth. (right) 2D+3D or Stranski-Krastanov growth.

Another parameter influencing growth is strain in thin films. Epitaxial growth, i.e. growth where the crystallographic orientation of a thin film and substrate has a fixed relation, leads to an increase of elastic energy and strain in the deposited material. Strain depends on the substrate-film lattice mismatch M, expressed by the relationship of F. C. Frank and J. H. van der Merwe [12]:

, (II.1)
where a F and a S are the unstrained in-plane lattice parameters of the film and substrate respectively. If the deposited material has a larger lattice parameter than the substrate, i.e.

M > 0, compressive strain occurs. In the opposite situation, M is negative and strain is tensile. With increasing film thickness its lattice will relax to bulk values, forming defects (Figure II.3). Strain contributes to the interface energy and strongly modifies thin film properties. For instance, LSMO deposited under compressive strain has an out-of-plane oriented easy axis of magnetization. However, in tensely strained films the easy axis lies in the film plane [13].

Figure II.3: Epitaxial thin film growth under tensile (a) and compressive (b) stress. Relaxation of the lattice with increasing film thickness, and defect formation (c).

Of great importance, particularly for oxides, is the annealing process. The physical properties of oxides are highly sensitive to the oxygen stoichiometry. Therefore, an oxygen postdeposition annealing is an indispensable growth step that also helps to minimize the probability of oxygen vacancy creation in the deposited material. Thin films and multilayers grown during this thesis were always annealed and then cooled down to room temperature in the pure oxygen atmosphere.

II.2.3 Growth of oxide thin films

Thin films and heterostructures used in our work were deposited by PLD technique on STO substrates. STO is one of the most used substrate materials for perovskite oxides. It crystallizes in the cubic ABO 3 structure. In STO unit cell, the titanium ion is in the middle and surrounded by six oxygen ions. The strontium ions are placed in the corners (Figure II.4 left). STO undergoes a structural transition from cubic to tetragonal at 110 K, further to orthorhombic at 65 K and possibly to rhombohedral at 10 K [14]. STO is a band gap insulator (3.2 eV [15]) with a high dielectric constant of some 300 at room temperature [16]. seen, the interface is abrupt. The X-ray diffraction confirmed the indeed "cube-on-cube" LSMO growth on STO. In contrast to LSMO, SRO has a larger pseudo-cubic lattice parameter (0.3939 nm) compared with STO. Thus, SRO grows compressively strained on STO (100). Its orthorhombic [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] direction lies parallel to the STO surface normal. [19].

Figure II.6: Scanning transmission electron microscope (STEM) image of an STO/LSMO interface grown in our group at IEF. The picture shows an abrupt LSMO/STO interface

The importance of the surface energy distribution can be seen on the example of another perovskite -La 4 BaCu 5 O 13 (LBCO). LBCO is a metallic oxide with unit cell parameters (c = 0.3867 nm) very close to these of LSMO [20,21]. Consequently, it also grows tensely strained on STO. We deposited LBCO directly on STO or on top of an LSMO thin film. In both cases we observed island growth with a remarkable in-plane direction preference: the nanometer-sized islands grow along [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF], [010], [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] The preference of particular growth directions in LBCO can be explained considering the adatom kinetics, as discussed in section II.2.2. Used STO substrates have a miscut providing formation of atomic steps on the surface. These steps are never perfectly aligned to the crystal axes or to each other. This results in kinks, i.e. additional steps perpendicular to the initial step direction. These two types of steps are preferable energy sites for LBCO adatoms and provide growth with particular directions. [22]. Thus, we assume that the combination of substrate miscut and LBCO domain growth leads to the observed fourfold symmetry.

Crystal defects such as spiral or screw dislocations (Figure II.9 left) can also act as energetically preferred sites. These defects are generally assumed to be responsible for spiral growth [23,24] as observed in our LBCO thin films. Spiral growth also occurs in another cuprate YBa 2 Cu 3 O 7-x (YBCO). Since the density of screw dislocations in sputtered YBCO thin film was some orders of magnitude larger than in the used substrate, it was proposed that this growth mode is an intrinsic property of YBCO [25]. LBCO has a similar crystallographic structure. Therefore, similar growth behaviour can be expected. Additionally, spiral growth without having any substrate dislocations was reported to take place in Bi 2 Se 3 films (Figure II.9 right). The authors proposed jagged step edges as spiral growth centers [27]. From [27]. This mechanism may also be responsible for spiral growth in our samples, since we did not observe any spiral or screw dislocations in used STO substrates, studied by atomic force microscopy before thin film deposition (Figure II.10). It was reported that using vicinal substrates with 2-3° miscut, spiral structures can be suppressed in YBCO [28]. The same effect can be suggested for LBCO thin films.

It is worth mentioning that the observed LBCO island growth is technologically interesting for fabrication of nanowires, nanorods and other nanostructures.

An overview about growth parameters for oxide materials used in this work gives Table II 

II.3 Surface and structural characterization

To analyze surfacial and crystallographic properties of deposited thin films we routinely utilized atomic force microscopy, X-ray diffraction and X-ray reflectivity. AFM can be operated in contact mode, intermediate mode (also called tapping mode) and non-contact mode. AFM in contact mode, i.e. in the repulsive force region, allows fast scanning and was the most used during this thesis, since oxide surfaces are mechanically stable and usually cannot be damaged by direct contact with the silicon nitride tip. To obtain scans with better resolution we also used tapping mode. Tapping mode is a regime of AFM, where the cantilever is not static, but oscillates close to its resonance frequency, touching periodically the surface. By a feedback loop, the oscillation amplitude is kept constant and an image is recorded. In the case of non-contact mode the tip oscillates at some distance from the surface. During the dissertation period we utilized an atomic force microscope of type Veeco Innova. Obtained data were analyzed with help of Nanotec Electronica WSxM software. AFM measurements were always performed immediately after a sample was removed from the PLD chamber in order to avoid any contamination of the sample surface.

II.3.1 Atomic force microscopy

II.3.2 X-ray diffraction

X-ray diffraction was used to determine the crystallographic structure and crystalline quality of our samples. Also the thickness of deposited layers and their lattice parameters can be obtained from X-ray scans. The operational principle of XRD is based on the detection of diffraction peaks. These peaks result from interfering X-rays reflected on different lattice planes of a crystal. A peak position is given by the Bragg law. Schematic view of an XRD diffractometer is presented in Figure II.12. The source emits X-rays with the wavelength λ = 1.5406 Å (CuK α line). After reflection on the sample planes, the radiation is captured by the detector. The measured sample can be moved around all three spatial axes.

Figure II.12: Sketch of an X-ray diffractometer with a fixed source. Sample and detector can be moved in space.

Figure II.13 shows exemplarily a 2Theta-Omega scan of an LSMO/SRO bilayer deposited on STO. During that type of a scan, the source remains fixed, but the sample and detector rotate. From the peak positions we can obtain the out-of-plane lattice parameters of the deposited layers. The thickness of a thin film is related to the period of oscillations around the diffraction peak. These oscillations, also called Pendelloesung fringes, result from the finite-size effect.

Figure II.13: 2Theta-Omega scan of an LSMO-SRO bilayer deposited on STO substrate by pulsed laser deposition. The (002) peak positions of SRO, LSMO and STO substrate are marked. Pendelloesung fringes around the peaks are well visible.

The other scan type, the Omega scan or "rocking curve", provides information about the crystalline quality of a thin film. The source and detector are fixed, the sample is slightly moved around the Bragg peak. The width of the rocking curve corresponds to the degree of mosaicity in the deposited film. Our set-up allowed measurements with Δω = 0.05° resolution. Important characteristics of a thin film, such as strain, defects and lattice parameters, can be obtained with high precision by measuring reciprocal space maps (RSM).

Figure II.14: Relative positions of reciprocal lattice points in respect to each other allow conclusions about thin film structure. (left) Fully strained layer. (right) Fully relaxed layer.

These maps are usually done by collecting multiple 2Theta-Omega scans, each with different ω-offset. The position of diffraction peaks in reciprocal space allows direct conclusions about the type of strain in the grown film, its lattice constants and therefore about the crystallographic structure (Figure II.14). We used this technique to determine the crystallographic structure of SRO single layers and SRO/LSMO bilayers (more in Chapter IV).

II.3.3 X-ray reflectometry

X-ray reflectometry is another useful method to determine thin film thickness, its density and surfacial roughness. In a multilayer stack these characteristics can be obtained for each single layer. A monochromatic X-ray parallel beam is incident at a grazing angle on the sample surface and then reflected on different interfaces. These reflections are due to different electron densities in the measured layers. Interfering waves lead to intensity oscillations, the so called Kiessig fringes, captured by a detector. The period of the Kiessig fringes and the loss of beam intensity are related to the layer thickness and roughness respectively. The film density can be obtained from the critical angle, i.e. the angle below which the total reflection occurs.

During this work we mostly utilized PANalytical X'Pert Pro X-ray diffractometer at IEF to analyze crystallographic properties of our samples. High-resolution reciprocal space mapping measurements were performed by Ludovic Largeau using Smartlab Rigaku X-ray diffractometer at the Laboratory for Photonics and Nanostructures (fr. Laboratoire de Photonique et de Nanostructures = LPN) in Marcoussis, France. Data were evaluated with PANalytical software.

II.4 Investigation of magnetic properties

In this section we briefly explain the operational principle of superconducting quantum interference device, vibrating sample magnetometer and perpendicular Kerr microscope used to explore magnetic properties of thin films and multilayers, studied in this work.

II.4.1 Superconducting quantum interference device

SQUID is one of the most sensitive devices for investigations of magnetic properties of materials. It consists of a superconducting loop with one or two inserted Josephson junctions (rf-SQUID and dc-SQUID respectively). Two fundamental effects form the basis of the SQUID magnetometry: the Josephson effect [29] and flux quantization [30]. The voltage across the SQUID oscillates as a function of the applied flux. The period of oscillations is the flux quantum Φ 0 (= 2.07 x 10 -15 Tm 2 ). Thus, SQUID is a very sensitive detector for magnetic flux and consequently for other related quantities, such as magnetic field or current [31]. Usually a SQUID is placed in the chamber with liquid helium, equipped with superconducting coils for external field application and with a pick-up coil, forming a SQUID magnetometer. A magnetic sample, moved through the pick-up coil, induces a current in it. This current provides a flux change, registered by the SQUID. This is the standard dc-transport mode. The Reciprocating Sample Option (RSO) allows measurements with a higher sensitivity and lower noise level than in dc-transport mode. In the RSO mode the sample is moved fast, sinusoidally and with smaller amplitude through the pick-up coil. Usually we applied the latter method. With the SQUID magnetometer the magnetic moment of a sample can be measured as a function of the applied magnetic field or temperature with sensitivity of some 10 -11 Am 2 . We employed two SQUIDs to perform magnetic measurements: 

Figure II.15: (left) MPMS with maximum field of 7 T at LPS in Orsay.

From [32]. (right) VSM system at GEMaC in Versailles. From [33].

It is worth mentioning that due to misalignment of the applied field and the measurement directions inside of the SQUID, leading to measuring not only of the z-component, but also of the x-component of magnetization, spikes or jumps in magnetization can appear. These jumps were observed only using one of our SQUIDs and only on SRO, due to its low magnetic moment. An example is given in Figure II. 16. Simulations based on the Stoner-Wohlfarth model, which applies the astroid method [34][35][36][37], and performed in our group by Philippe Gogol, show that the probability to obtain these jumps is higher close to the hard direction of magnetization and lower in the easy axis direction. In fact, our results show an increased number of jumps along the SRO hard axis. In future, this simulation model could be used for determining magnetocrystalline anisotropy. Here further investigations are needed. In order to present our data as clearly and understandable as possible, and since the magnetization jumps do not carry any additional information about the SRO magnetic properties, we removed them from the presented plots.

II.4.2 Vibrating sample magnetometer

Vibrating sample magnetometry is an alternative method to investigate magnetic properties of materials. By this technique the sample vibrates in a static magnetic field. The great advantage of VSM is a shorter measuring time, typically 15-20 min. for a standard measurement, compared with several hours in the case of the SQUID magnetometry. However, the sensitivity of VSM is about two orders of magnitude lower and the noise level higher, as compared with SQUID (Figure II.17 All of our thin films and multilayers were grown on STO substrates. STO is a diamagnetic material and its signal superimposes the signal of measured films. This diamagnetic contribution of STO substrate (Figure II.17 right) was always subtracted from magnetic signal measured by VSM or SQUID. For that purpose we fitted the linear part of the curve at high fields and determined the slope of magnetic moment giving us the disturbing signal.

Figure II.17: (left) A comparison between SQUID and VSM measurements on the same sample. VSM measurement provides shorter measurement times, but also higher noise level, well recognizable in the graph at larger applied magnetic fields. (right) Diamagnetic response of an STO substrate. It was always removed from the recorded data.

The diamagnetic susceptibility calculated from the SQUID measurement on STO substrate was found to be circa one order of magnitude larger than reported e.g. in Ref. [38], possibly due to impurities. However, the susceptibility, calculated from the slope of magnetic moment at high field and subtracted from the original SQUID and VSM data, was close to the STO substrate susceptibility. It should be mentioned too, that silver paste remains on the substrate could also influence the magnetometry measurements.

II.4.3 Polarized neutron reflectometry

Polarized neutron reflectometry is further powerful technique for magnetic studies on thin films and multilayers. The operational principal of PNR is similar to that of the X-ray reflectometry. Instead of X-ray photons, a grazing beam of neutrons is reflected on sample surface and interfaces. The remaining intensity, captured by a detector, provides not only structural information, but also information about magnetic profile of the sample, since neutrons are spin carriers. In particular, the direction of in-plane magnetization and the absolute value of the magnetic moment can be obtained. Depending on the magnetization orientation in the film plane, perpendicular or parallel to the incident beam, polarized neutrons experience a spin-flip or not respectively. This is a result of the interaction of neutron spin with the magnetization of the material. The direction of layer magnetization can be then extracted regarding the detected fractions of scattered neutrons with two different spin orientations. The penetration depth of some hundreds of nanometers allows exploration of multilayers, i.a. magnetization orientations and the strength of exchange magnetic coupling between ferromagnetic layers can be studied [39]. The reversal process of magnetization in a coupled bilayer can also be investigated [40]. Consequently, we used the PNR technique to explore the exchange bias effect at the LSMO/SRO interface. PNR measurements on our samples were performed by Frederic Ott using the PRISM reflectometer at Laboratory Leon Brillouin (LLB), CEA Saclay, France.

II.4.4 Perpendicular Kerr microscopy

Perpendicular Kerr microscopy allows among others imaging of magnetic domains. Its principle is based on the Magneto-Optical Kerr Effect (MOKE): linearly polarized light, reflected on a magnetized surface, changes its polarization [41]. The reason for this effect is the different refractive indices in the magnetized material, leading to different propagation velocities of various components of the linearly polarized light wave (left-and right-circularly polarized parts). In the perpendicular Kerr microscope, as used in our studies, a diode with 656 nm wavelength emits visible light that passes through a polarizer before being reflected on the sample. The reflected beam goes through a lens and an analyzer and is then detected by a CCD camera (Figure II.18). The sample, mounted on a cold finger, is placed in a cryostat in the middle of a magnet. The minimum temperature is 80 K and the maximum out-of-plane magnetic field is 600 mT. Kerr measurements were performed together with Nicolas Vernier from the group NOvel MAgnetic DEvices (NOMADE) at IEF.

II.5 Device fabrication

We fabricated magnetic tunnel junctions and Schottky contacts using clean room techniques, such as optical lithography, chemically assisted ion beam etching and sputtering. Devices were produced in several steps described in this section.

In the case of magnetic tunnel junctions, two types of multilayers were deposited (more details in Chapter V). The first one has a ruthenium doped LSMO hard layer (LSMRO). Another multilayer has an SRO pinning layer. Schottky contacts consist of an Nb:STO layer on top of LSMO. 2). To avoid creation of oxygen vacancies during the etching process with argon ions, oxygen was additionally introduced into the CAIBE chamber. The CAIBE at IEF is equipped with a Secondary Ion Mass Spectrometer (SIMS), providing information about the current status of the etching process (Figure II.20). The area to be etched was defined by photolithography with an UV mask aligner SUSS MicroTec MJB4, using a positive photoresist AZ 5214E and a developer AZ 400K. Tunnel junctions have mesa dimensions lying between 5x5 μm 2 and 10x10 μm 2 . Mesa area of Schottky contacts varies from 5x5 μm 2 to 100x100 μm 2 .

Within the second microfabrication step the overall structure was defined using again photolithography and argon etching (Figure II.19.3). The whole heterostructure was then etched completely, down to the STO substrate. To study a possible redeposition of LSMO on Nb:STO barrier during etching of the LSMO bottom electrode, we inserted an additional processing step for one part of fabricated junctions. In that case, we etched during the first step only till the middle of the barrier. After the second step, the remaining Nb:STO was etched away only in the pad region. The area close to the mesa was protected by photoresist. We did not observe a clear performance difference in the differently processed junctions. The aim of the third step was to cover the bottom electrode by silicon nitride Si 3 N 4 , that is an insulator, to avoid short circuits between the two MTJ electrodes. The electrodes stay partially free, to enable later contacting (Figure II.19.4). For Schottky contacts this step is necessary to provide a short circuits free deposition of contact metals. To deposit Si 3 N 4 we utilized RF sputtering. To obtain desired structures we applied the lift-off method. During the last step, contact metals were deposited by sputtering (Figure II.19.5). We used palladium to contact LSMO electrodes in our devices. Palladium does not oxidize under ambient conditions and is known for providing a good ohmic contact to LSMO due to their similar work functions [42][43][44]. Our measurements on Pd/LSMO/Pd contacts confirm that (Figure II.21). Lift-off technique was used again to define square shaped pads. The photolithography process differs from the previously described: an additional annealing and UV exposure step is made to invert the positive photoresist, i.e. to use it in the negative mode. For Schottky contacts with aluminium contact pads on the Nb:STO side, consequently, the deposition step has to be done twice. 

Figure II.20: SIMS image taken during the CAIBE etching of a multilayer for magnetic tunnel junctions with SRO pinning layer. This junction was fabricated with an additional step to avoid barrier contamination by LSMO (see text). Three changes can be clearly observed in

II.6 Magnetotransport measurements

Temperature-dependent (magneto-) transport measurements were performed in the Model 22 Cryodyne closed-cycle helium cryostat of CTI-Cryogenics at IEF. Measurements were made in the 20 K -320 K temperature range. A maximum magnetic field of 1 T can be applied with help of two water-cooled coils. The cryostat can be rotated about its longitudinal axis in the applied magnetic field (Figure II.23). Thus, magnetotransport measurements in the out-of-plane configuration are possible. However, an in-plane rotation of the applied field is not realizable. Samples were connected using wire bonding in 2-probe and 3-probe configurations (Figure II.22 bottom right).

Figure II.23: (left) Set-up for magnetotransport measurements at IEF. A sample is mounted on the cold finger of the closed-cycle helium cryostat. The cold finger can be placed in the middle of two water-cooled coils. The cryostat can be rotated in the out-of-plane direction. (right) A wire bonded sample is mounted with silver paste on a sample holder for transport measurements.

Different types of measurements were performed in the scope of this work: (temperaturedependent) current-voltage measurements, (field dependent) resistance versus temperature measurements et cetera. A more detailed description of the individual measurements is presented in relevant chapters. Summarized, in this chapter we provided a brief overview about methods, techniques and equipment used in our work for thin film deposition and characterization, but also for fabrication and measuring of devices. We went more into details of thin film growth in terms of its thermodynamics and kinetics. Finally, we explained the fabrication process of magnetic tunnel junctions and Schottky contacts, studied within the framework of the presented thesis.

Chapter III: LaSrMnO 3 /Nb:SrTiO 3 functional oxide interface

In this chapter we present our work on the all-oxide metal-semiconductor interface formed by the half-metallic ferromagnet La 0.7 Sr 0.3 MnO 3 and n-type semiconductor SrTi 0.8 Nb 0.2 O 3 .

After a brief introduction we firstly provide relevant information on the growth and characterization of PLD deposited thin film bilayers. Then we give an overview of different types of the studied ultrathin film Schottky junctions. In the main part we present and discuss our experimental results. A summary with an outlook completes this chapter.

III.1 Introduction

Metal-semiconductor (MS) interfaces play an important role in our daily life: hardly a single modern electronic device can operate without an MS contact. To insure a continuous progress in micro-and nanoelectronics, the implementation of new materials such as functional oxides is necessary. Oxide perovskites, e.g. LSMO and Nb:STO are good candidates for use in new-generation electronic components (see Chapter I). However, our understanding of many processes in oxide heterostructures is still rather poor. In particular, to the best of our knowledge, studies on ultrathin film LSMO/Nb:STO interfaces in a microdevice configuration with small-sized mesas have not been reported till the present time. Only few studies on LSMO/Nb:STO junctions in a thin film configuration are known. However, in these reports relatively thick films were used [1], or the junction structure differs noticeably from the one that we investigated [2,3]. It is of great importance to get insight into such a structure with regard to its possible application in spintronic devices.

In order to study ultrathin film MS junctions, LSMO/Nb:STO bilayers were epitaxially grown by pulsed laser deposition at the Institute of Fundamental Electronics (IEF) in Orsay. By combination of a metal (LSMO) with an n-type semiconductor (Nb:STO), a structure similar to a rectifying Schottky contact arises. After surface and structure analysis by atomic force microscopy, X-ray diffraction and X-ray reflectivity, micrometer-sized junctions were patterned using microfabrication techniques. Electric transport measurements were performed in a wide temperature range. We analyzed current-voltage characteristics of our junctions in the frame of appropriate theories.

We found that the transport characteristics are at variance with the conventional thermionic emission theory often applied to explain the transport properties of Schottky contacts. We ascribe this inconsistency to the very high electric field in the ultrathin Nb:STO layer and its effect on the depletion width and dielectric constant.

III.2 Thin film deposition and characterization

Bilayers, consisting of Nb:STO on top of LSMO, were in situ grown by pulsed laser deposition on TiO 2 single terminated, (100) oriented STO substrates with max. 0.1° miscut. The substrate dimensions were 5×5 mm 2 . Sintered pellets were used as targets. The amount-ofsubstance fraction of Nb in the Nb:STO target was 20 %. The Nb:STO layer thickness in our samples lies between 2.4 nm and 18.6 nm. The LSMO layer thickness varies from 50 nm to 65 nm. A KrF excimer laser with 248 nm wavelength and 2 or 5 Hz repetition rate was used. We held the substrate temperature constant at 600°C during the deposition. The oxygen background pressure was 120 mTorr and 12 mTorr for LSMO and Nb:STO respectively. After the deposition we in situ annealed the bilayers in 75 Torr of a pure oxygen atmosphere. The deposition rates were in the range of 0.05 (LSMO) and 0.09 (Nb:STO) monolayer per pulse. We acquired an Nb:STO out-of-plane lattice constant of 0.3986 nm. Compared to undoped STO with c = 0.3905 nm, the Nb:STO lattice parameter is increased. This is consistent with an increased cell volume due to a larger niobium ion radius, in comparison with the replaced titanium ion. Our result is in good agreement with previously reported values. For instance Tomio et al. [4] measured the lattice parameter of Nb:STO in thin films, grown by PLD on STO substrates, as a function of Nb concentration. For films with 20 % Nb content, the authors obtained a lattice constant of 0.398 nm (Figure III.5), which is very close to our parameter. Assuming a continuously epitaxial growth of the Nb:STO thin film on the STO substrate, i.e. the in-plane lattice constant of Nb:STO is equal to that of bulk STO, as verified by RSM, and a cubic unit cell with constant volume, we can estimate the relaxed lattice parameter of Nb:STO as a = (0.3905 2 nm 2 × 0.3986 nm) 1/3 = 0.3932 nm.

X-ray reflectivity technique was primarily used for thin film thickness determination. Figure III.6 gives an example of a typical XRR scan. Oscillations with two different periods are present: the larger one belongs to the (thinner) Nb:STO layer, the small period oscillations arise from the (thicker) LSMO layer. Generally, before deposition of each series of thin film multilayers, test samples were grown for thickness calibration. Since it is not possible to determine the layer thickness by XRD or XRR in the case of ultrathin films, i.e. films of a few nanometers, relatively thick films (40-60 nm) were used to find the number of pulses needed to obtain the desired film thickness. In particular, Nb:STO for calibration was grown on top of circa 200 nm of LSMO. The LSMO interlayer was necessary because of the low reflectivity contrast between the STO substrate and Nb:STO film. A suitable LSMO layer thickness was determined before deposition using simulations with PANalytical X'Pert Reflectivity software.

Figure III.4:

Comparison between 2Theta-Omega scans for two LSMO/Nb:STO bilayers with 3.6 nm (top, red) and 18.6 nm (bottom, blue) Nb:STO top layers. In the upper image the Nb:STO (002) peak is not visible due to its low intensity. In the bottom picture the intensity is high enough, so the lattice constant of 0.3986 nm could be obtained.

Figure III.5: Lattice constant versus Nb concentration plot for Nb:STO thin films as reported in

Ref. [4]. For 20 % niobium doping, the lattice constant is 0.398 nm, very close to that obtained in our layers (0.3986 nm) for the same dopant concentration. The measured Nb:STO resistivity of circa 1•10 -2 Ω•cm lies also in the expected range. Adapted from [4]. Several parameters, such as thin film densities and surface roughness, can be determined from this fit. We primarily used this method to obtain film thicknesses. In the presented scan, oscillations with high and low periods correspond to the Nb:STO and LSMO layers respectively.

To summarize, in this section we provided the overview about the deposition of LSMO/Nb:STO bilayers for metal-semiconductor junctions, as well as about the thin film characterization. Important setting parameters and procedure descriptions were given. The presented surface and crystallographic analysis demonstrates that the obtained thin films are of very good crystalline quality. 

III.3 Device fabrication

III.4 Experimental results

In order to experimentally investigate LSMO/Nb:STO metal-semiconductor interfaces we performed temperature-dependent current-voltage measurements, and capacitance-voltage measurements at room temperature. Magnetic measurements were carried out to probe the concepts of a tunnel diode and of spin injection and detection in LSMO/Nb:STO ultrathin film junctions.

III.4.1 AP type asymmetric metal-semiconductor junction

Current-voltage characteristics of AP type LSMO/Nb:STO junctions were studied in the temperature range from 300 K down to 77 K. Samples were fixed with silver paste on a sample holder, wire bonded, mounted on a vacuum insert and then placed in liquid nitrogen. We used Keithley 2636A source meter for transport measurements. The LSMO/Nb:STO interface exhibits rectifying behaviour as can be seen in We define the rectification ratio as the ratio between forward current and reverse current at a fixed voltage. The relatively low rectification of junctions with 3.6 nm Nb:STO can be explained by the ultrathin film structure of the sample, leading to a potential profile in the Nb:STO film dominated by both interfaces, LSMO/Nb:STO and Nb:STO/Al. A higher rectification ratio of the reference sample is an indication for a potential profile closer to that of a classic rectifying junction. Another distinction between the two AP samples is a lower current in the reference sample, especially in the reverse direction.

The current-voltage characteristics of AP type samples demonstrate strong temperature dependence (Figure III.9). At low temperature the reverse current in sample II is at least three orders of magnitude lower than in the sample I and below nano-ampere range, reaching the limit of our measuring system. We observed a faster decrease of the reverse current with decreasing temperature in the reference sample, compared with sample I. This explains the higher rectification ratio in the sample II, especially at low temperature. At temperature close to 110 K the forward bias current in the sample I shows a "step", i.e. an increase at circa 1.5 V (Figure III.9 (left): 77 K curve and inset). It is known that STO has a crystallographic phase transition from cubic to tetragonal around 110 K [8]. Thus, we assume that the change in current is due to this transition. We suppose that this effect comes from the STO substrate, since the thickness of the Nb:STO layer is too small to have such an impact on transport properties. We analysed current-voltage characteristics of our ultrathin film junctions using the standard Schottky equation for thermionic emission in the case of a reverse biased junction [9]. Assuming a homogeneous and temperature independent electric field in the Nb:STO layer, taken as E = V/d, where d is the layer thickness, we obtain the following expression:

[ ( √ )], (III.1)
where J is the current density, A* is the Richardson constant, here taken as 156 A cm -2 K -2

[10], T is the temperature, q is the electron charge, k B is the Boltzmann constant, ΦB is the potential barrier height, ε 0 is the vacuum permittivity and ε Op is the optical permittivity. In we can estimate the Schottky barrier height ΦB from the intercept with the y-axis: we found a value of 0.14 eV, which is much lower than 0.7 eV predicted by the Schottky-Mott rule or values reported by other authors [11][12][13]. The calculated optical permittivity ε Op of 33 is nonphysically large. Thus a probable explanation for the failure of this conventional analysis of temperature dependence is the influence of a high electric field in the semiconductor. Since the thickness of the Nb:STO layer in our junctions is extremely low, this results in a high electric field at the interface even for low applied voltage, and in a fully depleted semiconducting layer. From this plot we see that for high temperatures the linear fit and thus the V 1/2 dependence of the reverse bias current is very good. But for low temperatures, there is a noticeable deviation from the V 1/2 behaviour at high voltages.

From linear fits of Ln(J/A*T 2 ) versus V 1/2 plots we calculated the optical permittivity and plotted it as a function of temperature (Figure III.11 right). The permittivity increases with falling temperature and the dependence is in good agreement with the ferroelectric Curie-Weiss law. The T C from the fit is 32 K that is close to reported values [14]. Nevertheless, the calculated ε Op values are again far too large, probably due to the high electric field in the structure.

III.4.2 P type symmetric metal-semiconductor-metal junction

P type junctions were used as a precursor of the magnetic tunnel junctions discussed in Chapter V. Transport and magnetic measurements on this type of structure should give insight into the junction properties.

In contrast to the asymmetric metal-semiconductor junctions of AP type, the symmetric LSMO/Nb:STO/Pd metal-semiconductor-metal junctions of P type demonstrate almost temperature-independent current-voltage characteristics in the range 77 K -300 K, similar to that of a tunnel junction. This weak temperature dependence indicates thermally assisted tunnelling as the main transport mechanism for the current injection through the Nb:STO layer with Pd contacts. At temperatures below 77 K, the direct tunnelling seems to prevail (Figure III.12). The control and manipulation of the spin is the most essential objective in spintronics [15].

To explore the influence of an applied magnetic field on the transport characteristics, and also a possibility to inject and detect spin-polarized carriers from a ferromagnet (LSMO) into an ultrathin semiconductor (Nb:STO), we performed magnetic measurements at low temperatures. Some of the results can be seen in 

III.5 Analysis and discussion

In this section we analyze current-voltage characteristics of the ultrathin LSMO/Nb:STO junctions of AP type.

Conduction mechanism in Schottky junctions at low temperatures is often explained by tunnelling, with current-voltage characteristics similar to the ones measured on the P type junctions (Figure III.12). But, since in our junctions of AP type the current-voltage characteristics are temperature-dependent, tunnelling ansatz does not fit our data correctly. Some authors, e.g. in reference [16] consider LSMO/Nb:STO junctions as pn-junctions. But square root of voltage dependence of current, as observed in our junctions in a wide temperature range, speaks strongly against the pn-model: this dependence is usually not observed in conventional pn-junctions. In Ref. [16] LSMO with a lower Sr doping was used: La 0.9 Sr 0.1 MnO 3 . According to Y. Tokura et al. [17], a low Sr-doped LSMO can be seen as an insulator. In contrast, we used an optimally doped La 0.7 Sr 0.3 MnO 3 , which is usually considered to be a bad metal with 10 21 -10 22 cm -3 carrier (hole) density. Another important indication, contradicting the pn-model, is the drastic drop of current in the reference sample (AP sample II, Figure III.9), especially for the reverse bias direction, compared with 3.6 nm Nb:STO sample I. In the case of only partially depleted Nb:STO layer due to a very high carrier density, the current in the reference sample should be of the same order of magnitude. In other words, adding more thickness of a degenerately doped semiconductor would not make the current drop so much.

However, the permittivity in Nb:STO is known to be electric field-and temperaturedependent [14,18,19] obeying the following phenomenological equation:

( ) ( ) √ ( ) (III.3)
where a(T) and b(T) are temperature-dependent parameters.

Figure III.14:

Field-dependent relative permittivity ε r in Nb:STO at room temperature as calculated in Ref. [18]. Closed circles are the experimental data obtained from capacitancevoltage measurements for different Nb doping levels, i.e. 0.01, 0.05 and 0.5 wt%. The solid and dotted lines are calculated fits. a and b are the temperature-dependent parameters [19].

The deviation of capacitance-voltage (C-V) characteristics in Nb:STO Schottky junctions from an expected linear behaviour was explained in Ref. [18] using this equation. We measured C-V characteristics of our devices and also observed a non-linear behaviour. With ε r (E,T) relationship as in Eq. (III.3) we deduce that at high electric field the static permittivity in Nb:STO is noticeably lowered.

We roughly estimated the depletion width W D in Nb:STO using the equation expressed by S. M. Sze [9]:

√ ( ) , (III.4)
where ε S = ε 0 ε r is the permittivity of the semiconductor, φ bi is the build-in potential, N D is the carrier density, q is the charge, V is the applied voltage, k B is the Boltzmann constant and T is the temperature. Here we assume φ bi = 0.7 V, N D = 10 20 cm -3 , V = 0, T = 300 K. The fielddependent permittivity ε r was taken, as calculated in Ref. [18], i. The calculated depletion width W D was found to be close to 5.5 nm for the junction with 3.6 nm Nb:STO layer and circa 12 nm for the reference sample with 18.6 nm Nb:STO. Thus, we assume that the Nb:STO layer is fully depleted in both P and AP types of ultrathin film junctions. Due to further increase of εr with decreasing temperature, the depletion width should grow. Assuming a fully depleted Nb:STO layer, the electric field in the positively charged (ionized Nb donors) layer would depend on this static permittivity, thus becoming both voltage-and temperature-dependent, at variance with the simple E = V/d picture. This effect is a possible explanation for the observed deviation from the thermionic emission model at low temperature and large electric field.

III.6 Conclusions and outlook

We have fabricated and analyzed ultrathin all-oxide Schottky junctions formed by the metallic oxide La 0.7 Sr 0.3 MnO 3 and heavily doped semiconductor SrTi 0.8 Nb 0.2 O 3 . Surfacial and structural analysis of PLD grown bilayers demonstrates high quality thin films. Transport characteristics were analyzed in the frame of the thermionic emission theory, taking into account a high electric field in ultrathin metal-semiconductor junctions. At low temperature and high bias we observed a possible strong dependence of permittivity on electric field.

With our research we demonstrated a possibility to create thin film all-oxide rectifying Schottky junctions. To attain a deeper knowledge of the studied system further investigations are needed. Among others, temperature-dependent capacitance measurements, Nb:STO electrodes with various Nb doping contents and even using different semiconducting materials would provide a clearer perception of ultrathin junctions.

The result of our work points toward the importance of research activities on complex oxide metal-semiconductor interfaces for spintronic applications. One of them is the integration of the Nb:STO barrier into a novel type of magnetic tunnel junctions as presented in Chapter V.

Chapter IV: SrRuO 3 /LaSrMnO 3 exchange bias system

Antiferromagnetic coupling present at the interface of two ferromagnetic oxides La 0.7 Sr 0.3 MnO 3 (LSMO) and SrRuO 3 (SRO) is the subject of this chapter. It is of particular interest for us with regard to a possible application in magnetic tunnel junctions, allowing the stabilization of magnetization states of the electrodes. We begin this chapter with a short introduction. Then we describe the growth and characterization of studied SRO thin films and SRO/LSMO bilayers. Following, results of our investigations on their magnetic properties are presented, analyzed and discussed. We finish the chapter with a summary and provide an outlook on future concepts and perspectives.

IV.1 Introduction

Stable magnetization states are decisive for a proper performance of magnetic tunnel junctions. One of the possibilities to achieve a robust antiparallel alignment of the two ferromagnetic electrodes is to make use of the exchange bias (EB) interaction (the overview on the EB effect at SRO/LSMO interface is given in Section I.4 of Chapter I). Due to this interfacial coupling effect, one of the ferromagnetic electrodes is "pinned", i.e. a larger magnetic field is needed to reverse its magnetization. The exchange bias effect, usually observed in antiferromagnet-ferromagnet systems, was also reported to exist at the interface of two ferromagnets: LSMO and SRO [1][2][3]. SRO is easy to integrate into an LSMO based heterostack due to its similar perovskite crystallographic structure. The Curie temperature of 150 K makes SRO suitable for utilization in magnetic sensors, such as mixed sensors [4], operating at the temperature of liquid nitrogen. Thus, it is of great relevance to deepen our understanding of SRO magnetic anisotropy and SRO/LSMO exchange coupling.

SRO thin films and SRO/LSMO bilayers were grown on vicinal SrTiO 3 substrates by pulsed laser deposition. Surface and structural analysis was carried out using atomic force microscopy, X-ray diffraction and X-ray reflectivity. We explored magnetic properties of our samples by the superconducting quantum interference device, vibrating sample magnetometer, Kerr microscopy and polarized neutron reflectivity. Simulations applying the Stoner-Wohlfarth model complete our studies.

We found that SRO thin films with a single christallographic variant structure exhibit a complex anisotropy distribution. Bilayers, consisting of LSMO and single domain SRO, show a magnetic hysteresis behavior that was not observed in similar systems hitherto.

IV.2 Thin film deposition and characterization

SRO single layers and SRO/LSMO bilayers were grown by pulsed laser deposition on TiO 2 single terminated, (001) oriented vicinal STO substrates with 1° miscut and 5×5 mm 2 dimensions. The choice of vicinal substrates was motivated by the aim of achieving single domain SRO thin films (see Section I.4.1 of Chapter I). Thus, the SRO layer was always deposited first, followed by LSMO. The difference between vicinal and conventional substrates can be seen in The deposition of bilayers was always made in situ. A KrF excimer laser with 248 nm wavelength was used. We varied the repetition rate from 2 to 10 Hz. The substrate temperature was kept constant close to 600°C during the deposition. The oxygen background pressure was 120 mTorr. The in situ annealing took place at 75 Torr of a pure oxygen atmosphere. Deposition rates were in the range of 0.03 and 0.05 monolayer per pulse for SRO and LSMO respectively. The growth mode was usually layer-by-layer. In the case of SRO sometimes step bunching occurred.

Immediately after the deposition thin films were studied by atomic force microscopy in terms of their surface quality. Figure IV.2 exemplarily shows AFM images of two SRO single layers. The first one (left) was grown at a relatively low mean step velocity:

(IV.1) of 1.47 nm/s. L is the mean terrace width of the substrate. F is the mean deposition flux, defined as:

(IV.2)
where f is the laser repetition rate and Np is the deposited amount of SRO in monolayer per pulse. The growth mode is step bunching. The second image (right) shows the surface of an SRO thin film, grown at a higher mean step velocity of 1.89 nm/s. In that case the growth mode is step flow. In reference [5] the existence of a critical step velocity V* was reported for SRO thin films grown on vicinal substrates with 0.06° -0.3° miscut angle. At V* a transition from a stable step flow growth to step bunching at V below V* was observed. A direct comparison of our results with these reported in Ref. [5] is difficult, since the authors used a fixed laser energy, different from ours. In our studies we varied the laser energy as well as the frequency. But our observations similarly indicate the existence of a critical step velocity, below which step bunching occurs. We investigated 16 SRO thin films grown on vicinal STO substrates with 1° miscut. The layer thickness lied between 16 nm and 44 nm. The laser repetition rate f was 2 Hz or 10 Hz. In 8 samples grown at a higher step velocity, i.e. with f = 10 Hz, we always observed step flow growth. Samples grown at a lower V demonstrate a high tendency to step bunching: 4 of 8 films exhibit this growth mode. A 100 % increase of laser energy decreases the probability of step bunching, but does not eliminate it. Thus, the main parameter to adjust, in order to achieve a stable step flow growth, is the laser repetition rate, which directly influences the mean step velocity V. We found that in our films its critical value V* is close to 2 nm/s.

Crystallographic properties of the deposited films were routinely investigated by XRD and XRR. From 2Theta-Omega scans (Figure IV.3) we determined the out-of-plane lattice constants to be close to 0.395 nm and 0.385 nm for SRO and LSMO respectively. A comparison with bulk lattice parameters of 0.3939 nm in SRO and 0.3889 nm in LSMO, definitely demonstrates that SRO grows compressively and LSMO tensely strained on STO.

1.0µm

We did not observed noticeable relaxation of LSMO lattice parameter for films with up to 200 nm thickness. 

Figure IV.5: Rocking curves of SRO (top) and LSMO (bottom). FWHM of 0.055° and 0.0574° were measured for SRO and LSMO respectively, demonstrating a high crystalline quality of the deposited thin films.

To summarize this section, surfacial and crystallographic analysis reveals the epitaxial growth of fully strained SRO and LSMO thin films and bilayers of a high crystalline quality. RSM measurements confirm the single domain structure of the deposited SRO films.

IV.3 Magnetic studies on SrRuO3 thin films

In this section we demonstrate results of our studies on magnetic properties of SRO thin films, investigated by SQUID and VSM magnetometry, and by perpendicular Kerr microscopy. Unless otherwise noted, we use the cubic STO lattice notation to indicate crystallographic directions.

IV.3.1 Structural analysis by reciprocal space mapping

In order to verify that the deposited SRO single layers have, in fact, a single domain structure, after preliminary reciprocal space mapping measurements at IEF we performed high resolution RSM using a Rigaku Smartlab diffractometer with a rotating anode. The inset shows the SRO thin film with two crystallographic domains called X and Y. The inset is adapted from [6].

This diffractometer provides a signal of high intensity. As the RSM scans described in the previous section, the high resolution maps were taken around the STO (204) Bragg diffraction peak. Figure IV.6 presents the RSM on the SRO single layer with 25 nm thickness, grown on a vicinal STO substrate with 1° miscut.

It is clearly recognizable that only one SRO variant is present, since only one diffraction peak for each azimuthal direction is visible in the image. By comparison, the inset in the lower left corner shows RSM on a multi domain SRO. Two variants existing in the film are marked by "X" and "Y". The estimated proportion between the two variants is approximately 60% to 40% [6].

IV.3.2 Magnetic characterization by SQUID and VSM

The magnetic moment of SRO was measured by SQUID as a function of applied magnetic field and temperature. Figure IV.8 demonstrates temperature-dependent magnetization measurements performed on another SRO thin film in a high applied magnetic field, in different directions. Compared with the measurements presented in Figure IV.7, magnetization seems to not saturate with decreasing temperature, but to rise rapidly below circa 50 K. The faster increase in the outof-plane direction could be explained by the rotation of the easy axis toward the film surface normal, reported before [9,12]. The behaviour of magnetization in the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction is not fully understood at present. 

T). (left) In-plane measurement parallel to the [100] STO axis. (right)

Measurement in the out-of-plane direction.

However, magnetic moment, which does not saturate with decreasing temperature, was already reported to exist in SRO thin films [13]. In this study a relatively low field of 100 mT was applied. The magnetic moment versus field behaviour was found to be measurement direction-dependent. Regarding Figure IV.8, it appears reasonable to assume two contributions to the magnetic moment. The one is ferromagnetic as in Figure IV.17 (left).

Another is paramagnetic, giving a magnetization versus temperature behaviour in accordance with the Curie law:

, (IV.3)
where M is the magnetization, C is the Curie constant, B is the magnetic field and T is the temperature. The resulting curve is the sum of the two contributions.

Hysteresis loops were measured at 10 K and 20 K, applying magnetic field in-and out-ofplane. We use again the cubic STO notation to clarify the measurement directions (Figure IV.9 left). In that case the out-of-plane STO [001] axis is parallel to the orthorhombic [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] crystallographic direction of SRO. 

b-axis, that is the orthorhombic [010] axis, is the SRO easy axis of magnetization. a-axis and c-axis correspond to the SRO orthorhombic [100] and [001]

directions respectively. The orthorhombic SRO [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] direction is shown as [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] O . (right) Measurement directions in cubic STO notation with respect to the miscut direction of the vicinal substrate. [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction is parallel to vicinal steps.

The measured saturation magnetic moment is maximal in the out-of-plane direction and second highest in the [010] STO direction. On the one hand, this measurement directiondependent saturation moment might be explained by the paramagnetic contribution of SRO, which is difficult to determine [14], or by an inaccuracy in STO diamagnetic background subtraction, since the distinction between substrate and film magnetization can be difficult. We also found that the STO substrate contribution is measurement direction dependent, probably due to influence of the measured volume of STO.

On the other hand, the fact that the magnetic moment is increased in the (100) STO plane, could be an additional indication for the easy axis lying in there. Temperature-dependent measurements (Figure IV.8) imply the possibility of non-saturated SRO magnetic moment even at large applied magnetic fields, i.e. 4.5 T. Since the magnetization loops were taken at maximum field of 3 T, it appears reasonable that SRO is not fully saturated, but the probability to reach the saturation magnetic moment is increased in the easy axis direction. Additionally, regarding the larger measured out-of-plane magnetic moment compared with the [010] STO direction, we deduce that the easy axis is closer to the [001] STO axis, i.e. the angle with respect to the surface normal is lower than 45°, that was indeed observed in SRO films [9,12,13]. An unambiguous statement about the in-plane anisotropy is difficult, but, taking into account the shape of the magnetization loop in the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction, we assume the hard axis to be close to that. Hysteresis loops measured at 10 K differ from the previously discussed 20 K loops. At 10 K the coercivity is increased and the magnetic moment in the [001] STO direction is decreased (Figure IV.10.f). These changes might be caused by a modified magnetocrystalline anisotropy, e.g. by the orientation transition of easy and hard axes. However, the decrease of the out-of-plane saturation magnetic moment is unexpected.

Figure IV.10: SQUID magnetization measurements of the single domain SRO thin film (25 nm) as a function of applied magnetic field. Measurement directions and temperatures are indicated. In (f) the circle shows the drop of magnetization at zero field possibly due to domain formation.

Another feature we observed in SRO thin films is an unusual shape of hysteresis loops. The magnetization change is not uniform, but shows a drop close to zero field. This drop is especially obvious at 10 K (marked by a circle in Figure IV.10.f). We found that this effect is present in single domain films as well as in multi domain SRO. We explain it by creation of magnetic domains at zero applied field due to reduction of the demagnetizing field. We observed domains in SRO thin films at low applied field (40 mT) using perpendicular Kerr microscopy (see next section), that supports our conclusion. Another possibility is a twophase behavior.

IV.3.3 Studies by perpendicular Kerr microscopy

To study the SRO domain distribution and magnetization reversal we performed perpendicular Kerr microscopy measurements at low temperature, around 100 K. Magnetic field was applied perpendicular to the sample surface. Thus, only the out-of-plane component of SRO magnetization was measured. Firstly, we applied the maximum possible field (160 mT), in order to saturate SRO. Then the field was gradually decreased and finally reversed. We took pictures at every step. The first image serves as reference. To observe domains, it is necessary to subtract the reference picture from the others. It should be noticed that the presented data was obtained from presumably multi variant SRO thin films. An example gives Figure IV.11.

After applying +160 mT, we went back to zero field and then increased the field slowly in the negative direction. The image at 0 mT is the reference and was subtracted from the 

Figure IV.12: Crystallographic domain orientations of orthorhombic SRO on cubic STO and the corresponding magnetic stripe orientations as proposed by Marshall and co-authors. The inset right

shows the stripe structure obtained by Lorentz microscopy. From [14].

In reference [14] stripe-like structures were observed in SRO thin films using Lorentz transmission electron microscopy. The authors brought the stripe structure into connection with the crystallographic domain structure: the stripes follow the direction of the SRO easy axis, or better to say, the direction of the in-plane projection of the easy axis (Figure IV.12). Regarding Figure IV.11.d, we conclude that we possibly observe a similar effect. We also infer that domains with different orientations are present in our sample, that is consistent with the known multi variant structure of the studied SRO thin film.

Since, the [010] STO orientation is the most present in the image, it is possible that this direction was preferred during thin film growth. The reorientation of magnetization on the right image side (Figure IV.11.a and b) happens later and with a higher applied field compared with the left part of the image. A possible explanation is the out-of-plane orientation of the orthorhombic SRO c-axis in that region. Thus, the SRO easy axis lies inplane and a higher field is needed to reverse the layer magnetization. For more insight into the SRO magnetic properties by Kerr microscopy further studies are required. Particularly, higher magnetic fields in the Tesla range are needed to saturate SRO. Measurements at low temperatures down to few Kelvin could bring additional findings of SRO magnetocrystalline anisotropy. Finally, in-plane measurements would expand the experimental framework. We conclude at this point that in spite of considerable consistency of our results with previous works, especially the in-plane anisotropy of SRO thin films still remains a puzzle. The out-of-plane component of magnetization seems to strongly influence the anisotropy distribution. Additional investigations are needed to this end.

IV.4 Studies on SrRuO3/LaSrMnO3 exchange coupling

This section deals with the antiferromagnetic exchange coupling at the interface of LSMO and single domain SRO.

IV.4.1 Structural analysis by reciprocal space mapping

As in the case of SRO thin films, we performed high resolution asymmetric RSM measurements to confirm the crystallographic single domain orientation of SRO in SRO/LSMO bilayers. The result for the sample with 32 nm SRO and 21 nm LSMO is presented in From supplemental material to [3].

The antiferromagnetic exchange bias coupling at the SRO/LSMO interface was explored by SQUID and polarized neutron reflectometry. For better understanding we present in Figure IV.16 the relative positions of crystallographic directions in an SRO/LSMO bilayer grown on STO substrate. The SRO pseudocubic and LSMO tetragonal unit cells are shown on cubic STO unit cells. The SRO orthorhombic cell is sketched too. The SRO easy axis is the b-axis in the orthorhombic notation. LSMO has biaxial magnetic anisotropy with easy axes along the [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1][2][3][4][5][6][7][8][9][10] STO directions [15,16]. 

IV.4.2 Magnetic characterization by SQUID and VSM

SQUID studies were carried out applying in-plane magnetic field in different crystallographic directions at low temperature (20 K) after field cooling in 3 T. Diamagnetic contribution of STO substrate is removed in the presented graphs. Two types of measurements were performed. During the first, a large magnetic field was used in order to reverse the SRO layer. This measurement results in the so-called major hysteresis loop of the bilayer. During the second type of SQUID measurement, only a small field was applied. Thus, the SRO magnetization remains blocked and only the LSMO magnetization reversal, called the minor loop, is captured. The angles ϕ and θ give the magnetization directions of SRO and LSMO respectively, related to the direction of the applied magnetic field. The total energy E Tot is given as the sum of each layer magnetocrystalline energy E MC , the Zeeman energy E Z and the antiferromagnetic exchange coupling energy E E : , (IV.4)

where the individual energies, e.g. for [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO applied field direction, are defined as:
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with K LSMO and K SRO -the magnetocrystalline anisotropy constants of LSMO and SRO respectively, d LSMO and d SRO -the corresponding layer thicknesses, M LSMO and M SRO -the saturation magnetizations, and J -the exchange stiffness. By minimizing the total energy we obtain the angles θ and ϕ, providing the magnetic configuration of the bilayer. Using the angles we can calculate the in-plane magnetization, as projection on the applied field direction. The total magnetization of the sample is: andd) or smaller (c). However, the used model does not take into account the domain formation process and the out-of-plane component of magnetization that has without doubts a significant impact on magnetization distribution in SRO.

Minor loops, shown in Figure IV.19, were measured at 20 K, sweeping the magnetic field of 200 mT after saturation of the SRO layer in high field (3 T). Regarding the shape of the minor cycles, our first conclusion is that the LSMO easy axis lies along the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction, parallel to the vicinal steps of the substrate. This uniaxial anisotropy is unexpected, since LSMO thin films are known to have easy axes parallel to the [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1][2][3][4][5][6][7][8][9][10] STO crystallographic directions at low temperature. Biaxial anisotropy of LSMO was also reported to exist in multi variant SRO/LSMO bilayers [3]. Hence, we suppose that the anisotropy, as shown in Figure IV.19, is directly related to the single domain structure of the SRO layer grown on a vicinal substrate. In-plane uniaxial anisotropy with an easy axis along the [100] STO direction was observed in LSMO thin films grown on vicinal STO substrates with a large miscut angle of 10° [17]. The authors explained this effect by the broken symmetry of the vicinal substrate surface. Thus, the uniaxial anisotropy in our samples might be induced by a similar effect as well as by the SRO magnetic structure. The [010] STO direction, that is parallel to the STO substrate miscut direction, can be considered as the hard axis of the coupled LSMO.

Another striking feature is the asymmetry of presented minor loops measured in the [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1-10] STO directions. In reference [3] a similar asymmetry was explained by the presence of two coupling strengths at the SRO/LSMO interface. The strong coupling is responsible for the linear part of the curve. The hysteretic part is due to the weak coupling. However, Stoner-Wohlfarth simulations and PNR measurements (see next section) do not confirm the existence of two coupling strengths in our samples. The two diagonal minor loops are also different from each other, that was not observed in Ref. [3]. We assume that the single domain SRO structure is responsible for this behaviour. Stoner-Wohlfarth simulations of minor loops are satisfying for measurements along the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO and [010] STO axes, but have not yielded sufficient results for sample diagonal directions until now (Figure IV.20). They also do not reproduce the difference in [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1-10] STO hysteresis cycles. We assume that two-dimensional simulations cannot adequately describe the minor cycles behaviour due to significant magnetic contribution of the SRO out-of-plane magnetization. 3D simulations could bring more insight.

Figure IV.21: (left) Minor loops, measured after cooling in positive and negative magnetic fields, overlap perfectly. The loop recorded after applying the negative cooling field (CF) is inverted for clearness. (right) Major loop with the two differently cooled minor loops (red and blue).

All minor hysteresis loops are shifted along the y-axis due to additional SRO magnetization contribution in the cooling field direction (positive). The exchange bias offset along the field axis is distinctly visible in loops along the sample [010] STO and [1][2][3][4][5][6][7][8][9][10] STO directions: the cycles are shifted (2 mT and 4 mT respectively) in the cooling field direction as expected for the positive exchange bias interaction in SRO/LSMO system. However, in the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO and [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO directions the shift is negative: -2 mT for the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO curve and -0.5 mT for the [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO loop. We are convinced that the negative offset originates from a measurement error, e.g. through a flux caught in the superconducting coil of the SQUID, since measurements, performed under the same conditions using a vibrating sample magnetometer, provided magnetization loops of the same shape, shifted in the positive direction. The measured exchange bias field values are 1 mT, 2 mT, 2 mT and 4 mT for the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO , [010] STO , [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1-10] STO directions respectively.

As can be seen in Figure IV.21 (left), minor loops taken after field cooling in differently signed magnetic fields are the same. Here we multiplied the field and the magnetic moment by -1 to show better the equality. The minor cycles were also identical after field cooling in differently strong fields, e.g. from 400 mT to 3 T. Figure IV.21 (right) demonstrates the superimposed major loop and the two loops measured after field cooling in positive and negative magnetic fields. The curves fit very well.

IV.4.3 Polarized neutron reflectivity investigations

Polarized neutron reflectivity measurements were performed with the aim of bilayer magnetic configuration determination, i.e. the relative orientation of the SRO and LSMO magnetizations, during the minor loop cycle. 

Figure IV.24: Minor hysteresis loop with SRO and LSMO orientations as calculated from PNR measurements for each measurement point.

To notice are the similar angle values of points 4 and 5. We suppose that due to slight field miscalibration the magnetization at point 4 has already turned, leading to values close to these at measuring point 5.

We summarize that results of the PNR experiment are in agreement with our findings from magnetometry measurements, but numerical simulations show that the two strength model, successfully applied in the case of SRO/LSMO bilayers with multi domain SRO, cannot be used to explain the exchange coupling if only one domain SRO is present. We suppose that the single domain structure of SRO and vicinality of STO substrate have significant influence on magnetization distribution. Here additional investigations are required.

IV.5 Conclusions and outlook

Magnetic properties of single and multi domain SRO thin films as well as of single domain SRO/LSMO bilayers grown on vicinal STO substrates by pulsed laser deposition were studied by means of SQUID and VSM magnetometry, perpendicular Kerr microscopy and polarized neutron reflectivity. We performed simulations using the Stoner-Wohlfarth model. High crystallographic quality of investigated samples and the indeed single domain structure of SRO were verified by atomic force microscopy, X-ray diffraction and X-ray reflectivity.

SRO having a single variant crystallographic structure was found to have a complex magnetic anisotropy, with a component of easy axis along the out-of-plane direction, presumably parallel to the SRO orthorhombic b-axis. Magnetic hysteresis loops show an unusual drop at zero applied field, that can be explained by domain formation in order to reduce magnetocrystalline energy. Kerr microscopy demonstrates a different domain profile for single and multi domain samples.

Regarding the antiferromagnetic exchange coupling in bilayers consisting of single domain SRO and LSMO, we found a completely different behaviour in terms of LSMO minor loop, compared with previously reported experimental results, i.a. on samples with multi domain SRO. The LSMO easy axis lies along the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction, i.e. parallel to vicinal steps of the substrate. Hysteresis loops along the sample diagonals exhibit a striking asymmetry and are different for [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO and [1-10] STO axes, that was not observed in multi domain SRO system. Numerical simulations and PNR measurements confirm magnetometry results.

Further investigations can bring more insight into the SRO anisotropy and SRO/LSMO coupling problematics. PNR measurements applying magnetic field along different crystallographic directions will provide additional information about magnetization configuration. In-plane and out-of-plane Kerr microscopy at low temperature under high magnetic fields is useful for domain distribution investigations. Low temperature magnetic force microscopy (MFM) is another helpful tool to study SRO and SRO/LSMO systems. Finally, three-dimensional Stoner-Wohlfarth simulations taking into account the out-of-plane component of SRO magnetization would help to understand the exchange coupling.

Chapter V: All-oxide magnetic tunnel junctions

The presented chapter deals with our studies on the most essential component of the mixed sensor -the magnetic tunnel junction. Its improvement will enhance the performance of the device drastically. The ultimate goal of the presented thesis was the successful integration of the Nb:SrTiO 3 based semiconducting barrier, described in Chapter III, and of the SrRuO 3 pinning layer, treated in Chapter IV, into an all-oxide magnetic tunnel junction.

This chapter starts with a brief introduction into the concept of the metal-semiconductor Schottky barrier, followed by the discussion of the growth and characterization of multilayers for tunnel junctions. Then the fabrication process and different types of junctions are described. In the main part of the chapter we present our experimental work and data analysis. Finally, we summarize the results and debate the perspectives.

V.1 Introduction

A magnetic tunnel junction is the core element not only of the mixed sensor, but also of other spintronic devices, such as magnetoresistive random access memory, magnetic field sensors or read heads for hard drives. In an MTJ two ferromagnetic electrodes are separated by a thin insulating barrier. Due to different coercive fields of the ferromagnets their magnetizations can be aligned either parallel or antiparallel, corresponding to a lowresistance or high-resistance state respectively (we covered the topic of magnetic tunnel junctions more detailed in Chapter I). Promising candidates for the next generation of MTJs are perovskite oxides, among others LSMO and STO. LSMO is known to be half-metallic [1,2]. Thus, large tunnel magnetoresistance ratios are expected for tunnel junctions with LSMO electrodes. However, this objective still remains an unattainable challenge. The most crucial part of a tunnel junction -the barrier-electrode interface -is still far from perfect, preventing high performance of LSMO-based MTJs.

In the framework of this thesis we developed and studied a novel concept of magnetic tunnel junctions. Instead of a conventional insulating barrier we installed a semiconducting barrier based on niobium doped STO. The probability of creating oxygen vacancies in STO is assumed to be strongly reduced due to Nb doping. Since oxygen vacancies are believed to play a major role in the drop of the performance of magnetic tunnel junctions, Nb:STO use should provide an electrode-barrier interface of enhanced quality. If metal (LSMO) is in contact with an n-type semiconductor (Nb:STO), a potential barrier arises at their interface. The result is a double Schottky barrier on the two LSMO/Nb:STO interfaces in the LSMO/Nb:STO/LSMO tunnel junction. Hardly less critical for proper functioning of an MTJ is the hard layer. Thus the second objective of the presented work was the integration of the pinning layer, based on the oxide ferromagnet SrRuO 3 , into the tunnel junction. Additionally, we investigated LSMO based MTJs with a tunnel barrier consisting of the combination of STO, SrMnO 3 (SMO) and LaMnO 3 (LMO). The aim of this study was testing engineered interfaces in magnetic tunnel junctions.

Multilayers for MTJs were grown by pulsed laser deposition at IEF. We analyzed the surfacial, crystallographic and magnetic properties of the multilayers by atomic force microscopy, X-ray diffraction, X-ray reflectivity, superconducting quantum interference device and vibrating sample magnetometry. Tunnel junctions were fabricated with the aid of photolithography, ion beam etching and sputtering, and then measured in a cryostat at different temperatures and applied magnetic fields.

V.2 Growth, characterization and device fabrication

Multilayers of three different types were grown on 5×5 mm 2 TiO 2 single terminated STO substrates. The first multilayer type consists of an LSMO free layer, Nb:STO barrier and La 0.7 Sr 0.3 Mn 0.93 Ru 0.07 O 3 (LSMRO) hard layer, having an LSMRO/LSMO/Nb:STO/LSMO//STO structure. LSMRO has an increased coercivity due to ruthenium (Ru) doping [3]. The additional LSMO layer between LSMRO and Nb:STO has the function of preventing the Ru ions to diffuse into the barrier and to degrade it [4]. These structures were grown on nominally flat STO substrates with maximal 0.1° miscut along the [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO direction. The second multilayer type has an SRO pinning layer and thus the LSMO/Nb:STO/LSMO/SRO//STO composition. Herefore, we used vicinal substrates with 1° or 2° miscut toward the [010] STO axis. The last type of magnetic tunnel junctions was grown on flat STO substrates and has an LMO/SMO/STO composited barrier. These multilayers with LSMO electrodes were grown by laser Molecular Beam Epitaxy (laser MBE) by Bernard Mercey at CRISMAT lab in Caen 1 , France. Afterwards, LSMRO hard layer was deposited on top of the samples by PLD at IEF. As for all PLD structures grown at IEF within the framework of this thesis, we used a KrF excimer laser with λ = 248 nm. The laser repetition rate was 2 Hz, the deposition temperature close to 600°C. Nb:STO layers were deposited under 12 mTorr of pure oxygen atmosphere; background pressure for other materials was 120 mTorr. The deposition rates were 0.03, 0.05 and 0.07 monolayer per pulse for SRO, LSMO/LSMRO and Nb:STO respectively. Multilayers were in situ annealed in 75 Torr O 2 . It is worth mentioning that for technological reasons the deposition of the LSMRO hard layer was always made ex situ. 1. fr. Laboratoire de CRIStallographie et sciences MATeriaux -CRISMAT (en. Laboratory of crystallography and materials science) Before growing multilayers for magnetic tunnel junctions we calibrated the number of pulses needed for each layer. For that purpose single layers of each material were deposited and their thicknesses determined. From the outcome we calculated the required pulse number. These single layers were as well investigated in terms of their surfacial and crystallographic quality. 

1.0µm

The coercive field of LSMO was found to be approximately 2 mT at 10 K, as small as required for applications. We calculated the magnetization per Mn atom and found 3.4 μ B , which is close to values reported in the literature [5]. From M versus T data (Figure V.2 right) we estimated the Curie temperature of LSMO. Since the used setup did not allow measurements above 320 K, we extrapolated our data (indicated by dashed line in Figure V.2 right) and obtained the T C close to 340 K, which is also consistent with the literature. Multilayers for magnetic tunnel junctions were also by default examined with the help of AFM, XRD and XRR. AFM images show smooth surfaces with RMS roughness in the range of a unit cell or below. The growth mode was layer-by-layer in the case of tunnel junctions with the LSMRO hard layer (Figure V.3 left). In junctions with the SRO pinning layer step bunching occurred. This is related to the fact that SRO was always grown first. Thus, following layers adopted the growth mode of SRO ( 

V.3 Magnetic tunnel junctions with La0.7Sr0.3Mn0.93Ru0.07O3 hard layer

Magnetic tunnel junctions presented in this section are composed of ca. 30 nm LSMO free layer, Nb:STO barrier, 10 nm LSMO spacer and 20 nm LSMRO hard layer. We varied the thickness of the barrier between 1.8 nm and 7.2 nm. Mesa dimensions were 5×5 μm 2 , 8×8 μm 2 and 10×10 μm 2 . Firstly, multilayers for magnetic tunnel junctions were routinely investigated by SQUID and VSM before microstructuring devices. Then magnetotransport measurements were performed in the 10 K -300 K temperature range. Several junctions on multiple samples with different Nb:STO barrier thicknesses were studied. Unless otherwise noted, in our analysis we concentrate on the sample with 2.6 nm Nb:STO barrier thickness, which demonstrated the largest TMR ratio of 350% (Figure V.6). But we will also discuss the effect of barrier thickness on the junction performance. 

V.3.1 Magnetic properties of multilayers

In Figure V.7 the results of SQUID and VSM studies on MTJ multilayers are presented. We performed measurements at different temperatures applying magnetic field along various crystallographic directions. In all cases we observed as expected two magnetization reversals. The first one occurs at low field of few mT and corresponds to the LSMO free layer. The second one takes place at a higher field of approximately 50 mT as a result of a higher coercivity of the LSMRO hard layer. The same behaviour, but with reduced coercive fields of circa 3 mT and 15 mT for LSMO and LSMRO respectively was found at T = 80 K ( 

V.3.2 Magnetotransport measurements

Magnetotransport measurements were performed in the perpendicular configuration applying magnetic field parallel to the sample surface. We used a Yokogawa 7651 programmable DC source for voltage biasing of our junctions (Figure V.8). Current was detected by an Agilent 34411A digital multimeter. Since the sensed current was very low, often in the range of few nanoamperes, we used a Femto DDPCA-300 variable gain preamplifier to improve the signal-to-noise ratio. Measurements took place in the twoprobe configuration. Due to very resistive samples (KOhm -MOhm) we do not expect a noticeable contact resistance contribution to our experimental results. For temperature-dependent measurements we used an Oxford Instruments ITC503 temperature controller. The communication with the computer was ensured by a Keithley KUSB-488B USB-to-GPIB interface adapter. Measurements were performed using LabVIEW software. 

V.3.2.1 Current-voltage characteristics

Current-voltage characteristics of MTJs were measured at different temperatures at zero applied field in parallel and antiparallel configurations of the electrodes. In Figure V.9 we demonstrate IV curves taken in the 20 K -300 K temperature range. The curves show nonlinear behaviour typical for magnetic tunnel junctions, and are rather symmetric. In the antiparallel state, the shape of conductance curves is similar to the parallel case. But the deviation from parabolicity at low temperatures is much less obvious (Figure V.10.b). In magnetic tunnel junctions the zero bias anomaly (ZBA) is often observed at low temperatures and low bias [6][7][8][9]. ZBA is expressed in voltage-dependent conductance curves by a dip in the low bias region (inset in Figure V.10.d). We did not observed such a conductance profile in our junctions. No obvious ZBA is seen also at low voltages (Figure V.10.c and d), only a slight decrease of the conductance at 20 K in the parallel state. ZBA is generally related to defects in the barrier leading to two step tunnelling with spin-flip [9,10].

From the absence of ZBA in conductance curves we conclude that the amount of defects in the barrier is indeed reduced by Nb doping of STO. The conductance curves are also slightly shifted along the voltage axis. This offset is different at different temperatures, indicating temperature-dependent tunnel barrier profile.

From the differential conductance curve at 300 K we calculated the thickness d, mean height ϕ and asymmetry Δϕ of the barrier using the Brinkman model [11]: 

( ) ( ) (1 ( ) ), (V.1) here G(V) is the voltage-dependent differential conductance, A 0 = 4(2m) 1/2 d/3ћ, G(0) = (3.

V.3.2.2 Tunnel magnetoresistance -temperature studies

TMR measurements were performed at different temperatures ranging from 20 K to 300 K. We applied a fixed voltage and then swept the field measuring current across the junction. Tunnel magnetoresistance was always calculated using the Julliere formula [16]:

1 1 , (V.2)
where R AP and R P are the junction resistances in the antiparallel and parallel states respectively; G AP and G P are the corresponding conductances. In Figure V.12 temperaturedependent TMR measurements are shown. The shape of TMR curves is rather symmetric with respect to the y-axis, indicating equal interfaces on both barrier sides and thus, multilayers of high quality. Coercive fields of LSMO and LSMRO are in agreement with magnetometry measurements. The junctions are very resistive, the detected current was in the range of nanoamperes. The typical curve shape is also clearly present at high temperatures up to 270 K. At 280 K resistance change was still recognizable. TMR ratio continuously decreases with increasing temperature, becoming unmeasurably small close to the room temperature. The coercivity of LSMO and LSMRO is noticeably reduced down to a few mT at high temperatures. The curves do not show a perfectly squared shape with a horizontal plateau. We suppose it is due to larger disorder of the LSMRO hard layer compared with the LSMO free layer. The resistance change of the LSMO electrode is abrupt. We found no evidence for coupling between the two layers.

To get more knowledge about the TMR temperature dependence we performed resistance versus temperature measurements in the parallel and antiparallel junction configurations. In the first case the field of 100 mT was applied at 20 K in order to align the two electrodes in the same direction (compare Figure V.6), and then removed again before beginning measurement. The resistance was captured during gradual increase of the temperature from 20 K up to 300 K. For the measurement in the antiparallel configuration we swept the field measuring resistance till the resistance reached its maximum value. Then the field was removed, thus conserving the electrode magnetizations in the antiparallel state. The measurement was performed like in the parallel case. Obtained results for 4 mV applied bias can be seen in The curve in the parallel (P) state shows an expected behaviour. With decreasing temperature the resistance firstly increases due to thermally assisted tunnelling. Around 200 K a metal-insulator transition takes place and the resistance decreases. However, the resistance curve taken in the antiparallel (AP) electrode configuration is very different and demonstrates a profile usually not observed in LSMO/STO/LSMO tunnel junctions [17][18][19].

Close to 75 K the resistance experiences a sharp rise, leading to large magnetoresistance ratios at temperatures below this threshold value. Near 65 K the STO crystal structure undergoes a transition from tetragonal to orthorhombic [20], that may affect electrical characteristics of the barrier. Another possibility is the influence of the STO substrate, that induces additional strain in the LSMO bottom layer. We observed such a behaviour in tunnel junctions with different barrier thicknesses. The inset in Figure V.13 (right) shows the temperature-dependent resistance measurement performed at 100 mV voltage bias. The striking difference is the missing strong increase of resistance in the antiparallel configuration. Consequently, the TMR is lower than in the previous case. At temperature around 75 K a hump is visible in both curves, AP and P, probably due to the same effect as responsible for the AP resistance increase at 4 mV applied bias. We calculated TMR from the presented resistance measurements (Figure V.13 right). The outcome confirms the result obtained from direct resistance versus field measurements as presented in Figure V.12. A value of 2.5 % was calculated for T = 300 K. A slight difference between the two types of measurement results can be explained by the fact that during the resistance measurement the antiparallel state was set not in the most resistive part (18 mT in Figure V.6), but near 30 mT in order to reach the most stable configuration. Thus, the TMR ratio is somewhat underestimated. Nevertheless, the comparability of results is an indication for stable AP and P states.

On the other hand, close to the room temperature field dependent measurements were disturbed by temperature fluctuations making low noise level measurements difficult. As briefly discussed in Chapter I Section 1.2, the temperature-dependent TMR decrease is usually attributed to spin-wave excitations, electron-phonon scattering and defects in the barrier, such as Mn ions. However, as previously mentioned, we assume that in the case of the used Nb:STO barrier oxygen vacancies do not play a significant role.

V.3.2.3 Tunnel magnetoresistance as a function of applied bias

We investigated TMR bias dependence, varying applied voltage in the 0.1 mV -2 V range at different temperatures. Two types of measurements were performed. During the first we measured IVs in the parallel and antiparallel junction configurations at different temperatures. From the IVs we calculated the differential conductance and then the TMR ratio, applying the equation (V.2). The second measurement type was a direct resistance measurement as a function of magnetic field (as in Figure V.12) at different bias voltages. In both cases we obtained similar results confirming our previous observations. TMR versus applied bias plot as calculated from current-voltage characteristics is given in Figure V.14.

As expected, TMR decreases with increasing voltage, and that irrespective of the temperature. We measured the highest TMR values applying a few mV bias. Below that voltage the noise level was increased and the current reached the picoampere range, attaining the limit of our measuring system. Several effects can play a role in the voltagedependent TMR drop, e.g. magnon excitations [6] and resonant tunnelling over impurity states in the barrier [19]. Ueda et al. [23] reported TMR sign change in LSMO/Nb:STO/CoFe magnetic junctions as a function of Nb:STO layer thickness. TMR bias dependence was not observed, while measuring in the -50 mV to +300 mV applied voltage range. However, a direct comparison with our results is difficult, since a different junction structure was used, and most junctions measured had a much thicker Nb:STO barrier (2 -50 nm).

Tsymbal and co-authors proposed resonant tunnelling over barrier defects as a possible explanation of inverted TMR [24]. Finally, the effect of voltage dependence of the Schottky barrier cannot be excluded.

V.3.2.4 Barrier thickness dependence of tunnel magnetoresistance

In the framework of this study we investigated 9 samples with barrier thicknesses ranging from 1.8 nm to 3.0 nm. 40 junctions were considered, 80% of them have shown a TMR ratio of over 100 %. We ascribe this enhanced yield of well-functioning devices to increased barrier homogeneity due to niobium doping of STO, providing improved barrier-electrode interfaces with low level of defects. The TMR ratio shows a clear barrier thickness dependence, presented in Figure V.17 (top). The data originate from samples grown in two batches with 6 months' time interval, indicated by the dashed line in the graph. The one series consisted of four samples with larger barrier thicknesses (3.0 -2.6 nm), the second included 5 samples with thinner barriers (2.4 -1.8 nm). Each data point is an average over the measured junctions. The error bars show the standard deviation. For better comparison, in all cases 10 mV bias was applied.

It is evident that the TMR ratio oscillates with barrier thickness. Moreover, we plotted the resistance-area (RA) product of the junction in parallel state versus barrier thickness and also found an unconventional behaviour. Unexpectedly, the RA product does not gradually decrease with decreasing barrier thickness, but also shows oscillatory barrier thickness dependence (Figure V.17 bottom). We observed a tendency of RA product to scale with the junction area (on the same sample), but more statistics is needed for a clear statement. To notice is the very large RA product, at least an order of magnitude larger than in tunnel junctions with insulating STO barrier of comparable thickness.

The very striking feature in both cases, TMR ratio and RA product, is the oscillation period of 0.4 nm, which is the size of the Nb:STO unit cell. A relationship between RA product and TMR ratio is obvious. The sample with 2. As for the sample with 2.6 nm Nb:STO thickness (Figure V.11), the barrier heights obtained from the fit lie for the three other samples close to values reported in the literature for Schottky junctions. The barrier thicknesses are again lower than expected and represent the effective values. By comparison of Figures V.17 and V.18, it is apparent that the barrier thickness distribution follows the RA product, demonstrating lowest values again within a unit cell distance (2.6 nm and 3.0 nm). On the other hand, TMR, as a function of Nb:STO thickness, behaves similar to the barrier height, i.e. larger TMR ratios correspond to larger barrier heights (for 2.6 nm and 3.0 nm).

It was reported that the Schottky barrier height depends on the Nb:STO termination [15,25]. This effect was related to the existence of an interfacial dipole, varying with interface termination. In Ref. [26] an additional depletion layer with 1-2 nm thickness was supposed to occur at a TiO 2 terminated Nb:STO surface, i.e. at the LaSrO/TiO 2 /SrO interface. A depletion layer, periodically changing with barrier thickness, could be an explanation for the observed resistance and TMR ratio variations. However, real conditions at the LSMO/Nb:STO interface are much more complex. Assuming completely TiO 2 or SrO terminated Nb:STO surfaces, even within the smallest junction area of 25 µm 2 , is a rather naive picture. In Ref. [15,25,26] the specific termination was achieved by chemical etching and adding SrO or SrMnO 3 layers. These are processes, which cannot be performed during in situ multilayer growth. It can be assumed that the termination of single layers in an MTJ stack is of a combined nature. A part of the LSMO/Nb:STO interface has an MnO 2 /LaSrO/TiO 2 /SrO structure, another one is LaSrO/MnO 2 /SrO/TiO 2 .

The reason for the oscillatory behaviour of TMR ratio and junction RA product can be related to the roughness of the two LSMO/Nb:STO interfaces. The roughness of a complete atomic layer is decreased as compared with partially filled one. Since this change is periodic with increasing number of unit cells, it can induce periodic junction resistance and TMR ratio changes.

An explanation for the observed effect can be an Nb:STO layer thickness-dependent asymmetry of the two Nb:STO/LSMO interfaces. This asymmetry can affect the interfacial densities of states, leading to a spin polarisation, periodically modulated by barrier thickness. As result, according to the Julliere model, the TMR ratio will follow the spin polarization, i.e. oscillate. Barrier asymmetries Δϕ, calculated using again the Brinkman model, support our assumptions. The lowest Δϕ values were indeed obtained for the two devices exhibiting highest TMR ratios, i.e. 0.22 eV and 0.45 eV for the junctions with 2.6 nm and 3.0 nm barrier thicknesses respectively. In contrary, samples with large barrier asymmetry (2.4 nm and 2.75 nm) show the lowest TMR ratios. The barrier asymmetry behaviour is an additional indication that the observed effect is of interfacial nature.

We conclude that a combined effect of the barrier thickness-dependent interface asymmetry and of interface roughness is responsible for the periodic TMR ratio behaviour. Regarding the shape of the two cycles we conclude that the easy axis of LSMO pinned layer is along the [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction, that is in agreement with experimental results, presented in Chapter IV. Minor loops, measured at T = 80 K, show in principle the same behavior. The coercive fields are decreased, particularly that of the pinned LSMO layer. Thus, the difference is less pronounced. In Figure V.19.c the major loop of the multilayer can be seen.

No vertical shift is present, in contrast to minor loops. This is consistent with expectations: the SRO layer is not blocked anymore, but rotates with the large applied external field. The curve is similar to that of the SRO/LSMO bilayer in Figure IV.17 At 80 K the vertical shift is close to zero, in contrast to 0.04 μAm 2 of in-plane measurements. We suppose that the SRO out-of-plane coercivity is reduced at 80 K compared with 10 K value. Thus, the SRO layer is not blocked anymore, but rotates together with LSMO, and is completely reversed at circa ±700 mT. 

V.4.2 Magnetotransport measurements

Magnetotransport measurements were performed under the same conditions and using the same setup as described in section V.3.2. The presented data originate from the sample with 2.1 nm Nb:STO barrier. The multilayer was grown on an STO substrate with 2° miscut. In Figure V.22 the resistance versus magnetic field measurement at low temperature is presented. Magnetic field was applied in the sample plane. The typical TMR curve is clearly observable. Coercive fields of the LSMO free layer and of the pinned layer are in agreement with the magnetometry measurements (Figure V.19.a). Thus, the integration of SRO as a pinning layer in magnetic tunnel junctions was evidently successful. The TMR ratio measured at T = 20 K was relatively low, reaching few percent. The resistance, lying in the kOhm range, is notably small, circa an order of magnitude lower than in our other tunnel junctions with the same barrier thickness. Therefore, we are convinced that the observed low TMR ratio combined with low resistance is a result of growth or fabrication fault in the case of that specific sample. A barrier thickness calibration error is possible, which leads to a much thinner barrier as assumed. The TMR ratio did not show a noticeable change as a function of applied bias, and was still in the same range and positive at voltages up to 600 mV. At this point we note that further investigations are needed in order to receive a complete picture of tunnel junctions with an SRO pinning layer. Especially, magnetotransport measurements applying magnetic field in the out-of-plane direction can provide additional information. They are in preparation at the present time.

V.5 Magnetic tunnel junctions with LaMnO3/SrMnO3/SrTiO3 based barrier

The subject of this section is magnetic tunnel junctions with engineered electrode-barrier interfaces. As a possible explanation for unsatisfactory performance of LSMO/STO/LSMO tunnel junctions the existence of a magnetically "dead" layer was suggested [27,28]. The occurrence of the dead layer was related to a charge transfer at the LSMO/STO interface, leading to hole overdoping of LSMO [29][30][31][32][33]. In order to compensate the hole doping, the insertion of an additional LaMnO 3 (LMO) layer at the LSMO/STO interface was proposed. In fact, enhanced ferromagnetism was observed at such engineered interfaces [31]. However, no breakthrough regarding TMR ratios has been reported hitherto.

To investigate the effect of charge compensation, we fabricated magnetic tunnel junctions with the barrier, composed of 2 unit cells (u.c.) LMO/2 u.c. STO/2 u.c. LMO. The free layer was made of LSMO (30 nm), the hard layer -of LSMRO (20 nm). As in all our LSMRO junctions we introduced an LSMO spacer (10 nm) between LSMRO and the barrier to avoid Ru diffusion. Additionally, another sample was prepared with the aim of studying valence modulated interfaces [34]. These junctions have a combination of 0.8 nm (SrMnO 3 (SMO)/LMO)/2 u.c. STO/0.8 nm (SMO/LMO) as the barrier. The electrodes were again made of LSMO and LSMRO.

V.5.1 Magnetic properties of multilayers

Before processing tunnel junctions, we studied the deposited multilayers by VSM (Figure V.23). Both structures show as expected two reversals: LSMO free layer at circa 10 mT and LSMRO hard layer at approximately 80 mT.

V.5.2 Magnetotransport measurements

Current-voltage characteristics were measured at room temperature and at 20 K. In both cases we observed an approximately linear behaviour. Tunnel magnetoresistance measurements at low temperature revealed negligible TMR ratio. The resistance at 10 mV applied bias was in the kOhm range ( 

V.6 Conclusions and outlook

We fabricated and investigated magnetic tunnel junctions of different types. Multilayers for MTJs were grown by pulsed laser deposition and then studied by AFM, XRD, XRR, SQUID and VSM to verify their surfacial and crystallographic quality, and magnetic properties. Tunnel junctions were processed using clean room microfabrication techniques. Magnetotransport measurements were performed in the 300 K -20 K temperature range.

We successfully integrated a novel type of tunnel barrier, based on the heavily doped semiconductor Nb:STO, into magnetic tunnel junctions. We found evidence that use of Nb:STO provides an enhanced reproducibility of experimental results, in particular of large TMR ratios. We attribute this finding to an increased tunnel barrier quality due to reduced number of defects. Tunnel magnetoresistance ratios of up to 350 % were measured at low temperature. We observed a clearly periodic dependence of TMR ratio and junction resistance on electrode-barrier interface conditions. The TMR sign was found to be bias dependent. Furthermore, we demonstrated the possibility of using the ferromagnetic oxide SRO as pinning layer in LSMO based all-oxide magnetic tunnel junctions. Additionally, MTJs with engineered electrode-barrier interfaces were explored.

To achieve further improvement of the MTJ performance several approaches can be made.

It is of great importance to deepen our knowledge of Nb:STO/LSMO interfaces. In particular, the influence of the electrode-barrier interface composition on junction properties has to be studied in greater details. In this regard, a more precise barrier thickness calibration would be an advantage. For example, a Reflection High-Energy Electron Diffraction (RHEED) device appears to be an appropriate solution. Another in-or ex-situ technique to control the surface termination would be helpful. An interesting research direction is Nb doping dependence of barrier parameters, but the choice of semiconducting materials suitable for application in all-oxide magnetic tunnel junctions is not limited to Nb:STO. Another semiconductor compatible with the perovskite structure could offer better performance and should be considered.

Further optimizations can be made on tunnel junctions with the SRO pinning layer. Additional investigations of SRO/LSMO interface, in particular providing better understanding of SRO magnetic anisotropy, would bring more clearness, also with regard to possible applications. Magnetotransport measurements applying an out-of-plane magnetic field could give more insight, i.a. into the SRO/LSMO interface coupling. MTJs with engineered interfaces and increased barrier thickness are still potential candidates for barrier quality improvement.

Finally, another type of magnetic junctions can be taken into account for use in all-oxide mixed sensors: junctions based on the giant magnetoresistance effect. A promising choice could be the perovskite La 4 BaCu 5 O 13 , briefly discussed in Chapter II.

General conclusions

In the presented PhD thesis, we developed and systematically investigated all-oxide magnetic tunnel junctions with double Schottky barrier for application in field sensing devices. My study sought to answer the following questions: does the niobium doped STO semiconducting tunnel barrier provide improved barrier properties and an enhanced electrode-barrier interface quality? Does it lead to increased tunnel magnetoresistance ratios, as compared with the conventional insulating STO barrier? Is the ferromagnetic oxide SRO an appropriate candidate for magnetization states stabilization in tunnel junctions?

Answering these questions would allow to advance our understanding of functional oxide systems, and in particular of magnetic tunnel junctions, bringing new opportunities to develop industrial applications in the future. Magnetic tunnel junction is the most essential component of many field sensing devices, i.a. mixed sensors. The all-oxide mixed sensor combines an MTJ with a superconducting flux-to-field transformer and field amplifier, forming a highly sensitive device able to detect magnetic fields down to the femtotesla range at 77 K. Such field sensors are indispensable for many technological applications, for instance in the medical area for human heart and brain monitoring. Using functional oxides, such as SRO, LSMO and STO, offers new possibilities in improvement of mixed sensors and other field measuring devices, but many questions addressed in previous works still remain unanswered. Among others, the complexity of oxide materials, e.g. magnetic properties of SRO, has to be understood. The discrepancy of expected and real performance of LSMO/STO based tunnel junctions remains unclarified. These facts often prevent widespread usage of oxides in spintronic devices, despite of their outstanding properties.

My research activities aimed to approach the underlying questions. To that purpose, firstly, LSMO/Nb:STO Schottky interfaces and SRO/LSMO exchange bias system -the buildings blocks for all-oxide magnetic tunnel junctions -were designed, fabricated and analyzed. Subsequently, these two components were integrated into the magnetic tunnel junction. A complete study was performed, including exploration of surface, crystallographic and magnetic properties of thin films and multilayers grown by pulsed laser deposition technique, electrical and magneto transport measurements in the temperature range from 300 K down to 10 K, and numerical simulations.

We demonstrated that tunnel junctions with Nb:STO semiconducting tunnel barrier indeed show an enhanced quality with reduced amount of defects, expressed in improved reproducibility of results, i.e. of large magnetoresistance ratios. Compared with undoped STO, the resistance in heavily n-doped Nb:STO is strongly increased. That might seem paradoxical at first sight: intuitively a lower resistance due to greater number of carriers in Nb:STO should be expected. Nevertheless, the junctions are more resistive due to suppressed conductance over barrier defects in the fully depleted Nb:STO layer. This hypothesis is also supported by the lower current, observed in LSMO/Nb:STO Schottky junctions with thick semiconductor layer. Another indication for the ameliorated tunnel barrier is the absence of zero bias anomaly in conductance curves. TMR ratio of 350 % was achieved at low temperatures. The optimal barrier thickness in tunnel junctions was shown to be 2.6 nm. We observed a strong oscillatory behaviour of TMR ratio as well as of junction resistance as a function of barrier thickness. The most astonishing feature was the period of the oscillations, equivalent to the size of the Nb:STO unit cell. We associated this effect with periodical changes of electrode-barrier interface asymmetry and roughness with the Nb:STO layer thickness, as confirmed by barrier asymmetry calculations. The conditions at the LSMO/Nb:STO interface were found to be of a complex nature. One of the parameters with strong influence on junction transport properties is the electric field-dependent permittivity, as pointed out in our studies on LSMO/Nb:STO metal-semiconductor interfaces. In the latter project we demonstrated the possibility for creating ultrathin film LSMO/Nb:STO Schottky junctions with micrometer-sized mesa dimensions.

Within the scope of the SRO/LSMO exchange bias studies we explored structural and magnetic properties of SRO single layers and SRO/LSMO bilayers. We have shown that the magnetic anisotropy in single variant SRO thin films exhibit a complex profile causing an unconventional magnetic domain formation behaviour. We observed unusual magnetic anisotropy in SRO/LSMO bilayers with single variant SRO, which was previously not reported to appear in such systems. The LSMO easy axis was revealed to lie parallel to substrate vicinal steps, the LSMO minor loops, measured in specific crystallographic directions, show a striking asymmetry. Finally, we verified the feasibility of SRO based pinning layer in tunnel junctions with LSMO electrodes.

Several questions remain unanswered and new questions arise. The record TMR ratios in LSMO/STO tunnel junctions, previously reported in two works, were obtained on only two junctions and are still an inexplicable enigma. Which parameters of the tunnel barrier and of the electrode-barrier interface have to be tuned in order to achieve such large values? Another puzzling phenomenon that needs to be solved is the anisotropy distribution in SRO thin films and SRO/LSMO bilayers. Our research contributes, on the one hand, to understanding a part of this complex problematics, but raises, on the other hand, new questions, such as the periodicity of tunnel magnetoresistance and the asymmetry of LSMO minor loops. To clarify these issues and to deepen our knowledge of considered systems, the following can be done. The growth quality can still be optimized in terms of thickness, surface termination and roughness control. Additional investigations of SRO and SRO/LSMO properties using appropriate measuring tools and improved simulation models can help to enlighten the anisotropy effects. Further, studies on LSMO/Nb:STO junctions, i.a. using differently doped Nb:STO, can bring a better insight into the complex world of oxide interfaces. Finally, noise measurements on magnetic tunnel junctions are necessary to make a complete picture of their properties, also in terms of their use in mixed sensors. With the presented work the author hopes to contribute to the research on magnetic tunnel junctions and slightly lift the veil of mystery covering the world of functional oxides. L'YBCO appartient au groupe des oxydes fonctionnels avec la structure perovskite. Les oxydes fonctionnels présentent une grande variété de phénomènes intéressants comme du ferromagnétisme, de la supraconductivité, de la ferroélectricité, de la piézoélectricité, etc. Ces oxydes sont déjà largement utilisés dans des dispositifs de spintronique et ont le potentiel devenir la prochaine génération de matériaux en nano-électronique [8] 

I. Oxydes pour jonctions tunnel magnétiques I.1 Introduction

Les dimensions des dispositifs diminuent constamment et rapidement, la technologie conventionnelle atteint ses limites physiques fondamentales, entrant en collision avec des effets quantiques purs. De nouvelles approches doivent être prises pour assurer un progrès permanent de la technologie électronique. Avec la spintronique, une nouvelle génération de dispositifs électroniques se pose, fournissant une technologie non-volatile de stockage de données, une commutation ultra-rapide, une consommation d'énergie réduite et une densité d'intégration accrue [9,10]. Le terme électronique de spin ou spintronique unit tous les dispositifs qui utilisent le degré de liberté de spin de l'électron pour transporter, manipuler ou stocker des informations. Actuellement, la spintronique est un domaine de recherche en pleine expansion et une partie intégrante de l'industrie électronique. Les têtes de lecture basées sur l'effet de magnétorésistance tunnel sont une norme commerciale. Les mémoires non volatiles MRAM (Magnetoresistive Random Access Memory) sont dans la production en série [11]. L'un des développements les plus importants dans le domaine de la détection de champ magnétique est la jonction tunnel (Figure I.1 à gauche). Son principe de fonctionnement est basé sur l'effet de magnétorésistance tunnel. Le ratio TMR dépend de la polarisation de spin dans les électrodes ferromagnétiques [12]. Plus la polarisation de spin est élevée, plus le ratio de TMR est grand. Ainsi, de très grands ratios TMR peuvent être obtenus en utilisant des matériaux ferromagnétiques demi-métalliques [13] [25,26], les défauts à l'interface LSMO/STO et au sein de la barrière de STO jouent un rôle majeur dans la baisse de la performance. Il a été suggéré que le manque d'oxygène conduit à une phase paramagnétique à l'interface (que l'on appelle "couche morte»), ce qui entraîne la diffusion de spin-flip [27], et/ou à un effet tunnel parallèle indépendant du spin à travers la barrière via les états de défauts [28,29]. En outre, un ferromagnétisme lié aux de lacunes d'oxygène a été rapporté pour des matériaux initialement non-magnétiques et d'autres matériaux [30][31][32][33]. Ainsi, ces impuretés ferromagnétiques peuvent agir comme centres de diffusion spinflip et détruire la polarisation de spin. 

I.4 Croissance et caractérisation des échantillons

Les échantillons étudiés dans ce travail ont été déposés par ablation laser (PLD). Dans la PLD un laser à haute énergie focalisé est utilisé pour l'ablation de la matière d'une cible. Les espèces évaporées avec la même stoechiométrie que la cible se déposent sur le substrat. Pour les oxydes ce processus se déroule généralement sous une atmosphère d'oxygène.

Les couches déposées ont été caractérisées par microscopie à force atomique (AFM), diffraction des rayons X (XRD) et réflectivité de rayons X (XRR). Ils permettent de déterminer la morphologie de surface et l'analyse structurale. Pour explorer les propriétés magnétiques de nos échantillons, nous avons utilisé un Superconducting QUantum Interference Device (SQUID), un Vibrating Sample Magnetometer (VSM), ainsi que un microscope à effet Kerr et la réflectivité de neutrons polarisés (PNR). Les dispositifs à tester ont été fabriqués au moyen de techniques de microfabrication dont la lithographie optique, la gravure par faisceau d'ions assisté chimiquement (CAIBE) et la pulvérisation cathodique. Des mesures de (magneto-) transport en fonction de la température ont été effectuées dans un cryostat à hélium à cycle fermé ou à azote liquide.

II. L'interface d'oxydes fonctionnels LaSrMnO3/Nb:SrTiO3

Dans cette section, nous présentons notre travail sur l'interface métal-semiconducteur toutoxyde formée par le demi-métal ferromagnétique La 0.7 Sr 0. 

III. Système d'échange SrRuO3/LaSrMnO3

Le couplage antiferromagnétique présent à l'interface de deux oxydes ferromagnétiques LSMO et SRO est l'objet de cette section. Il est d'un intérêt particulier pour nous en ce qui concerne une application possible dans des jonctions tunnel magnétiques, car il permet la stabilisation des états d'aimantation des électrodes.

III.1 Croissance, caractérisation et fabrication

Les couches minces de SRO et les bicouches SRO/LSMO ont été déposées par ablation laser sur substrats STO vicinaux avec 1° de désorientation. Le choix des substrats vicinaux a été motivé par la perspective de réalisation de couches minces de SRO avec une orientation unique des domaines magnétiques [46,47]. Des mesures AFM, XRD et XRR montrent de façon convaincante une croissance épitaxiale de couches minces et de bicouches entièrement contraintes, et une haute qualité cristalline. Des cartographies de l'espace réciproque par diffraction de RX confirment la structure mono-domaine de SRO.

III.2 Etudes magnétiques sur des couches minces de SrRuO3

Le moment magnétique du SRO a été mesuré en fonction de la température et du champ magnétique. La température de Curie et le moment magnétique de saturation se sont révélés être compatibles avec la littérature. Nous avons trouvé que le moment magnétique du SRO ne sature pas lorsque la température diminue si un fort champ est appliqué ( Il semble raisonnable de supposer deux contributions au moment magnétique. L'une est ferromagnétique, une autre est paramagnétique, ce qui donne un comportement de l'aimantation en fonction de la température conforme à la loi de Curie: , (IV. [51] des structures en forme de bandes ont été observées dans des couches minces de SRO en utilisant la microscopie électronique en transmission de Lorentz. Les auteurs ont relié cette structure de bandes à la structure cristallographique de domaines: les bandes suivent la direction de l'axe facile du SRO, ou plutôt la direction de la projection de l'axe facile dans le plan. Nous concluons que nous avons peut-être observé un effet similaire. En revanche, nous ne constatons pas par microscopie Kerr de structures orientées clairement sur une couche de SRO mono-domaine. Dans ce cas, la distribution des domaines était homogène sur la zone de mise au point.

III.3 Etudes sur le couplage d'échange de SrRuO3/LaSrMnO3

Des études SQUID ont été réalisées par application d'un champ magnétique dans le plan suivant différentes directions cristallographiques et à basse température (20 K) après refroidissement à 3 T. Les boucles mineures, données à la Figure III.2, ont été mesurées à 20 K, en balayant le champ magnétique de 200 mT après saturation de la couche SRO à haut champ. En ce qui concerne la forme des cycles mineurs, notre première conclusion est que l'axe facile du LSMO se trouve le long de la direction [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] de STO, parallèlement aux marches vicinales du substrat. Cette anisotropie uniaxiale est inattendue, étant donné que les couches minces de LSMO sont connues pour avoir des axes faciles parallèles à [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO et [1][2][3][4][5][6][7][8][9][10] STO à basse température. Une autre caractéristique frappante est l'asymétrie des boucles mineures mesurées dans les directions [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO et [1][2][3][4][5][6][7][8][9][10] STO . Les simulations Stoner-Wohlfarth et des mesures PNR (paragraphe suivant) ne confirment pas l'existence de deux forces de couplage dans nos échantillons, telles que rapportées dans la référence [21]. Les deux boucles mineures diagonales sont également différentes les unes des autres, ce qui n'a pas été observé auparavant. Nous supposons que la structure mono-domaine du SRO est responsable de ce comportement.

Les mesures PNR ont été effectuées dans le but de déterminer la configuration magnétique de la bicouche, c'est à dire l'orientation relative de l'aimantation du LSMO et du SRO, pendant le cycle de la boucle mineure. Les résultats de l'expérience PNR sont en accord avec nos conclusions à partir des mesures de magnétométrie. 

III.4 Conclusions

Les propriétés magnétiques de couches minces de SRO mono-domaine et multi-domaines ainsi que de bicouches SRO/LSMO mono-domaine déposées sur des substrats vicinaux de STO par ablation laser ont été étudiées au moyen de SQUID et de magnétométrie VSM, de microscopie Kerr perpendiculaire et de réflectivité de neutrons polarisés. Nous avons effectué des simulations à l'aide du modèle de Stoner-Wohlfarth. Une haute qualité cristallographique des échantillons étudiés et la structure mono-domaine de SRO ont été vérifiées par microscopie à force atomique, diffraction des rayons X et la réflectivité des rayons X.

Le SRO ayant une structure cristallographique mono-domaine possède une anisotropie magnétique complexe, avec une composante de l'axe facile le long de la direction hors-plan, probablement parallèle à l'axe b orthorhombique du SRO. Les boucles d'hystérésis magnétiques montrent une baisse inhabituelle à champ appliqué nul, qui peut être expliquée par la formation de domaines afin de réduire l'énergie magnétocristalline. La microscopie Kerr montre un profil de domaines différent pour les échantillons SRO monodomaines et multi-domaines.

En ce qui concerne le couplage d'échange antiferromagnétique dans des bicouches comprenant SRO mono-domaine et LSMO, nous avons trouvé un comportement complètement différent en termes de boucle mineure du LSMO, par rapport aux résultats expérimentaux précédemment rapportés, i.a. sur des échantillons avec SRO multi-domaines. L'axe facile du LSMO se trouve le long de la direction [START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO , c'est à dire parallèlement aux marches vicinales du substrat. Les boucles d'hystérésis le long des diagonales des échantillons présentent une asymétrie saisissante et sont différentes pour les axes [START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO et [1][2][3][4][5][6][7][8][9][10] STO , ce qui n'a pas été observé dans le système multi-domaine de SRO. Des simulations numériques et des mesures PNR confirment les résultats de la magnétométrie.

IV. Jonctions tunnel magnétiques tout-oxyde

Cette section traite de nos études sur l'élément le plus essentiel du capteur mixte -la jonction tunnel magnétique. Le but ultime de la thèse présentée a été l'intégration réussie de la barrière à base du semi-conducteur Nb:SrTiO 3 , décrite à la section II, et de la couche bloquante de SrRuO 3 , traitée à la section III, dans une jonction tunnel magnétique toutoxyde.

IV. Une explication de l'effet observé peut être une asymétrie des deux interfaces Nb:STO/LSMO, qui dépend de l'épaisseur de Nb:STO. Cette asymétrie peut changer les densités d'états interfaciales, conduisant à une polarisation de spin, modulée périodiquement par l'épaisseur de la barrière. Comme résultat, selon le modèle de Jullière, le ratio TMR suivra la polarisation de spin, c'est à dire avec une oscillation.

IV.3 Conclusions

Nous avons fabriqué et étudié des jonctions tunnel magnétiques de différents types. Des multicouches pour MTJs ont été déposées par ablation laser et ensuite étudiées par AFM, XRD, XRR, SQUID et VSM. Des jonctions tunnel ont été fabriquées en utilisant des techniques de microfabrication salle blanche. Les mesures de magnéto-transport ont été effectuées dans la gamme de température de 300 K -20 K. Nous avons intégré avec succès un nouveau type de barrière tunnel, se basant sur le semiconducteur fortement dopé Nb:STO, dans des jonctions tunnel magnétiques. Nous avons constaté que l'utilisation du Nb:STO fournit une reproductibilité accrue des résultats expérimentaux, en particulier de grands ratios TMR. Nous attribuons ce résultat à une amélioration de la qualité de la barrière tunnel en raison de la réduction du nombre de défauts. Des valeurs de magnétorésistance tunnel allant jusqu'à 350 % ont été mesurées à basse température. Nous avons observé une dépendance clairement périodique de la TMR et de la résistance sur les conditions de l'interface électrode-barrière. Le signe de la TMR dépend de la tension. De plus, nous avons démontré la possibilité d'utiliser le SRO en tant que couche bloquante dans des jonctions tunnel magnétiques tout-oxyde sur la base du LSMO.

Conclusions générales

Dans la thèse de doctorat présentée, nous avons élaboré et systématiquement étudié des jonctions tunnel tout-oxyde à double barrière de Schottky pour des applications dans des dispositifs de détection du champ magnétique. Mes études ont cherché à répondre aux questions suivantes: est-ce que la barrière semiconductrice de Nb:STO fournit des propriétés améliorées de barrière tunnel? Conduit-elle à l'augmentation des ratios TMR, par rapport à une barrière conventionnelle de STO? Le SRO est-il un candidat approprié pour la stabilisation des états d'aimantation dans les jonctions tunnel?

Répondre à ces questions permettrai de faire progresser notre compréhension des systèmes à base d'oxydes fonctionnels, apportant de nouvelles opportunités pour développer des applications industrielles dans l'avenir. La jonction tunnel magnétique est un élément des plus essentiels pour de nombreux dispositifs de détection du champ magnétique, notamment pour les capteurs mixtes. Ces capteurs sont indispensables pour de nombreuses applications technologiques, par exemple dans le domaine médical pour la surveillance du coeur et du cerveau humains. Utiliser des oxydes fonctionnels, tels que le SRO, le LSMO et le STO, offre de nouvelles possibilités pour l'amélioration de capteurs mixtes et d'autres dispositifs, mais de nombreuses questions abordées dans les travaux précédents restent encore sans réponse. Entre autres, la complexité des matériaux d'oxyde, par exemple les propriétés magnétiques du SRO, doit être comprise. L'écart de la performance attendue et réelle de jonctions tunnel à base du LSMO n'a pas été élucidé. Ces faits empêchent souvent l'utilisation généralisée des oxydes dans les dispositifs de spintronique, en dépit de leurs propriétés exceptionnelles.

Mes activités de recherche ont visé à aborder ces questions sous-jacentes. À cet effet, d'abord, les interfaces Schottky LSMO/Nb:STO et un système à couplage d'échange basé sur la bicouche SRO/LSMO ont été conçus, fabriqués et analysés. Par la suite, ces deux composantes ont été intégrées dans une jonction tunnel magnétique. Une étude complète a été réalisée, notamment par l'exploration de la surface, des propriétés cristallographiques et magnétiques des couches minces et multicouches déposées par ablation laser, et par des mesures électriques et de magnetotransport comprises dans la gamme de température allant de 300 K jusqu'à 10 K, et enfin par des simulations numériques.

Nous avons démontré que les jonctions tunnel avec une barrière tunnel de Nb:STO montrent une meilleure qualité avec une quantité de défauts réduite, exprimée dans l'amélioration de la reproductibilité des résultats, à savoir de grands ratios de magnétorésistance. Par rapport au STO non dopé, la résistance de Nb:STO est fortement augmentée en raison de la conductance sur des défauts de barrière supprimée. Une autre indication de l'amélioration de la barrière tunnel est l'absence de ZBA dans les courbes de conductance. Des TMR de 350 % ont été obtenues à basse température. L'épaisseur optimale de la barrière des jonctions tunnel a été démontrée à 2.6 nm. Nous avons observé un fort comportement oscillatoire de la TMR ainsi que de la résistance de jonction en fonction de l'épaisseur de la barrière. La caractéristique la plus étonnante a été la période des oscillations, qui équivaut à la maille unitaire de Nb:STO. Concernant le LSMO/Nb:STO, nous avons démontré la possibilité de créer des jonctions Schottky ultraminces.

Dans le cadre des études sur le couplage d'échange à l'interface SRO/LSMO nous avons exploré les propriétés structurales et magnétiques des couches simples de SRO et des bicouches de SRO/LSMO. Nous avons observé une anisotropie magnétique inhabituelle dans les bicouches SRO/LSMO avec un SRO mono-domaine, ce qui n'a jamais été reporté pour de tels systèmes. Enfin, nous avons vérifié la faisabilité de la couche bloquante de SRO dans des jonctions tunnel possédant des électrodes de LSMO.

Plusieurs questions restent en suspens et de nouvelles questions se posent. Les records de ratios TMR dans les jonctions LSMO/STO, précédemment rapportés dans deux ouvrages, ont été obtenus sur seulement deux jonctions et sont encore une énigme inexplicable. Un autre phénomène curieux qui doit être résolu est la distribution d'anisotropie dans les couches minces de SRO et les bicouches de SRO/LSMO. Notre recherche contribue, d'une part, à comprendre une partie de cette problématique complexe, mais soulève, d'autre part, de nouvelles questions, telles que la périodicité de la magnétorésistance tunnel et l'asymétrie des boucles mineures du LSMO. Ainsi, d'autres études sont nécessaires. Avec le travail présenté l'auteur espère contribuer à la recherche sur les jonctions tunnel magnétiques et lever légèrement le voile de mystère qui recouvre le monde des oxydes fonctionnels.
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Figure 1 :

 1 Figure 1: Schematic view of the mixed sensor formed by a superconducting loop (here made of niobium) and a metallic giant magnetoresistance (GMR) sensor. (A) Overview of the structure. (B) Top view of the magnetoresistive sensor. (C) Side view of the structure. From [7].

  reduced Planck constant, m is the electron mass, Ψ is the wave function, E is the electron energy. Applying e.g. the Wave-Matching ansatz, the calculation gives: | | , (I.2) where κ = [2m (V 0 -E)] 1/2 / is the characteristic decay and d is the barrier thickness. The important result is that the transmission probability and thus the tunnelling current vary exponentially with barrier thickness d. So, even a small change in d causes a strong change in the current.

Figure I. 4 :

 4 Figure I.4: Quantum tunnelling through a potential barrier with the height V0 and thickness d. The wave function Ψ has a non-zero probability to penetrate the barrier and reach the second electrode.

Figure I. 7 :

 7 Figure I.7: (left) Bias dependence of tunnel magnetoresistance. TMR decreases strongly with increasing voltage. (right) Zero-bias anomaly (ZBA) -drop in the conductance at low applied voltage. Adapted from[40, 42].

  1-x Sr x MnO 3 can change dramatically, resulting in a large variety of phases, e.g. metallic, insulating, ferromagnetic and antiferromagnetic (Figure I.9 right).

Figure I. 8 :

 8 Figure I.8: (left) Densities of states at the Fermi level for the ferromagnetic metal cobalt (Co, top) and the half-metallic ferromagnet CrO 2 (bottom). The gap for minority spin carriers at the Fermi level is clearly visible for CrO 2 . From[47]. (right) Schematic view of densities of states of a transport half-metal. Low mobility carriers do not contribute significantly to transport. Thus the current is fully polarized.

Figure I. 9 :

 9 Figure I.9: (left) Pseudo-cubic unit cell of LSMO. Eight La and Sr ions are placed in the corners. Mn ion in the middle is surrounded by 6 oxygen ions. (right) Phase diagram of La 1-x Sr x MnO 3 : FM, PI, FI, PM, CI and AFM are ferromagnetic metallic, paramagnetic insulating, ferromagnetic insulating, paramagnetic metallic, spin-canted insulating and antiferromagnetic metallic states respectively. T N indicates the Neel temperature and T C -the Cure temperature. From [48].

Figure I. 10 :

 10 Figure I.10: Schematic view of the double exchange process between Mn 3+ and Mn 4+ orbitals provided by the 2p orbital of an oxygen ion, shown exemplary on the mixed-valence manganite LSMO. Large arrows indicate the core spin S = 3/2.

Figure I. 11 :

 11 Figure I.11: (a) Temperature dependence of the LSMO magnetization M. (b) Resistivity ρ of an LSMO thin film. Adapted from [61].

Figure I. 12 :

 12 Figure I.12: Sketch of a magnetic tunnel junction. Green arrows indicate magnetization of the ferromagnetic electrodes.

Figure I. 14 :

 14 Figure I.14: Schematic representation of the six possible variants of SRO on (001) STO substrate. The variants are called X (X'), Y (Y') and Z (Z') depending on their crystallographic orientation with respect to the STO cubic cell. The SRO cells are lettered using the orthorhombic notation. From[START_REF] Jiang | Domain structure of epitaxial SrRuO 3 thin films on miscut (001) SrTiO 3 substrates[END_REF].

Figure I. 15 :

 15 Figure I.15: Sketch of a vicinal substrate with two possible growth orientations of SRO, called A and B. The miscut angle α and miscut direction β are shown. From [81].

Figure I. 18 :

 18 Figure I.18: (left) Minor loop of an LSMO/SRO bilayer measured by VSM magnetometry. Red squares are experimental points. Black line corresponds to the two-coupling-strengths simulation. Blue squares represent the magnetic moment calculated from PNR measurements. Black arrows indicate the field sweep direction. Insets show the major loop (top) and a zoomed central part of the minor loop (bottom).From[START_REF] Solignac | Dual antiferromagnetic coupling at La 0.67 Sr 0.33 MnO 3 /SrRuO 3 interfaces[END_REF]. (right) The Stoner-Wohlfarth simulation with low (dashed green curve) and high (dotted red curve) coupling strengths. Solid blue line gives the average of the two curves. From[START_REF] Solignac | Temperature study of the antiferromagnetic coupling at the interface of La 0.7 Sr 0.3 MnO 3 and SrRuO 3 bilayers[END_REF].

Figure I. 19 :

 19 Figure I.19: Sketch of an Nb:STO supercell with an oxygen vacancy, indicated as an empty circle.

Figure I. 20 :

 20 Figure I.20: Scheme of a magnetic tunnel junction with a double Schottky barrier in place of the insulating barrier. SB, FM and SC are the Schottky barrier, ferromagnetic electrodes and semiconductor respectively.

Figure I. 21 :

 21 Figure I.21: Potential barrier formation at the metal-semiconductor interface. (left) Separated materials. (right) The metal and semiconductor are in contact. The Fermi levels line up. A potential barrier is formed at the MS interface.

  potential barrier height. Only a small electron current can flow from the metal into the semiconductor. This is the reverse bias situation (Figure I.22).

Figure I. 22 :

 22 Figure I.22: Rectifying behaviour of the metal-semiconductor junction under applied bias. (a) Thermal equilibrium. (b) Junction under forward bias. (c) Junction under reverse bias. (d) Current-voltage characteristics of a rectifying junction.

Figure I. 23 :

 23 Figure I.23: Schottky barrier height dependence on the metal work function. Solid squares represent the experimental results. The straight line gives the prediction of the Schottky-Mott rule. From [109].

  Figure I.24.

Figure I. 24 :

 24 Figure I.24: Schematic energy band diagram showing conduction processes in a rectifying metal-semiconductor contact in reverse direction: thermionic emission (TE), thermionic-field emission (TFE) and field emission (FE) or tunneling.

Figure I. 25 :

 25 Figure I.25: Electric field dependence of the relative permittivity at room temperature for three different Nb doping levels. Circles are experimental data. Solid line is the fit using Eq.(I.12). From[START_REF] Suzuki | Fabrication and characterization of Ba 1-x K x BiO 3 /Nb-doped SrTiO 3 all-oxide-type Schottky junctions[END_REF].
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 12 where a(T) and b(T) are temperature-dependent parameters (Figure I.25).

Figure II. 1 :

 1 Figure II.1: Sketch of the pulsed laser deposition system as used in this thesis. In the optical setup A is the attenuator, H is the homogenizer, M is the mask and L is the lens.

Figure II. 4 :

 4 Figure II.4: SrTiO 3 cubic unit cell with two possible terminations of the (001) surface: SrO and TiO 2 .

Figure II. 5 :

 5 Figure II.5: STO surface. (left) Before chemical treatment. (center) After treatment in NH 4 F buffered HF (BHF) solution. (right) SRO grown on a double terminated SrTiO 3 surface. Black dots are holes, i.e. sites, where no growth took place.

  and [-110] STO crystallographic directions (Figure II.7). The shape of these islands is also striking: most show a triangular symmetry (Figures II.8 left and II.10 right), often accompanied by a helix-like shape (Figure II.8 right). It is also called spiral growth. The growth mode was found to be dependent on the oxygen pressure: 2D+3D growth at 120 mTorr and pure island growth at 12 mTorr.

Figure II. 7 :

 7 Figure II.7: (left) Scanning electron microscope (SEM) image of La 4 BaCu 5 O 13 thin film grown on STO substrate by pulsed laser deposition. (right) Atomic force microscope image of the same film.

Figure II. 8 :

 8 Figure II.8: (left) SEM image of LBCO triangle structures. (right) Spiral growth of LBCO islands.

Figure II. 9 :

 9 Figure II.9: (left) Spiral or screw dislocation is a crystal defect formed on the substrate surface and providing spiral growth of deposited material. The step caused by the screw dislocation acts as a preferred growth site. From[26]. (right) STM image of spiral growth of Bi 2 Se 3 film. From[27].

Figure II. 10 :

 10 Figure II.10: (left) AFM image of an STO substrate. No spiral dislocations were observed in used substrates. (right) AFM image of an LBCO surface. The triangular growth symmetry and growth directions preference are clearly recognizable.

  Atomic force microscopy was used to analyze the surface morphology of deposited thin films. Patterned structures were studied too. AFM allows surface imaging and roughness determination at Angstrom resolution. The basic operating principle of AFM can be understood from FigureII.11 (left). A tip, mounted on a cantilever, scans over the sample surface. Tip-surface interactions, e.g. repulsive and attractive Van der Waals forces, lead to deflections of the cantilever. A laser beam reflected on the back of the cantilever is detected by a four-segment photo-detector (also PSPD -position-sensitive photodetector). The difference between the signals of single segments gives the vertical and lateral deflections, providing sample topography (constant distance mode). A feedback loop is usually used to keep the force between the tip and sample constant (constant force mode). For that purpose the sample z-position is regulated using piezoelectric elements. In constant force mode, that is the generally preferred AFM regime, sample topography is then given from the sample position changes (Figure II.11 right).

Figure II. 11 :

 11 Figure II.11: (left) Basic principle of atomic force microscopy. A silicon tip on a cantilever (blue) scans over the sample surface (grey). Cantilever deflections, detected by a laser system (red laser and green four-segment photodiode), provide a surface image. (right) Exemplary AFM contact mode image of an STO thin film surface.

  the Magnetic Property Measurement System (MPMS) of Quantum Design at the Laboratory of Solid State Physics (fr. Laboratoire de Physique des Solides = LPS) in Orsay (Figure II.15 left) and the SQUID at the Condensed Matter Physics Laboratory (fr. Service de Physique de l'Etat Condensé = SPEC), CEA in Saclay, France.

Figure II. 16 :

 16 Figure II.16: "Jumps" in magnetization result from measurement misalignment. (left) Original plot with jumps. (right) The same plot after removing jumps.

  left). During our studies we worked with two VSM devices: the Physical Property Measurement System (PPMS) of Quantum Design at SPEC and the PPMS-9T at the Group of Study of Condensed Matter (fr. Groupe d'Etude de la Matière Condensée = GEMaC), University of Versailles, France (Figure II.15 right). Measurements at SPEC were performed by Aurélie Solignac.

Figure II. 18 :

 18 Figure II.18: (left) Schematic view of the used perpendicular Kerr microscope. (right) Samples on a cold finger placed inside the magnet.

Figure II. 19 :

 19 Figure II.19: Fabrication steps of a magnetic tunnel junction including photolithography, chemically assisted ion beam etching and sputtering. 1. Sketch of a trilayer structure for tunnel junction fabrication: hard layer, barrier (red) and free layer on a substrate. 2. First fabrication step: top electrode and barrier are etched to form a mesa. 3. Bottom electrode is etched. 4. Silicon nitride deposition (Si 3 N 4 ). Uncovered parts for later contacting are indicated by transparent squares. 5. Complete MTJ structure after contact metal deposition.

  Figure II.20: SIMS image taken during the CAIBE etching of a multilayer for magnetic tunnel junctions with SRO pinning layer. This junction was fabricated with an additional step to avoid barrier contamination by LSMO (see text). Three changes can be clearly observed inthe picture, marked by numbers. 1: the remaining Nb:STO is etched; strontium (Sr) and titanium (Ti) intensity decreases. Then, only the LSMO bottom layer is etched. 2: LSMO layer is completely etched. Lanthanum (La) signal decreases. Beginning of SRO pinning layer etching. Sr signal increases, Ti signal remains constant. 3: SRO is fully etched till the STO substrate. Ti and Sr signals from STO substrate raise.

Figure II. 21 :

 21 Figure II.21: Current-voltage characteristics of a Pd/LSMO/Pd structure. Linearity of the curve confirms the ohmic contact between LSMO and palladium. The roughly estimated LSMO resistivity lies with circa 0.5 mΩ•cm in the expected range.

Figure II. 22 :

 22 Figure II.22: (top left) Sideview of a magnetic tunnel junction with an LSMRO hard layer. The additional LSMO layer between LSMRO and Nb:STO protects the latter from Ru diffusion. (bottom left) Magnetic tunnel junction with an SRO pinning layer. (top right) Sketch of a Schottky contact with connections. Two different types of Schottky contacts were studied: with aluminium and with palladium pads on the Nb:STO side (more in Chapter III). (bottom right) Top view of a device with connections. The area of palladium and aluminium pads is 200x200 μm 2 .

  Figure II.22 provides an overview of the different structures.

Figure III. 1 :

 1 Figure III.1: (left) 2×2 μm 2 AFM image of an LSMO/Nb:STO bilayer (Nb:STO on top). Atomic steps from the STO substrate miscut are clearly visible. The root mean square roughness is with 0.4 nm in the unit cell range. (right) Rocking curve XRD scan of the LSMO layer. An FWHM of 0.051° indicates a thin film of high crystalline quality. The second peak, with lower intensity, results from the contribution of the finite size effect due to the wide aperture of the detector.

Figure III. 1 (

 1 Figure III.1 (left) shows a typical AFM scan of the Nb:STO surface. The surface is very smooth, with the root mean square (RMS) roughness of 0.4 nm. The growth mode is layer-by-layer.Figure III.1 (right) demonstrates an XRD rocking curve of the LSMO layer. A full width at half maximum (FWHM) value of 0.051° is a sign for good crystalline quality of the deposited film. An XRD 2Theta-Omega scan of the deposited LSMO/Nb:STO bilayer with a simulation curve (pink) can be seen in Figure III.2. From this scan we obtained an LSMO out-of-plane lattice parameter of 0.3846 nm, indicating tensely strained LSMO growth. The oscillations around the LSMO peak are the Pendelloesung fringes. They imply a high quality thin film.

Figure III. 1 (

 1 Figure III.1 (left) shows a typical AFM scan of the Nb:STO surface. The surface is very smooth, with the root mean square (RMS) roughness of 0.4 nm. The growth mode is layer-by-layer.Figure III.1 (right) demonstrates an XRD rocking curve of the LSMO layer. A full width at half maximum (FWHM) value of 0.051° is a sign for good crystalline quality of the deposited film. An XRD 2Theta-Omega scan of the deposited LSMO/Nb:STO bilayer with a simulation curve (pink) can be seen in Figure III.2. From this scan we obtained an LSMO out-of-plane lattice parameter of 0.3846 nm, indicating tensely strained LSMO growth. The oscillations around the LSMO peak are the Pendelloesung fringes. They imply a high quality thin film.

Figure III. 2 :

 2 Figure III.2: XRD 2Theta-Omega scan of the LSMO/Nb:STO bilayer (blue) with 51.5 nm/3.6 nm layer thicknesses respectively. The pink curve is a simulation to obtain the LSMO lattice parameter and layer thickness. The STO (002) substrate peak and the LSMO (002) peak are clearly visible, as well as the Pendelloesung fringes. The intensity of the Nb:STO peak is too low to observe it.

Figure III. 3 :

 3 Figure III.3: Asymmetric Reciprocal Space Mapping (RSM) performed on an LSMO/Nb:STO bilayer around STO (204) diffraction peak. This scan shows clearly the epitaxial growth of fully strained LSMO (200 nm) and Nb:STO (40 nm) on STO substrate. The LSMO, STO and Nb:STO peak positions are indicated.

Figure III. 6 :

 6 Figure III.6:XRR scan of an LSMO/Nb:STO bilayer (blue) with a simulation curve (red). Several parameters, such as thin film densities and surface roughness, can be determined from this fit. We primarily used this method to obtain film thicknesses. In the presented scan, oscillations with high and low periods correspond to the Nb:STO and LSMO layers respectively.

  LSMO/Nb:STO Schottky junctions were patterned using clean room microfabrication techniques. A detailed description of the process can be found in Chapter II. Two main types of junctions were fabricated and studied. The first design has ohmic contacts on both, LSMO and Nb:STO, sides. Aluminium and palladium have similar work functions with Nb:STO and LSMO respectively[5, 6, 7, 10]. Thus, an asymmetric metal-semiconductor (LSMO/Nb:STO) junction with Schottky behaviour only at the LSMO/Nb:STO interface arises (Figure III.7 left). We call this junction "AP" type, because of aluminium (A) and palladium (P) ohmic contacts. The second junction type has palladium contact pads on both sides, LSMO and Nb:STO (Figure III.7 right). Due to different work functions of Nb:STO and palladium, an additional barrier is formed at their interface. This junction, called "P" type or an LSMO/Nb:STO/Pd symmetric metal-semiconductor-metal junction, contains then a double barrier and has a transport behaviour similar to that of a tunnel junction. The AP type junctions have three different mesa areas: 5×5 μm 2 , 7×7 μm 2 and 10×10 μm 2 . The P type junctions were additionally fabricated with 25×25 μm 2 , 50×50 μm 2 and 100×100 μm 2 mesa dimensions. In both cases, nine junctions are patterned into a 5×5 mm 2 sample.

Figure III. 7 :

 7 Figure III.7: Band diagrams of the two types of studied junctions. Given numbers are the work functions of corresponding materials. E F is the Fermi level, CBM is the conduction band minimum, VBM is the valence band maximum. (left) Band diagram of the AP type junction. A potential barrier arises only at the LSMO/Nb:STO interface due to difference in work functions of the both oxides. The Nb:STO/Al and Pd/LSMO (Pd not shown) contacts are ohmic. (right) The double barrier LSMO/Nb:STO/Pd junction of P type is a result of an additional potential barrier at the Nb:STO/Pd interface due to different work functions of Nb:STO and palladium.

Figure III. 8 .

 8 Such a current-voltage profile is usually expected for metal-semiconductor Schottky contacts. The rectification ratio at room temperature, determined at ±2 V and averaged over all devices on a sample, is about 35 for the sample with 3.6 nm Nb:STO layer (sample I), but about 1500 for the reference sample with 18.6 nm of Nb:STO (sample II).

Figure III. 8 :

 8 Figure III.8: Current-voltage characteristics of LSMO/Nb:STO junctions at room temperature. Three junctions with different mesa areas for each of two different samples are presented. Rectifying behaviour is clearly present. (left) The sample with 3.6 nm Nb:STO layer on top of LSMO. The rectifying ratio is 35. (right) The reference sample with 18.6 nm of Nb:STO on LSMO exhibits a larger rectifying ratio of circa 1500. Take notice of the much lower current in the reference sample.

Figure III. 9 :

 9 Figure III.9: Current-voltage characteristics of the AP type samples. (left) The sample I with ultrathin 3.6 nm Nb:STO layer. The inset shows an increase of current at approximately 1.5 V bias appearing at circa 108 K. This is the temperature of STO crystallographic phase transition from cubic to tetragonal. (right) The sample II with 18.6 nm Nb:STO layer. This sample shows a current-voltage profile close to that of a classic rectifying junction.

2 )

 2 the equation (III.1) the apparent potential barrier Φ App is defined as: The graphical representation ln(J/A*T 2 ) versus 1/T (Figure III.10 left) should give the apparent potential barrier as the slope of the straight lines obtained for each voltage. By plotting of the apparent potential barrier versus square root of voltage (Figure III.10 right),

Figure III. 10 :

 10 Figure III.10: Potential barrier estimation using the thermionic emission model. (left) ln(J/A*T 2 ) versus 1/T plot for the AP type sample I (3.6 nm Nb:STO on top of 50 nm LSMO). (right) Apparent potential barrier Φ App versus square root of voltage plot. The intercept with the y-axis gives the potential barrier height Φ B .

Figure III. 11 :

 11 Figure III.11: (left) Voltage-dependent Schottky representation in reverse bias for sample I at different temperatures with corresponding linear fits (black lines). At high temperatures the fit is very good. With decreasing temperature the deviation from the linear behaviour becomes larger at high voltages. (right) The ferroelectric Curie-Weiss fit of the optical permittivity ε Op in Nb:STO.

Figure III. 12 :

 12 Figure III.12: Current-voltage characteristics of a P type sample. In contrast to AP type samples, temperature dependence is much weaker. That indicates thermally assisted tunnelling as the main transport mechanism. (left) IV curves measured in the range 300 K -77 K. (right) IV curves measured in the 300 K -20 K temperature range at low applied bias. The temperature step is 20 K. At low temperatures (below 77 K) temperature dependence is even weaker, that is a sign of the direct tunnelling becoming dominant.

Figure III. 13 .

 13 The left picture exemplarily shows the reaction of the current through the junction structure on 1 Tesla in-plane magnetic field applied at 20 K. A slight increase of the current was observed, implying spindependent transport across the interface. The right figure demonstrates current versus time measurement. Here the junction was biased with 150 mV at T = 50 K and the magnetic field of 1 T was applied and then removed again. As can be seen in FigureIII.13 (right), the current follows the applied field: it increases under 1 T and decreases again when the field is moved back to 0 T. However, the observed effects are very feeble and the reproducibility of results was found to be difficult.

Figure III. 13 :

 13 Figure III.13: Magnetic measurements at low temperature. (left) Magnetic field dependence of IV characteristics. A slight increase of the current with applied magnetic field of 1 T was observed. This measurement was performed at T = 20 K. (right) The current through the junction as a function of the applied magnetic field and time, measured at the fixed bias voltage of 150 mV. The magnetic field of 1 T was periodically applied and then removed. The temperature was 50 K.The blue dashed line indicates field change.

  e. εr = 40 and εr = 180 for the sample with 3.6 nm Nb:STO and the reference sample respectively (Figure III.14). These values were estimated from the graph, using E = V/d with V = 1 Volt. The electric field in the 3.6 nm (18.6 nm) sample was found to be approximately 2.5 × 10 8 (6 × 10 7 ) V/m. We notice here that the ε value estimated from the graph in Figure III.14 (40) is very close to ours, 33 and 46, as calculated from the Schottky representation using Equation (III.1) and the voltagedependent representation (Figure III.11) respectively.

Figure IV. 1 .

 1 The expected terrace width for a nominally flat substrate, i.e. the substrate with maximal 0.1° miscut angle, is approximately 200 nm. In the case of a vicinal substrate with 1° miscut angle, the expected terrace width is only 23 nm. This fact is well recognizable in Figure IV.1.

Figure IV. 1 :

 1 Figure IV.1: AFM images of the two different substrate types. (left) A nominally flat STO substrate with maximum 0.1° miscut in the [110] STO direction. The terrace width is 224 nm. (right) A vicinal STO substrate with 1° miscut along the [010] STO axis as used for the SRO growth. The terrace width is 23 nm.

Figure IV. 2 :

 2 Figure IV.2: 5×5 μm 2 AFM image of the SRO surface. (left) The thin film grown at lower mean step velocity V, resulting in the step bunching growth mode. (right) SRO grown at a higher V in the step flow mode, providing a smooth surface with RMS of 0.16 nm.

Figure IV. 3 :

 3 Figure IV.3: 2Theta-Omega scan of an SRO/LSMO bilayer. SRO and LSMO (002) peaks are indicated. SRO grows compressively strained on STO. In contrast, LSMO demonstrates the tensely strained growth.

Figure IV. 4 :

 4 Figure IV.4: Asymmetric reciprocal space mapping on the SRO/LSMO bilayer deposited on STO substrate. The vertical alignment of LSMO, SRO and STO peaks, indicating the epitaxial growth, is apparent. The Bragg positions and azimuthal directions are indicated. SRO peaks are additionally pointed out by red crosses.

Figure IV. 6 :

 6 Figure IV.6: High resolution RSM performed on a single domain SRO thin film. Diffraction peaks (260, 444, 620 and 44-4) are lettered. The dashed guide lines are coloured in white.The inset shows the SRO thin film with two crystallographic domains called X and Y. The inset is adapted from[6].

  Figure IV.7 shows two temperature-dependent measurements: at 20 mT magnetic field (left graph) and at 5 T (right graph).From the first we obtained the Curie temperature of SRO as 150 K that is consistent with the literature[7, 8]. From the second graph we calculated the SRO saturation moment per Ru ion as 1.85 μ B /Ru. That is also close to the values reported before[9][10][11].

Figure IV. 7 :

 7 Figure IV.7: Magnetic moment of a 25 nm SRO thin film as a function of temperature. (left) VSM measurement at 20 mT applied magnetic field. T C of SRO was found to be 150 K, in agreement with literature. (right) M versus T at 5 T applied field. SQUID measurement. A diamagnetic background signal from the STO substrate is removed.

Figure IV. 8 :

 8 Figure IV.8: Temperature dependence of SRO thin film (25 nm) magnetization in a high applied field (4.5 T). (left) In-plane measurement parallel to the [100] STO axis. (right) Measurement in the out-of-plane direction.

Figure IV. 9 (

 9 right) shows cubic STO directions with regard to atomic steps due to the miscut of the substrate. The miscut direction is [010] STO . Thus, the steps are parallel to the[START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO axis. For saturation reason, SRO was always cooled down in a high magnetic field (3-5 T, depending on the device used) before measuring. The same effect was achieved by cooling the sample down in zero field and subsequent applying of high field. No difference in results was observed. The diamagnetic signal from the STO substrate was always subtracted from the raw data. The results are presented in Figure IV.10. Regarding the shapes of the [010] STO and out-of-plane loops (Figure IV.10.c and e), we conclude that the easy axis of magnetization lies indeed in the (100) STO plane, as reported previously[9, 12, 13].

Figure IV. 9 :

 9 Figure IV.9: (left) Sketch of the orthorhombic SRO unit cell grown on cubic STO substrate cells. STO crystallographic directions are indicated by square brackets. Letters mark SRO orthorhombic axes, e.g. b-axis, that is the orthorhombic [010] axis, is the SRO easy axis of magnetization. a-axis and c-axis correspond to the SRO orthorhombic [100] and [001]directions respectively. The orthorhombic SRO[START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] direction is shown as[START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] O . (right) Measurement directions in cubic STO notation with respect to the miscut direction of the vicinal substrate.[START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction is parallel to vicinal steps.

Figure IV. 11 :

 11 Figure IV.11: Perpendicular Kerr microscopy images (250 × 190 μm 2 ) taken on a multi variant SRO thin film at T = 100 K after applying +160 mT out-of-plane magnetic field. (a) Image at -40 mT. Magnetization reversal has already begun. Stripes-like magnetic domains are visible in the left part of the picture. (b) Image taken at the same field after 100 s of waiting time. Other preferred domain formation directions can be recognized. (c) Maximum field of -160 mT is applied. The layer is mostly reversed. (d) The same image as (b) with STO crystallographic directions indicated by straight lines. The preferred magnetic domain formation directions are indeed parallel to these.

  following. Small domains (dark areas) are visible already in a low field region at -40 mT (Figure IV.11.a). At -160 mT (Figure IV.11.c) the magnetization is mostly reversed, the image turns dark grey. The maximum field of -160 mT was not large enough to completely reverse the film magnetization. An interesting feature in Figure IV.11.a/b is an obviously preferred direction of the magnetic domain formation, especially pronounced in the left part of the image: the domains form stripes. These stripes lie parallel to the STO crystallographic directions. We indicated them in Figure IV.11.d by straight lines. Particularly well recognizable are stripes lying parallel to the [010] STO axis. We remind that this axis lies in the SRO easy axis plane, i.e. in the orthorhombic (001) plane. But other preferred directions are also visible: at ±45° with respect to [010] STO , i.e. [110] STO and [-110] STO .

Figure IV. 13 presents

 13 Figure IV.13 presents Kerr microscopy measurements on another SRO thin film (17 nm). These images were taken similarly to the previously described. The reference is an image captured at zero field. Areas with reversed magnetization appear bright. The domain structure is clearly visible. A pattern with preferred domain orientation directions is less present as in Figure IV.11, but can be also recognized. In contrast, we did not observe clearly oriented structures doing Kerr microscopy on a single domain SRO film (Figure IV.14). Here the distribution of domains is homogeneous over the focus area. The domain size is small.

Figure IV. 13 :

 13 Figure IV.13: Kerr microscopy images (2.5 × 1.9 mm 2 ) taken on a multi variant SRO thin film at T = 100 K after applying -300 mT out-of-plane magnetic field. (a) +50 mT applied field. (b) First domains appear at +100 mT. (c) Image at the same field after 100 s of waiting time. Domains can be clearly seen. (d) At +150 mT the SRO magnetization is mostly reversed.

Figure IV. 14 :

 14 Figure IV.14: Perpendicular Kerr microscopy image (250 × 190 μm 2 ) taken on a single domain SRO thin film at T = 100 K and +160 mT out-of-plane magnetic field.

Figure IV. 15 .

 15 As previously, maps were taken around the STO (204) diffraction peak. The single domain structure is clearly to recognize in Figure IV.15 (left). To compare, the RSM scan on a sample with multi domain SRO is shown in the right picture.

Figure IV. 15 :

 15 Figure IV.15: High resolution reciprocal space mapping on SRO/LSMO bilayers. Diffraction peaks are indicated. (left) Sample with single domain SRO. (right) For comparison: bilayer with multi domain SRO. As in the single layer (Figure IV.6) different variants are present.From supplemental material to[3].

Figure IV. 16 :

 16 Figure IV.16: (left) Sketch of SRO and LSMO unit cells grown on STO substrate. STO cubic directions are indicated in square brackets. SRO orthorhombic axes are marked with letters. Double arrows represent LSMO and SRO easy axes. (right) Schematic relationship between STO crystallographic directions and step direction of a vicinal substrate. The miscut direction is along the [010] STO axis.

  Major hysteresis loops are presented in Figure IV.17. Except of the curve obtained in the[START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO direction (Figure IV.17.a), all other major loops clearly show two magnetization reversals. The first one takes place at a very low field of few mT and corresponds to the reversal of the LSMO layer, which has a very low coercivity. The second reversal appears at a high magnetic field of several hundred mT and is caused by high coercivity of the SRO layer. The uniaxial anisotropy of SRO in [010] STO direction is clearly pronounced and was also observed in bilayers consisting of LSMO and multi variant SRO[6], even if less obvious. Simulations based on the two-dimensional Stoner-Wohlfarth model were performed by Aurélie Solignac. Here, SRO and LSMO magnetizations are described by two antiferromagnetically coupled macrospins, lying in the sample plane.

Figure IV. 17 :

 17 Figure IV.17: Major hysteresis loops of the single variant SRO/LSMO bilayer taken by SQUID along different STO crystallographic axes at low temperature.

Figure IV. 18 :

 18 Figure IV.18: Simulations of major magnetization hysteresis loops of SRO/LSMO coupled bilayers using the 2D Stoner-Wohlfarth model.

8 )

 8 Following parameters, obtained from magnetometry measurements were used in simulations: K LSMO = 10 kJ/m 2 , K SRO = 60 kJ/m 2 , J = -0.1 mJ/m 2 . Simulation curves (Figure IV.18) show a high degree of accordance with the experimental results, also reproducing well the observed uniaxial anisotropy. The only noticeable difference is the variance in coercive fields. As appears from the Figure IV.18 the expected coercive fields are larger (b

Figure IV. 19 :

 19 Figure IV.19: LSMO minor hysteresis loops measured at low temperature after field cooling along indicated crystallographic directions.

Figure IV. 20 :

 20 Figure IV.20: Stoner-Wohlfarth simulations of minor magnetization loops of SRO/LSMO bilayers.

Figure IV. 22 :

 22 Figure IV.22: LSMO minor loop with PNR measuring points indicated by red numbers: 400 mT (1), 40 mT (2), 5 mT (3), -5 mT (4), -40 mT (5), 10 mT (6), 16 mT(7). Measurements took place at 20 K after field cooling in 400 mT.

Figure IV. 23 :

 23 Figure IV.23: PNR measurements (dots) and simulations (lines) at two different minor cycle positions: point 1 (left) and 3 (right) from Figure IV.22.

Figure V. 1 :

 1 Figure V.1: 5×5 μm 2 AFM images of PLD deposited LSMRO (left) and LSMO (right) single layers. The films clearly reproduce the surfacial structure of STO substrates. White dots are of post-deposition nature and possibly consist of strontium.

  Figure V.1 exemplarily demonstrates AFM scans of LSMRO and LSMO single layers. These films have atomically flat surfaces with RMS roughness of 0.34 nm and 0.22 nm respectively. LSMO layers were additionally measured by superconducting quantum interference device to verify their magnetic properties. Figure V.2 gives the result of our measurements.

Figure V. 2 :

 2 Figure V.2: SQUID measurements of a 25 nm thick LSMO single layer. (left) Magnetization as a function of the magnetic field, measured at 10 K. (right) Magnetic moment versus temperature. We estimated the Curie temperature to be close to 340 K (indicated by the orange cross).

Figure V. 3 :

 3 Figure V.3: AFM images of MTJ surfaces. (left) MTJ with the LSMRO hard layer on top. The growth mode is layer-by-layer. Atomic steps from STO substrate are clearly recognized. (right) MTJ with the SRO pinning layer as the first grown film. Step bunching of SRO, covered by LSMO and STO layers, is still visible.

Figure V. 4 :

 4 Figure V.4: XRD measurements on multilayers for magnetic tunnel junctions. Peaks are indicated. (top) Structure with SRO pinning layer. (bottom) Multilayer with LSMRO hard layer. Notice that due to similar lattice constants, LSMO and LSMRO (002) peaks overlap. Nb:STO barrier peak is not visible due to its low thickness.

  Figure V.3 right). Typical XRD scans are presented in Figure V.4. The results of crystallographic analysis are equal to those already presented in Chapters III and IV, and confirm the high quality of grown single-and multilayers. Tunnel junctions were fabricated applying the micro-structuring process described in Chapter II Section 5. Figure V.5 recalls the single processing steps.

Figure V. 5 :

 5 Figure V.5: Tunnel junction fabrication process. (a) Mesa (square in the middle) defined by photolithography (left). Mesa after etching by CAIBE (right). Four larger squares are marks for lithography. (b) The full MTJ structure is etched. The inset shows the mesa region. (c) Opening of the bottom layer. The sample is covered by photoresist for etching. Only the four large pads for later contacting the LSMO bottom layer are open. (d) Passivation step. Except of the mesa and four pads, the entire sample is covered by the insulating SiN to avoid short circuits. The inset shows the opened mesa. (e) Photolithography step for palladium pads deposition. Four pads for LSMO bottom electrode are opened. Large electrode for LSMRO (in the case of MTJs with SRO pinning layer -LSMO top electrode) is defined. (f) Top view of the finished junction after palladium deposition by sputtering and lift-off.

Figure V. 6 :

 6 Figure V.6: Resistance as a function of magnetic field measured at T = 20 K. A bias voltage of 4 mV was applied. This measurement was performed on the MTJ with 2.6 nm Nb:STO barrier and 5×5 μm 2 mesa.

  Figure V.7.a and b). The coercivity of the LSMO free layer in an MTJ stack is slightly increased in comparison with LSMO single layers (circa 2 mT at 10 K, Figure V.2 left). The shape of cycles (Figure V.7.a, b andc) confirms the LSMO easy axis lying in the[START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO direction. Indeed, a sharp magnetization jump and increased coercivity are visible in the[START_REF] Jansen | The spin-valve transistor: a review and outlook[END_REF] STO direction. In Figure V.7.d hysteresis cycles of 10 junctions from two sample batches, grown with a time interval of 6 months, are presented. Good reproducibility of magnetic properties is apparent, although a variation of coercive fields can be recognized. We assume that the deviation comes from a slight difference in layer thicknesses from sample to sample.

Figure V. 7 :

 7 Figure V.7: SQUID and VSM measurements on multilayers for magnetic tunnel junctions. (a) and (b) SQUID measurements of the same sample at different temperatures in different crystallographic directions. (c) VSM measurements in different crystallographic directions. (d) 10 multilayers measured by VSM.

Figure V. 8 :

 8 Figure V.8: Sketch of the (magneto-) transport measurement configuration.

Figure V. 9 :

 9 Figure V.9: Current-voltage characteristics of the tunnel junction with LSMO/Nb:STO metalsemiconductor double barrier (2.6 nm Nb:STO). (left) Junction in parallel state. (right) Junction in antiparallel state.

Figure V. 10 :

 10 Figure V.10: Temperature dependence of differential conductance. (a, c) Parallel state of the junction. (b, d) Antiparallel state. The inset in (d) shows a temperature-dependent conductance measurement with a clearly visible dip close to zero voltage. The inset is from [9].

  16×10 10 ϕ 1/2 /d) exp(-1.025 dϕ 1/2 ), m is the electron mass and ћ is the reduced Planck constant. The Brinkman model assumes a trapezoidal barrier shape. Figure V.11 shows the result of our calculations. The mean barrier height ϕ = 1.63 eV is close to values reported in the literature for Nb:STO Schottky junctions. These vary between 0.4 eV and 1.2 eV [12-15]. The barrier asymmetry Δϕ = 0.22 eV is relatively low and an indication for a symmetric barrier, and thus for equal barrier-electrode interfaces. The obtained barrier thickness d = 1.7 nm is smaller than 2.6 nm estimated from growth calibration. However, the Brinkman model is still a simplification of the real situation and does not give exact values. Nevertheless, the obtained results are in good agreement with expected numbers and with the literature.

Figure V. 11 :

 11 Figure V.11: Brinkman fit of differential conductance at 300 K for the magnetic tunnel junction with 2.6 nm Nb:STO barrier. Fit parameters are shown.

Figure V. 12 :

 12 Figure V.12: TMR measured at different temperatures, applying 10 mV voltage bias. TMR ratios and corresponding temperatures are inserted in the graphs. The 1 mT shift along the field axis is probably due to a calibration error.

  Figure V.13 (left).

Figure V. 13 :

 13 Figure V.13: (left) Temperature dependence of the resistance measured in the parallel (P) and antiparallel (AP) states of the junction with 2.6 nm barrier at 4 mV applied bias. The inset in (right) shows a similar measurement under 100 mV. (right) TMR ratio calculated from the resistance measurements.

Figure V. 14 :

 14 Figure V.14: Voltage dependence of the tunnel magnetoresistance, calculated from currentvoltage characteristics of an MTJ with 2.6 nm barrier and 10×10 μm 2 mesa.

Figure V. 15 :

 15 Figure V.15: Crossover in current-voltage characteristics, measured on two samples with different Nb:STO barrier thicknesses at 20 K. (left) Inverted IV behaviour only for negative bias values below circa -0.4 V. The inset shows TMR, calculated from conductance using the Julliere model. (right) Crossover on both, positive and negative, voltage sides. The inset displays calculated TMR as a function of voltage. The curve is shifted along the y-axis down to negative values.

Figure V. 16 :

 16 Figure V.16: Negative tunnel magnetoresistance observed at 20 K in the MTJ with 2.6 nm Nb:STO barrier thickness. The measurement was carried out at 1 V applied bias.

Figure V. 17 :

 17 Figure V.17: (top) TMR ratio measured as a function of Nb:STO barrier thickness. (bottom) Parallel junction RA product dependence on the barrier thickness. Different sample batches are separated by the dashed line. Measurements were performed at T = 20 K and 10 mV applied bias. TMR ratio and RA product were averaged over measured junctions for each sample. Error bars represent the standard deviation.

  6 nm barrier thickness shows the lowest RA product and the highest TMR. The two next local TMR maxima are at 3.0 nm and 2.1 nm, approximately one unit cell away. The slight deviation from the expected value of 2.2 nm in the low barrier thickness region can be explained by the differences in the thickness calibration for PLD growth for the two sample batches. We calculated the effective barrier height and thickness from conductance curves at T = 300 K using the Brinkman model. The result for the four samples with larger barriers can be seen in FigureV.18. For samples with lower Nb:STO thickness the fit did not allow clear conclusions.

Figure V. 18 :

 18 Figure V.18: Effective barrier height and thickness as estimated from the Brinkman fit as a function of growth calibrated Nb:STO barrier thickness.

Figure V. 19 :

 19 Figure V.19: In-plane SQUID measurements of an MTJ stack with SRO pinning layer. (a) and (b) Minor loops along [100] STO and [110] STO . (c) [100] STO major loop. The inset shows the low field region. (d) Minor loop of an MTJ multilayer with faulty exchange coupling at the SRO/LSMO interface.

  .a. The reversals of LSMO layers are still visible in the low field region (the inset in Figure V.19.c). Figure V.19.d demonstrates that the just discussed behaviour is not a matter of course. Measurements, performed on a further MTJ multilayer, show a very weak or completely absent coupling at the SRO/LSMO interface. The vertical shift is still present, meaning a blocked SRO layer, but the two LSMO layers rotate coherently with applied field, excepting a small step on the negative side close to -50 mT. The reasons are not fully understood until now.Out-of-plane SQUID measurements were performed in a similar manner. The sample was again cooled down in 5 T external field. The major loop is shown in Figure V.20 (left). Here three reversals can be determined. The first takes place in the low field region and correlates to the switch of the LSMO free layer magnetization, by analogy with the in-plane situation.The second reversal at 600 mT belongs to the pinned LSMO layer. Finally, at 1.2 T the third reversal appears, which is the reversal of SRO. As in the case of the in-plane major loop, there is no vertical shift of the loop. A much larger field is needed to reverse the pinned LSMO layer compared with in-plane measurements (30 mT). Since the coercive field of the free layer remains of the same magnitude compared with the in-plane measurement, we conclude that the increase is due to an enhanced coupling with the SRO layer in the out-ofplane direction. Corresponding minor loops, taken at 10 K and 80 K, are presented in Figure V.20 (right). The shape of minor loops as well as of the major loop is striking. We explain it by the in-plane anisotropy of LSMO. Besides, the out-of-plane minor loops are analogical to the in-plane minor loops.

Figure V. 20 :

 20 Figure V.20: Out-of-plane SQUID measurements on the MTJ multilayer with an SRO pinning layer and 2.1 nm Nb:STO barrier. (left) Major loop. The SRO layer reversal is indicated by an arrow. (right) Minor loop at two temperatures. The green arrow marks the loop opening due to SRO contribution.

  Our conclusion is supported by the fact that the loop opening at circa ±150 mT (Figure V.20 right) is equal to the difference in magnetic moment between the 80 K and 20 K curves at ±800 mT. To get more insight into the magnetic properties of MTJ multilayers we performed magnetization versus temperature measurements. The in-plane curve, taken at 20 mT, is shown in Figure V.21 (left).

Figure V. 21 :

 21 Figure V.21: Temperature-dependent magnetization measurements on an MTJ multilayer with SRO. (left) In-plane measurement. (right) Out-of-plane measurement.

Figure V. 22 :

 22 Figure V.22: In-plane TMR measurement on the sample with SRO pinning layer and 2.1 nm Nb:STO barrier thickness. 10 mV bias was applied. Junction mesa dimensions were 5×5 μm 2 .

  Figure V.24), which is noticeably lower than measured in MTJs with Nb:STO barrier of comparable thickness. The sample with LMO/STO/LMO barrier was slightly more resistive, presumably due to LMO insulating properties.

Figure V. 23 :

 23 Figure V.23: VSM measurement of MTJ multilayers with engineered electrode-barrier interfaces.

Figure V. 24 :

 24 Figure V.24: Resistance as a function of magnetic field measured at 20 K on the sample with SMO/LMO/STO compounded barrier.

Figure 1 :

 1 Figure 1: Schéma d'un capteur mixte constitué par une boucle supraconductrice (ici en niobium) et un élément à magnétorésistance géante. (A) La structure générale. (B) Vue de dessus de l'élément magnétorésistif. (C) Vue latérale de la structure. Extrait de [7].

  comme électrodes dans des jonctions tunnel. Les demi-métaux ont une densité d'états au niveau de Fermi disponibles pour une seule orientation de spin. Par conséquent, ils devraient être totalement polarisés en spin. La recherche de demi-métaux conduit aux oxydes magnétiques. Les oxydes magnétiques, et en particulier les manganites à valence mixte fortement polarisées en spin, présentent une grande variété de propriétés physiques. Des valeurs records de TMR de plus de 1800 % [14, 15] ont été rapportées pour les MTJs basés sur le manganite ferromagnétique LSMO (Figure I.1 à droite), qui a été utilisée comme matériau d'électrode dans nos jonctions tunnel.

Figure I. 1 :I. 2

 12 Figure I.1: (à gauche) Vue schématique d'une jonction tunnel. Les électrodes magnétiques (violet et rouge) sont séparées par la barrière tunnel (bleu). Les flèches indiquent la direction d'aimantation dans les électrodes. L'état de faible résistance (en haut) et l'état de haute résistance (en bas) sont impliqués par la déviation de l'aiguille à l'intérieur de l'ohmmètre symbolique. (à droite) Maille unitaire pseudo-cubique de LSMO. Les ions La et Sr sont placés dans les coins. L'ion Mn au milieu est entouré de 6 ions oxygène.

Figure I. 2 :

 2 Figure I.2: (à gauche) Esquisse d'une supermaille Nb:STO avec une lacune d'oxygène, indiquée par un cercle vide. (à droite) Schéma d'une jonction tunnel magnétique avec une double barrière Schottky à la place de la barrière isolante. SB, FM et SC sont la barrière Schottky, les électrodes ferromagnétiques et semiconductrice, respectivement.

3

 3 MnO 3 et le semiconducteur de type n SrTi 0.8 Nb 0.2 O 3 . II.1 Croissance, caractérisation et fabrication Les bicouches, constituées de Nb:STO épitaxié sur LSMO, ont été déposées in situ sur des substrats STO avec une désorientation de maximum de 0.1°. L'épaisseur de la couche Nb:STO dans nos échantillons fait entre 2.4 nm et 18.6 nm. L'épaisseur de la couche LSMO varie de 50 nm à 65 nm. Les mesures AFM, XRD et XRR ont confirmé la croissance épitaxiale et une très bonne qualité cristalline des couches minces déposées. Deux principaux types de jonctions ont été fabriqués et étudiés. Le premier modèle a des contacts ohmiques sur les deux côtés: sur le LSMO et sur le Nb:STO. L'aluminium et le palladium ont des travaux de sortie similaires au Nb:STO et au LSMO respectivement [35-38]. Ainsi, une jonction métalsemiconducteur asymétrique avec un comportement Schottky est obtenue uniquement à l'interface LSMO/Nb:STO (Figure II.1 à gauche). Nous appelons cette jonction: le type "AP". Le deuxième type de jonction comporte des contacts de palladium sur les deux côtés: LSMO et Nb:STO (Figure II.1 à droite). En raison des travaux de sortie différentes du Nb:STO et du palladium, une barrière supplémentaire est formée à leur interface. Cette jonction, appelée de type "P" ou jonction symétrique LSMO/Nb:STO/Pd métal-semiconducteur-métal, contient alors une double barrière et a un comportement de transport semblable à celui d'une jonction tunnel.

Figure II. 1 :II. 2

 12 Figure II.1: Diagrammes de bande des deux types de jonctions étudiés. Les nombres donnés sont les travaux de sortie des matériaux correspondants. E F est le niveau de Fermi, CBM est le minimum de bande de conduction, VBM est le maximum de bande de valence. (à gauche) La jonction de type AP. (à droite) La jonction double barrière LSMO/Nb:STO/Pd de type P.

Figure II. 2 :

 2 Figure II.2: (à gauche) Caractéristiques courant-tension de l'échantillon type AP avec une couche ultra-mince de Nb:STO de 3.6 nm. (à droite) Les caractéristiques courant-tension de l'échantillon de type P. Par contraste avec des échantillons de type AP, la dépendance avec la température est beaucoup plus faible.

  Figure III.1 à gauche).

Figure III. 1 :

 1 Figure III.1: (à gauche) Aimantation en fonction de la température de la couche mince de SRO (25 nm) dans un champ appliqué élevé (4.5 T). (à droite) Images par microscopie Kerr perpendiculaire (250 × 190 μm 2 ) prise sur une couche mince de SRO multi-domaine à T = 100 K. Les bandes formées par les domaines magnétiques sont visibles. Les directions cristallographiques du STO sont indiquées par des lignes droites.

Figure III. 2 :

 2 Figure III.2: Boucles mineures d'hystérésis de LSMO mesurées à basse température le long des directions cristallographiques indiquées.

IV. 2

 2 Résultats expérimentauxDes mesures SQUID et VSM sur des multicouches à températures différentes en appliquant un champ magnétique le long de directions cristallographiques différentes ont confirmé le comportement attendu de l'aimantation. Les caractéristiques IV des MTJs en fonction de la température, mesurées dans les configurations parallèle et antiparallèle des électrodes montrent un comportement non linéaire, typique des jonctions tunnel magnétiques. Nous avons calculé la conductance différentielle G(V) = dI/dV à partir des courbes IV. Les courbes G(V) montrent une forme parabolique, ce qui est une indication de l'effet tunnel des électrons. Aucune anomalie de conductance à tension nulle (ZBA) n'a été observée. La ZBA est généralement liée à des défauts dans la barrière, conduisant à un effet tunnel avec spinflip[52, 53]. Nous concluons de l'absence de ZBA, que la quantité de défauts dans la barrière STO est bien réduite par dopage Nb. Nous avons calculé l'épaisseur d, la hauteur moyenne ϕ et l'asymétrie Δϕ de la barrière à partir de la courbe de conductance différentielle à 300 K en utilisant le modèle Brinkman[54]. La figure IV.1 (à gauche) montre le résultat de ce calcul pour l'échantillon avec une épaisseur de la barrière optimale de 2.6 nm.

Figure IV. 1 :

 1 Figure IV.1: (à gauche) Fit de Brinkman de la conductance différentielle à 300 K pour la jonction tunnel magnétique avec 2.6 nm d'épaisseur de barrière Nb:STO. (à droite) La résistance en fonction de la température mesurée aux états parallèle (P) et antiparallèle (AP).

Figure IV. 2 :

 2 Figure IV.2: (à gauche) Magnétorésistance en fonction de la tension, calculée à partir des caractéristiques courant-tension d'une MTJ avec 2.6 nm de barrière.(à droite) TMR négative.

Figure IV. 3 :

 3 Figure IV.3: (en haut) Ratio de TMR mesurée en fonction de l'épaisseur de la barrière. (en bas) Produit RA parallèle en fonction de l'épaisseur de la barrière. Les mesures ont été effectuées à T = 20 K et V = 10 mV. Les barres d'erreur représentent l'écart type.

  

  

  

  

  

  

  

  

  

  

  7 Sr 0.3 MnO 3 and SrRuO 3 as the most relevant oxides in the presented thesis. The state of the art of the research on La 0.7 Sr 0.3 MnO 3 /SrRuO 3 antiferromagnetic exchange coupling and metal-semiconductor interfaces, formed by La 0.7 Sr 0.3 MnO 3 and heavily doped semiconductor SrTi 0.8 Nb 0.2 O 3 , was provided.

Table II .

 II .1.

	Oxide	Laser	Substrate	Oxygen	Oxygen	Laser	Deposition
		energy	temperature	pressure	pressure	repetition	rate
		[mJ]	[°C]	(deposition)	(annealing)	rate	[ML/PL]
				[mTorr]	[Torr]	[Hz]	
	LSMO	300	600	120	75	2/5/10	0.05
	LSMRO	300	600	120	75	2/10*	0.05
	Nb:STO	300	600	12	75	2	0.07-0.09
	SRO	300	600	120	75	2/10/10*	0.03
	LBCO	300	600	12/120	75	2	0.06-0.1

1: Growth parameters of perovskite oxides studied in the framework of the presented thesis. ML/PL in the column "Deposition rate" stays for "monolayer per pulse". In the case of SRO and LSMRO deposition we also applied the so-called "Burst mode" in which a set of 40 pulses with 10 Hz is followed by a pause of 10 s (marked as 10* in the table). The sequence is repetitive. The result is very smooth surfaces with RMS roughness below unit cell size.

  . Les oxydes pérovskites partagent la même structure cristalline et ont des paramètres de maille souvent similaires, ce qui permet la croissance épitaxiale d'hétérostructures. La croissance épitaxiale fournit des interfaces lisses et des caractéristiques électriques de faible bruit. Les oxydes peuvent être facilement intégrés dans le capteur mixte. Ainsi, l'utilisation d'autres oxydes pérovskites combinés avec YBCO serait d'un grand avantage. Un tel capteur mixte toutoxyde pourrait atteindre des sensibilités inférieures au femtotesla à 77 K.Dans le travail présenté, nous avons développé le noyau du capteur mixte -la jonction tunnel magnétique (MTJ). Deux paramètres sont essentiels pour la performance d'une MTJ. Le premier est la qualité de la barrière tunnel et de l'interface électrode-barrière. Certains défauts, par exemple les lacunes d'oxygène, sont connues pour détruire la polarisation de spin et réduire le ratio de magnétorésistance dans les jonctions tunnel. À cet égard, le but de notre travail a été d'améliorer les propriétés de barrière à MTJs en réduisant considérablement les lacunes d'oxygène et d'autres défauts, en utilisant le semiconducteur fortement dopé SrTi 0.8 Nb 0.2 O 3 (Nb:STO) au lieu de la barrière tunnel isolante classique. Ainsi, des études expérimentales détaillées sur les contacts Schottky formés par le Nb:STO et le demi-métal ferromagnétique La 0.7 Sr 0.3 MnO 3 (LSMO) ont constitué la première partie de notre travail.Un autre paramètre critique de la jonction tunnel est la stabilisation des états d'aimantation des électrodes ferromagnétiques dans les configurations parallèle et antiparallèle. L'effet de couplage interfacial, appelé couplage d'échange, a été prouvé pour être efficace à cette fin. Dans ce contexte, en deuxième objectif, nous avons étudié l'effet du couplage antiferromagnétique à l'interface entre les deux oxydes ferromagnétiques: LSMO et SrRuO 3 (SRO), afin de pouvoir utiliser le SRO comme couche bloquante dans une jonction tunnel. L'intégration finale de l'interface Schottky et la couche bloquante de SRO dans les MTJs, et l'exploration et l'analyse de leurs propriétés complètent notre travail.La thèse de doctorat présentée a été préparée sous la supervision du professeur Philippe Lecoeur dans l'équipe de recherche "Croissance, Transport et Magnétisme" (CTM) à l'Institut d'Electronique Fondamentale (IEF). L'IEF est une unité mixte de l'Université Paris-Sud et du Centre National de la Recherche Scientifique (CNRS), et est situé à Orsay en France. Nous avons travaillé en collaboration efficace avec le CEA de Saclay.Ce chapitre est organisé comme suit: Tout d'abord, nous fournissons une brève introduction sur les phénomènes magnétiques dans les oxydes fonctionnels, les matériaux pertinents et les techniques expérimentales utilisées dans le cadre de ce travail. Dans la section suivante nous traitons les contacts Schottky Nb:STO/LSMO. Ensuite, nous présentons nos études sur le couplage antiferromagnétique à l'interface SRO/LSMO. Finalement, nous montrons notre travail sur les jonctions tunnel magnétiques complètes. Les conclusions et perspectives section résument les résultats obtenus et discutent les concepts potentiels.

  Pour atteindre une configuration antiparallèle stable d'aimantation des électrodes dans les MTJs basées sur LSMO, l'effet de couplage d'échange peut être utilisé[16][17][18][19]. Dans ce cas, l'une des électrodes, la couche piégée, est en contact avec un matériau antiferromagnétique ou ferromagnétique. En raison d'une interaction interfaciale, un champ magnétique plus grand est nécessaire pour retourner l'aimantation de la couche piégée par rapport à une électrode libre. Récemment, un effet de couplage d'échange a été observé dans des bicouches et super-réseaux composés de LSMO et d'un oxyde perovskite ferromagnétique SRO[20][21][22][23]. Sa paramètre de maille comparable à celui de LSMO et SrTiO 3 (STO), sa large anisotropie et coercivité, la croissance 2D sur STO, en fournissant des surfaces lisses[24], et une température de Curie de 160 K rendent SRO très attractif pour une application dans des jonctions tunnel LSMO/STO/LSMO en tant que partie intégrante d'un capteur mixte pouvant fonctionner à la température de l'azote liquide.En plus de la stabilisation des états magnétiques décrite précédemment, la qualité de la barrière tunnel et de l'interface électrode-barrière est essentielle pour l'efficacité d'une MTJ. Les interfaces métal-isolant oxydes ont été explorées en détail dans les dernières décennies, mais la compréhension complète de leurs propriétés reste encore un défi. En particulier, la performance des MTJs à électrodes de LSMO et barrière tunnel de STO reste bien inférieure aux attentes. En raison de sa demi-métallicité, de grands ratios de TMR ont été prévus pour les jonctions tunnel basées sur LSMO. Toutefois, dans seulement deux publications des valeurs TMR proches de 2000 % à basse température ont été rapportées au cours des deux dernières décennies[14, 15]. En outre, une perte rapide de la magnétorésistance lorsque la température augmente, loin de la température de Curie de LSMO, une distribution non homogène de TMR sur la surface de l'échantillon, une large dispersion de la performance entre échantillons et un pourcentage faible de jonctions opérationnelles au sein d'un lot de fabrication sont des problèmes non résolus à ce jour. La performance insuffisante des jonctions tunnel LSMO/STO/LSMO est souvent associée aux défauts, i.a. lacunes d'oxygène, qui peuvent être facilement créés pendant le dépôt de couche mince. En plus d'une perte possible de la demi-métallicité de LSMO en raison d'une déficience d'oxygène

	I.3 Interface Schottky SrTi0.8Nb0.2O3/La0.7Sr0.3MnO3

  Il est évident qu'une diminution de la teneur en lacune d'oxygène dans la barrière tunnel et à l'interface électrode-barrière se traduira par une amélioration de la performance globale de la jonction tunnel. Pour y parvenir, nous avons remplacé la barrière tunnel de STO isolante standard dans nos jonctions tunnel par un STO dopé au niobium, qui est un semiconducteur de type n (Figure I.2 à gauche). Par substitution Nb 5+ pour Ti 4+ dans STO, un composé de type SrTi 1-x Nb x O 3 est créé. Le dopage au niobium et la déficience en oxygène entrainent la création de centres de donneurs chargés positivement: les ions de niobium et les lacunes d'oxygène. Nous suggérons que le dopage niobium réduit considérablement la probabilité de la création de lacunes d'oxygène au cours de la croissance de couches minces en raison de la conservation de la charge.

  En revanche, les jonctions symétriques LSMO/Nb:STO/Pd de type P présentent des caractéristiques IV à peu près indépendantes de la température, similaires à celles d'une jonction tunnel (Figure II.2 à droite). Cette faible dépendance avec la température indique un effet tunnel assisté thermiquement comme le principal mécanisme de transport. A des températures inférieures à 77 K, l'effet tunnel direct semble prévaloir. Les caractéristiques courant-tension des jonctions de couche ultramince de type AP ont été analysées en utilisant l'équation standard d'émission thermo-ionique Schottky dans le cas d'une jonction polarisée en inverse[39]. Nous avons estimé la hauteur de la barrière Schottky Φ B et trouvé une valeur de 0.14 eV, ce qui est beaucoup plus faible que les 0.7 eV prédits par la loi de Schottky-Mott ou les valeurs rapportées par d'autres auteurs[40][41][42]. La permittivité optique ε Op de 33 est aussi beaucoup plus grande que ε Op ≈ 5-6 attendu. par un champ électrique élevé à l'interface, même pour une tension appliquée faible, et par une couche semi-conductrice complètement déplétée. La permittivité de Nb:STO, connue pour être dépendante du champ électrique et de la température[43][44][45] obéit à l'équation phénoménologique suivante: STO est visiblement réduite. Nous avons estimé à peu près la largeur de déplétion W D de Nb:STO en utilisant l'équation exprimée par S. M. Sze[39]. Le W D calculée est proche de 5.5 nm pour la jonction avec 3.6 nm de couche Nb:STO. Ainsi, nous supposons que la couche Nb:STO est complètement déplétée dans les jonctions ultra-minces. En supposant une couche Nb:STO complètement déplétée le champ électrique dans la couche chargée positivement (donneurs Nb ionisés) dépendrait de cette permittivité statique, devenant ainsi à la fois dépendant de la tension et de la température, en contradiction avec l'image simple E = V/d. Cet effet est une explication possible de la déviation observée dans le modèle d'émission thermo-ionique à basse température et sous fort champ électrique.Nous avons fabriqué et analysé des jonctions Schottky ultraminces tout-oxydes formées par l'oxyde métallique La 0.7 Sr 0.3 MnO 3 et le semiconducteur fortement dopé SrTi 0.8 Nb 0.2 O 3 . L'analyse surfacique et structurale des bicouches déposées par PLD démontre que les couches sont de haute qualité. Les caractéristiques de transport ont été analysées dans le cadre de la théorie de l'émission thermo-ionique, en tenant compte d'un champ électrique élevé dans des jonctions métal-semiconducteur ultraminces.Avec notre recherche nous avons démontré la possibilité de créer des jonctions Schottky ultraminces tout-oxydes. Pour atteindre une connaissance plus approfondie du système étudié d'autres investigations sont nécessaires. Le résultat de notre travail pointe vers l'importance des activités de recherche sur les interfaces métal-semiconducteur oxydes pour les applications spintroniques. L'une d'elle est l'intégration de la barrière Nb:STO dans un nouveau type de jonction tunnel magnétique, telle que présentée dans la section IV.

	(	)	( ) √ ( )	(II.1)
	où a(T) et b(T) sont des paramètres dépendants de la température. Avec ε r (E,T) telle
	qu'exprimée dans l'équation (II.1) on en déduit qu'à fort champ électrique la permittivité
	statique dans Nb:II.4 Conclusions			

II.3 Discussion

Une explication probable de la défaillance de l'analyse conventionnelle de la dépendance en température est l'influence d'un champ électrique élevé dans le semiconducteur. Etant donné que l'épaisseur de la couche Nb:STO dans les jonctions est extrêmement faible, cela se traduit

  3) où M est l'aimantation, C est la constante de Curie, B est le champ magnétique et T est la température. La courbe obtenue est la somme des deux contributions.Des boucles d'hystérésis ont été mesurées à 10 K et 20 K, avec application d'un champ magnétique dans le plan et hors-plan. En ce qui concerne la forme des boucles à 20 K, nous concluons que l'axe facile d'aimantation est en effet dans le plan (100) STO , tel que rapporté précédemment[48][49][50]. L'axe dur se trouve à proximité de la direction[START_REF] Hong | Magnetism due to oxygen vacancies and/or defects in undoped semiconducting and insulating oxide thin films[END_REF] STO . Les boucles d'hystérésis mesurées à 10 K sont différentes, la coercitivité est augmentée, probablement à cause d'une anisotropie magnétocristalline modifiée, par exemple par la transition de l'orientation des axes facile et difficile. Une autre caractéristique que nous avons observée dans les couches minces de SRO est un profil inhabituel de boucles d'hystérésis. Le changement d'aimantation n'est pas uniforme, mais montre une baisse près du champ nul. Nous l'expliquons par la création de domaines magnétiques au champ appliqué de zéro en raison de la réduction du champ de démagnétisation. Pour étudier la distribution des domaines du SRO et le retournement de l'aimantation nous avons effectué des mesures par microscopie Kerr perpendiculaire à basse température, à environ 100 K (Figure III.1 à droite). Une caractéristique intéressante est une direction préférentielle pour la formation de domaines magnétiques: ces domaines forment des bandes. Ces bandes sont parallèles aux directions cristallographiques du STO. Nous les avons indiquées dans la figure III.1 (à droite) par des lignes droites. Particulièrement bien reconnaissables sont les bandes situées parallèlement à l'axe [010] du STO. Nous rappelons que cet axe est dans le plan de l'axe facile du SRO, c'est à dire dans le plan (001) orthorhombique. Mais d'autres directions préférentielles sont également visibles. Dans la référence

1 Croissance, caractérisation et fabrication

  Des multicouches de types différents ont été déposées par PLD sur STO. Le premier type se compose d'une couche libre de LSMO, de la barrière Nb:STO et de la couche dure de La 0.7 Sr 0.3 Mn 0.93 Ru 0.07 O 3 (LSMRO). LSMRO possède une coercivité augmentée en raison du dopage en ruthénium (Ru). Le deuxième type de multicouche contient une couche bloquante de SRO et donc possède la composition LSMO/Nb:STO/LSMO/SRO//STO. Les multicouches pour jonctions tunnel magnétiques ont été examinées par l'AFM, XRD, XRR, SQUID et VSM pour vérifier leur qualité. Les jonctions tunnel ont été fabriquées en utilisant la lithographie optique, la pulvérisation cathodique et la gravure par faisceau d'ions.
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Additional studies are indispensable in order to enlighten the LSMO/Nb:STO interfacial phenomena.

Finally, we highlight that the observed large RA product is a further indication for an enhanced quality of the Nb doped STO barrier. We associate the increased resistance with reduced number of defects inside the barrier, usually responsible for conduction in insulating STO.

V.4 Magnetic tunnel junctions with SrRuO3 pinning layer

Magnetic tunnel junctions, discussed in this section, differ from the previously treated. They have an SRO pinning layer instead of an LSMRO hard layer. The composition is ca. 20 nm LSMO free layer, Nb:STO barrier, 20 nm LSMO pinned layer and 50 nm SRO pinning layer. The barrier thicknesses lie between 2.1 nm and 2.75 nm. Mesa dimensions are the same as in the case of LSMRO junctions: 5×5 μm 2 , 8×8 μm 2 and 10×10 μm 2 . By default we firstly measured deposited multilayers by SQUID. Then we fabricated tunnel junctions and performed magnetotransport measurements.

V.4.1 Magnetic properties of multilayers

In-plane SQUID magnetization versus magnetic field measurements are shown in Figure V.19. Hysteresis cycles were taken at 10 K and 80 K applying the field in different crystallographic directions.

Before measurement samples were cooled down in high magnetic field (5 T). Two magnetization reversals are clearly visible in Figure V.19.a and V.19.b for the curve measured at T = 10 K. The first, at low field of 14 mT, corresponds to the LSMO free layer. As second the pinned LSMO electrode turns at the higher field of approximately 30 mT. Its coercivity is increased due to the interfacial exchange interaction with the SRO layer. These loops are minor loops, similar to minor loops of SRO/LSMO bilayers (Chapter IV). The SRO magnetization remains blocked during the low field sweeping. Only the magnetization of LSMO electrodes rotates. The loops are shifted in positive direction along the field axis (1 mT), which is consistent with the antiferromagnetic nature of the exchange interaction in the case of positive cooling field. The vertical shift of circa 0.05 μAm 2 is also expected. It is the result of SRO magnetization, blocked in the positive field direction. Thus, in that direction the total magnetization is the sum of SRO and LSMO magnetizations M SRO and M LSMO . If the field is aligned opposite, the total magnetization is the difference of M LSMO and M SRO .