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General Introduction

Superconductivity -one of the most fascinating phenomena in Physics. Having a profound quantum origin, it deals with several characteristic scales. As in any metal, the Coulombic repulsion between electrons is screened on a very short length scale of the Thomas-Fermi length, usually below one nanometer. The many-body wavefunction of the superconducting condensate evolves on a larger scale of 10-1000 nm, called the coherence length, which sets the extent of the material-dependent superconducting wave packet. The supercurrents and, in bulk materials, magnetic fields evolve on a yet different scale -the London penetration depth, usually in the range 100-10000 nm. All this makes superconductivity sensitive to physical size of the specimens.

The understanding of the spatial confinement effects in superconductivity is an extremely rich and broad field of research. A very simple question -at which reduced size a superconducting material ceases to be superconductor -is easy to ask but difficult to address. Already in 1959, P.W. Anderson [START_REF] Anderson | Theory of dirty superconductors[END_REF] conjectured that superconductivity could only exist when the average electronic level spacing δ is smaller than the superconducting gap energy ∆. Since in metals, δ is size dependent, one would expect the superconductivity to vanish in tiny samples. The experimental confirmation of this guess was provided only in 2017 (2). The reason for this 60 year's "shift" between the theoretical prediction and the experimental observation is double. From one side, the demonstration required growing perfectly composition-and size-controlled specimens of the lateral size below 5 nm -a technologically challenging task even today. From the other side, it was necessary to invent a specific experimental method allowing to 1 revealed.

The manuscript is organized in four chapters. Chapter 1 provides a relatively short description of some challenging phenomena proper to ultrathin superconductors. An emphasis is done in describing recently discovered superconductivity in atomically thin layers of Pb. The chapter concludes with the section 1.3 justifying the choice of the samples which were selected for the present study. Chapter 2 describes the sample elaboration and characterization methods. Since NbN films and EuFe 2 (As 0.79 P 0.21 ) 2 single crystals were synthesized by our collaborators, this chapter focuses mainly on the growth of Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Pb/Au(Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] systems which were elaborated in the present work, and their structural characterization by LEED and STM. Chapter 3 is devoted to the description of the provided transport experiments. It first describes the basic principles of the electron transport measurements, and then focuses on the development of in-UHV 4-terminal transport set-up. This chapter also presents two sets of results obtained, one on NbN films close to the Superconductor-Insulator transition, and second on superconducting resistive transitions measured in situ in atomic monolayers Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Pb/Au(Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. Chapter 4 presents the results of Magnetic Force Microscopy experiments provided on ferromagnetic superconductor EuFe 2 (As 0.79 P 0.21 ) 2 . It focuses on the consequences of the ferromagnetic transition inside the superconducting state.

Chapter 1

Superconductivity of ultra-thin films 1.1 Introduction

Thin superconductors: Early experiments and theories

Superconductivity is a property inherent to some materials in which, below some critical temperature T c , the conducting electrons do not experience any resistance to their motion. This odd phenomenon, discovered by Heike Kamerlingh Onnes in Leiden in 1911 (3), continues to be one of the most puzzling topics in solid state physics. Over 50 years that followed this discovery, researchers slowly unraveled essential parameters in play and developed the theory behind this anomaly. In 1957, three American physicists, John Bardeen, Leon Neil Cooper, and John Robert Schrieffer, published a fundamental work, commonly named BCS theory, in which they showed that in the presence of a weak attraction between electrons, they can bind in the so-called Cooper pairs (4; 5); below T c the Cooper pairs form a single macroscopically coherent quantum condensate. This theory explained most of the phenomena related to the superconductivity in conventional superconductors.

Although the first measurements of thin superconducting films were already performed by A. Shalnikov [START_REF] Shalnikov | Superconducting Thin Films[END_REF] in 1938, it was only after the publication of the BCS theory and the discovery of the Josephson effects [START_REF] Josephson | Possible new effects in superconductive tunnelling[END_REF], that active studies on the existence of superconductivity in thin films and, as is the case of this study, atomically-thin films began. Since the superconductivity is characterized by at least two spatial scales -the London penetration depth and the coherence length, the role of confinement effects in superconductivity became one of very important research fields. Moreover, in 1964

Ginzburg and Kirzhnits suggested that in some materials, superconductivity may occur in the vicinity of the surface even if the bulk material remains in the normal state (8; 9).

Unfortunately, at that time, there were neither the growth technologies allowing one to create well-controlled ultra-thin films nor the experimental equipment required to study them. Early experiments were performed on films grown on a semiconducting or insulating substrate using Physical Vapor Deposition (PVD) by resistive (Joule) heating of the evaporant [START_REF] Buckel | Einfluss der Kondensation bei tiefen Temperaturen auf den elektrischen Widerstand und die Supraleitung fur verschiedene Metalle[END_REF]. Poorly controlled, these films usually consisted of crystalline grains structurally and electrically connected to each other.

When considering thin superconductors, it is necessary to pay attention to the fact that the many-body wave function of the superconducting condensate evolves on a typical spatial scale of the superconducting coherence length ξ. If the film thickness d is smaller than this length, d < ξ, the superconducting wave function is restricted in the thickness direction. Such thickness-confined systems are named 2D-superconductors (11). The 2D superconducting limit is easily achievable with modern growth methods, such as Molecular Beam Epitaxy (MBE), which enables an almost atom-by-atom "construction" of the material. In led (Pb), for example, the coherence length ξ ∼70 nm;

Pb-films that several dozen atomic layers thick (∼0.3 nm per atomic layer) can already be considered as a 2D-superconductors, although the single electronic wave functions of their conducting electrons are still three-dimensional (3D).

The thickness confinement of the superconducting wave function was for a long time considered as a limiting factor; at d < ξ the superconductivity was supposed to get suppressed. Indeed, reducing the size of the system makes the phase transition more difficult to occur, because the interaction between the electrons becomes limited by the surrounding edges or interfaces. Consequently, the electrons have less freedom to inter-act and form Cooper pairs. In the very low thickness limit d << ξ, the coherence of the entire system diminishes, and the superconductivity is lost. It follows that in sufficiently thin films, even in the ordered phase below the critical temperature T c , the Cooper pair condensate does not behave as a whole, due to local coherence perturbations, and the superconducting order parameter gets suppressed owing to large spatial and temporal fluctuations. Thus, one would expect the critical temperature to gradually decrease with decreasing the thickness of a superconducting material. Additionally, the decrease in T c is promoted by the enhancement of quantum phase fluctuations (12; 13).

Subsequently, the theory of electron localization was developed, which well described the behavior of electric conductivity in disordered metallic systems (14). Since the transition to the superconducting state is a second-order phase transition (the superconducting order parameter is proportional to the density of the superconducting condensate), it is accompanied by a change in the symmetry of the system; such a state is therefore extremely sensitive to the dimension (3D, 2D or 1D) of the system (15; 16), and to disorder.

Berezinskii-Kosterlitz-Thouless phase transition

Aside from the theory of localization in 2D-superconductors, several theoretical works (17; 18; 19; 20) predicted that thermal fluctuations should destroy the long-range order two-dimensional (2D) systems with continuous symmetry (2D superconductors, magnets, crystals, etc.), i.e. in such systems the phase transition is achieved only at zero temperature (no thermal fluctuations). However, several experiments studied the superfluidity of liquid helium-4 thin films at a non-zero temperature and evidenced the existence of long-range order, in contradiction with these theories.

In 1971-1972, V. Berezinskii published several fundamental works (21; 22) which had a significant effect on the development of the field of not only superconducting films, but of the entire class of two-dimensional systems. Berezinskii first showed that, despite the presence of local fluctuations, a liquid helium film at sufficiently low tem-1.1 peratures has the property of superfluidity. This also means that a two-dimensional film can become superconducting at finite temperature or yet, 2D crystals, despite the absence of a long-range translation order, have a finite shear modulus and 2D magnets resist inhomogeneous rotation of spins. Later on, studies of the correlation between the local disorder and the superconducting properties in 2D superconductors led to a number of theoretical and experimental works on disordered structures: mainly amorphous and granular films (12; 23; 24; 25; 26; 27; 28; 29).

Since in the low-temperature (with quasi long-range correlation of the order parameter) and high-temperature (without quasi long-range correlation) phases in 2D systems, the correlation functions decrease according to different laws, there must be a phase transition between them. An essential aspect of this transition is the presence of topological defects in the system: vortices in the film of superfluid helium, dislocations in a 2D crystal, vortex configurations in a 2D magnet. At low temperatures, these defects form coupled pairs (vortex-antivortex, for instance) that do not destroy the quasi long-range order. However, with increasing temperature, the dissociation of coupled pairs occurs and free defects form, which results in the transition of the quasi long-range order into a disordered phase with a fast exponential decay of correlations. The methodology for calculating the temperature of such transition (called the BKT-transition) was developed by Kosterlitz and Thouless shortly after Berezinskii works [START_REF] Kosterlitz | Ordering, metastability and phase transitions in two-dimensional systems[END_REF].

Experimentally, the BKT transition can be seen, in the limit of zero current, in a power-law dependence on the current-voltage characteristics and the absence of ohmic resistance, obeying the Halperin-Nelson scaling law [START_REF] Halperin | Resistive transition in superconducting films[END_REF]. Such observations indicate the existence of a 2D superconducting transition through the coupling of vortex and antivortex pairs, as shown in fig. 1.1 (a) and (b) [START_REF] Hebard | Critical-exponent measurements of a twodimensional superconductor[END_REF].

Also, in this case, the Meissner effect can be clearly defined [START_REF] Qin | Magnetically induced metallic phase in superconducting tantalum films[END_REF]. However, even without the BKT transition, Cooper pairs can condense at the mean-field level due to the BCS mechanism (i.e., at T c 0 > T BKT , where T c 0 is the Cooper pairs condensation temperature, and T BKT is the temperature of BKT phase transition) [START_REF] Bardeen | Progress in low-temperature physics North-Holland[END_REF]. 

Superconductor-insulator transition

The 2D superconductivity can be destabilized by the proximity of the insulating state. In such a case, a transition between superconducting and insulating states occurs, called superconductor-insulator transition (SIT). Such a SIT, recently demonstrated in a number of works, always occurs when the increasing disorder reaches such a limit that the sheet resistance R sheet of the sample approaches the material independent value R Q = /4e 2 = 6.45 kOhm, where the -Plank constant and e -the elementary charge; R Q is commonly named the universal quantum resistance (36; 37; 38; 39)). At the SIT the sheet resistance of the 2D film follows the scaling behavior R sheet (T ) = |x -x c |/T 1/zν , where x and x c are the tuning parameter and its critical value, ν and z are the static and dynamic critical exponents, respectively. In several experiments with 2D superconducting films (as, for example for amorphous Bi, fig. 1.1(c)) it was shown that the value of sheet resistance at the disorder-driven SIT is indeed close to R Q [START_REF] Haviland | Onset of superconductivity in the twodimensional limit[END_REF].

Also the scaling collapse of sheet resistance was observed in the magnetic field-induced SIT in amorphous MoGe films, as shown in fig. 1. 1 (d) and (e) [START_REF] Yazdani | Superconducting-insulating transition in twodimensional a-MoGe thin films[END_REF]. Though, later works [START_REF] Yazdani | Lean and mean superconductivity[END_REF] revealed a quite different transition route [START_REF] Minnhagen | Kosterlitz-Thouless transition for a two-dimensional superconductor: Magnetic-field dependence from a Coulomb-gas analogy[END_REF], via a specific quantum metallic state characterized by the sheet resistance significantly smaller than R Q (30; 31; 43). Despite different theories trying to explain the SIT, till now there is no consensus about the mechanisms in play. Note that the SIT is a strongly dimension-dependent phenomenon:

In the 3D form, the same material would remain a stable superconductor. In the 2D case however, the superconductivity usually disappears when the thickness of the metallic film decreases down to 1-2 nm, and the disorder becomes significant [START_REF] Strongin | Destruction of Superconductivity in Disordered Near-Monolayer Films[END_REF]. This case of SIT, studied in thin films of niobium nitride (NbN) (45; 46), will be considered in present thesis in the Chapter 2.

In addition to the previously discussed phenomena, 2D superconductors also demonstrate such interesting effects as the oscillations (47; 48) of the transition temperature or even its collapse (2) due to quantum size effects, excess conductivity due to fluctuations [START_REF] Maki | The Critical Fluctuation of the Order Parameter in Type-II Superconductors[END_REF], effect of spin-orbit interaction (SOI) on the superconducting state in a parallel (in-plane) magnetic field [START_REF] Meservey | Spin-orbit scattering in superconducting thin films[END_REF], etc.

Bosonic picture

In 1990, Fisher developed a model (called the "boson model") to explain the superconducting properties of thin films close to SIT, based on a quantum phase transition [START_REF] Matthew | Quantum phase transitions in disordered two-dimensional superconductors[END_REF]. This model described the suppression of superconductivity by the phase fluctuations of the order parameter. It showed the duality of the Cooper-vortex system and demonstrated the possibility of a quantum transition between the superconducting and insulating states at zero temperature in an external magnetic field or in the presence of disorder. Fisher based this model on the assumption that the amplitude of the superconducting order parameter is constant.

Here we need to make a small digression and introduce quantum vortices -peculiar collective excitations common to all quantum condensates (superconductors, superfluids, Bose-Einstein condensates of cold atoms etc.).

Since the discovery of superconductivity and untill the 50's, it was believed that all superconductors behave identically in the magnetic field: They sustain superconductivity and the Meissner diamagntism (51) until some specific (usually small) critical field H c , and suddenly transit to the normal state where they remain at H > H c . In 1957 Abrikosov showed the existence of a new quantum phase in superconductors [START_REF] Abrikosov | On the magnetic properties of superconductors of the second group[END_REF], called vortex (or mixed) state. The superconductors owing such a phase are named superconductors of the second type. In these superconductors, superconductivity does not collapse when a critical field H c1 is reached. Above this value, the magnetic field starts to penetrate inside the superconductor thus suppressing the Meissner diamagnetism, but the zero-resistivity state is preserved till a much higher critical field H c2 . At H > H c2 the material transits into the normal (resistive) state. The importance of Abrikosov's discovery is that at H c1 < H < H c2 the magnetic flux penetrates in the superconductor in the form of tiny filaments (called Abrikosov vortices, fig. 1.2(a)). Each vortex is a 1/r phase singularity of the order parameter. As a result of the phase divergence, each vortex has a normal core (where the superconducting order parameter vanishes) shaped as a long, thin cylinder elongated along the direction of an external magnetic field. All vortex cores are identical; away from the core, the superconducting order parameter is recovered at the lateral scale of the coherence length ξ. Owing to the phase gradients, spontaneous supercurrents circulate around the core, thus justifying the name "vortex" (fig. 1.2(b)). In the case of a single vortex, the vortex currents decay away from the vortex core at distances of the order of the London penetration depth of the magnetic field λ. ductor has at least some disorder (any value not exceeding the critical value ∆ c ), then under the influence of a magnetic field it is in the state of "vortex glass". In this phase, Cooper pairs condense, and the vortices are localized. With a further increase in the magnetic field above B c , the system goes into the state of "electronic glass", thus, making a quantum phase transition. In this state Cooper pairs are localized and the vortices are condensed. This state of the system is called "Bose glass".

It is seen that in such system, in different phase states and the presence of initial disorder, appears a duality between vortices and Cooper pairs. This phase transition arises from the phase fluctuations of the order parameter due to the presence of disorder and vortices.

Fermionic picture

In the fermionic scenario, Anderson's work on the independence of the critical temperature from non-magnetic impurities (1) is taken as a basis, since Cooper pairs can form of time-reversed eigenstates. Even if initially, the original Anderson's theorem was applicable only to dirty superconductors, it was further improved and extended (55; 56; 57; 58). Based on these advances, Finkelstein proposed his own model (59; 60).

In the fermionic model, there is no threshold resistance separating superconducting and insulating states of the system. The Finkelstein model successfully described the experimental results on T c (R sheet ) dependence for MoGe superconducting films. However, in later works, the studies of the tunneling conductivity of the tunnel junctions of Bi films near the SIT point (61) revealed deviations from both bosonic and fermionic models. It was shown that both the critical temperature and the superconducting gap ∆ SC decrease down to very small values near the SIT point while keeping constant the ratio

∆ SC /k B T c .
This behavior indicates a mechanism in which the suppression of superconductivity is proportional to the suppression of the order parameter (at variance with the bosonic scenario in which the phase fluctuations of the order parameter, and not its amplitude ∼ ∆ SC , are responsible for the destruction of superconductivity) (fig. 1.3). From the experiments, it was found that the transition in such a system is described by the (2+1)D XY model in a pure system; pseudogap states were detected above the critical temperature using tunneling spectroscopy (64). 

1.2

Soon after, another research group discovered the superconductivity at the interface of the heterostructure LaT iO 3 /SrT iO 3 , based on a Mott insulator [START_REF] Biscaras | Two-dimensional superconducting phase in LaAlO 3 /SrTiO 3 heterostructures induced by high-mobility carrier doping[END_REF]. The presence of multiple quantum criticality in magnetic fields was also shown, in which a superconducting 2D electron system moves toward a weakly localized metal, passing through the double critical behavior described by a clean and dirty (2+1)D XY model at low (high) and high (low) magnetic fields (temperatures), respectively. A detailed analysis of the interface superconductivity is presented in [START_REF] Gariglio | Oxide interface superconductivity[END_REF].

1.2 Superconductivity of atomically thin materials 

1.2

The extrapolation of the dependence measured gap from thickness (fig. 1.7) predicted the complete vanishing of superconductivity approximately at the limit of 1 atomic monolayer. The works by competing research groups from China, Japan, France, Germany, USA that followed had demonstrated an extreme sensitivity of the superconducting properties of atomic layers to their structure [START_REF] Zhang | Detection of a superconducting phase in a two-atom layer of hexagonal Ga films grown on semiconducting GaN[END_REF] and disorder [START_REF] Brun | Remarkable effects of disorder on superconductivity of single atomic layers of lead on silicon[END_REF]. For instance, in the work [START_REF] Zhang | Detection of a superconducting phase in a two-atom layer of hexagonal Ga films grown on semiconducting GaN[END_REF] it was shown that 2 layers of crystalline Ga films (thickness of 0.552 nm) epitaxially grown on a wide-gap semiconductor GaN (0001) exhibit superconducting properties already below 5.4 K. It was suggested that such "high-temperature" superconducting properties can be caused by the fact that GaN has a noncentrosymmetric crystal structure and can demonstrate a strong polarization effect, which can enhance superconductivity at the Ga-GaN interface.

While first experiments demonstrated superconductivity to exist only at rather low temperatures, recent studies reported the superconductivity at 65 K in one unit-cell thick FeSe epitaxially grown on SrTiO 3 substrate (82; 83). Such a high T c looks even more impressive when compared with T c =8 K in the bulk FeSe. Yet more recent data witnessed for an even higher critical temperature, approaching 110 K (84). On the theoretical side, though experimental works rapidly advance and provide more and more information, no progress in the understanding of the unexpected phenomenon of atomically thin superconductivity was reported till now.

The above cited experimental works demonstrated the incredible richness of quan- 1.3 tum properties of atomic monolayers, but they also clearly suggested the possibility of wide range applications of atomically thin superconductors in advanced quantum devices. Unfortunately, till now, most of atomic layers were grown under ultrahigh vacuum conditions; their exposure to the air for ex-situ use resulted in an immediate degradation of their structural and electronic properties. Therefore, on the way for applications, at least two main challenges exist: 1. To be able to choose and grow appropriate systems/devices with required superconducting properties (critical temperature, currents, magnetic fields).

2. Make the system "usable" ex-situ, by efficiently preserving it from the action of ambient atmosphere and by making it compatible with the required nano-technological processing.

In general, the research in 2D superconductivity has become one of the most active areas in the Condensed Matter physics. Studying these materials is paramount for understanding the underlying fundamental physics of the phenomena, but also for material science, instrumentation, development of new technologies. The control and engineering of 2D superconducting properties is very important when building novel superconducting nano-hybrids [START_REF] Seidel | Applied Superconductivity: Handbook on Devices and Applications[END_REF].

Choice of the samples for studies

In-UHV studies of the electronic properties of several low-dimensional superconductors are in scope of the present work.

Ultra-thin NbN films

First, thin films of NbN were chosen, mainly to test the in situ transport measurement set-up developed in this thesis (see Chapter 3). As compared to other ultrathin superconducting systems, NbN films have a relatively high in-air stability and well-known superconducting properties. Films of different thickness were grown in the Karlsruhe Institute of Technology by Dr. K. Ilin in the framework of French-German ANR/DFG project SUPERSTRIPES. Beyond the initial idea of the use of these films for set-up tests, we also aimed to address a long-standing problem of Superconductor-Insulator transition in NbN films [START_REF] Carbillet | Spatial cross-correlations between local electron-electron interaction effects and local superconducting energy gap in moderately-disordered NbN ultrathin films[END_REF]. [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] In situ experimental studies of atomically thin films of Pb and Pb/Au deposited onto 7x7 reconstructed Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface are the very novel part of the present work. The global idea was to study the influence of the crystalline and electronic structure of atomically thin metallic films on their superconducting and, in general, electronic properties. For this purpose, it was suggested to consider three different well-known metals -lead (Pb), tin (Sn) and gold (Au), as well as their surface alloys. The present work is the first step in this study.

1.3.2 Atomic layers Pb(Au)/Si
The main ideas of using 3 different materials comes as the following:

1. The role of the detailed atomic structure and disorder. In bulk materials, both amorphous and crystalline structures manifest superconducting properties; this is justified by the famous Anderson theorem [START_REF] Anderson | Theory of dirty superconductors[END_REF]. A single atomic layer of Pb (78; 86) is superconducting when grown crystalline on Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] are superconducting while the amorphous phase of the same atomic density is not? More general, since the fcc crystallographic structure of bulk Pb, its electronic and phonon spectra are not conserved in these atomically thin layers, the main question about the origin of the discovered superconductivity remains fully open.

2. Role of the spin-orbit interaction in the superconductivity of monolayers. Because of the heavy atomic mass of Pb, it has an intrinsically high spin-orbit (SO) coupling -an interaction of a moving particle with its own magnetic moment, as the interaction of electrons in atomic orbits with their own spin. The SO interaction leads to the appearance of a fine structure of the energy spectrum. In recent works, it was first theoretically shown [START_REF] Rafael | Distinguishing spin-orbit coupling and nematic order in the electronic spectrum of iron-based superconductors[END_REF], and then experimentally confirmed (88) that the SO interaction has a great influence on superconductiv-ity even in the case of Fe atoms, which are much lighter than Pb ones. In the work [START_REF] Borisenko | Direct observation of spin-orbit coupling in iron-based superconductors[END_REF], the influence of the SO interaction on superconductivity was studied in single crystals of superconducting iron arsenides by ARPES. Using a combination of spectra, it was established that the electronic states change depending on the crystallographic direction. All data were compared with theoretical calculations that took into account the influence of the SO interaction on the electronic spectrum. A comparison of these values depending on the direction in the crystal made it possible to reveal the spectral distortions caused by the SO interaction.

The SO interaction was found much stronger in superconductors with the larger superconducting gaps.

For Pb, which has much stronger SO interaction, several works suggested that a triplet component of the superconducting order parameter may exist in Pb monolayers, rendering them very resistant to high magnetic fields [START_REF] Sekihara | Magnetic-field-independent superconductivity of ultrathin Pb films on cleaved GaAs surface[END_REF]. In addition, at surfaces, the SO interaction could be even higher due to the symmetry breaking;

Rashba-kind SO term may be very strong (90). Indeed, the SO coupling is proportional to the square of the nuclear charge value; therefore, it is expected that a surface layer with heavy elements will exhibit a strong Rashba effect by splitting 2D-surface states (91). In [START_REF] Ast | Giant Spin Splitting through Surface Alloying[END_REF], a giant Rashba spin splitting associated with an in-plane potential gradient was observed on a thin Bi-Ag layer grown on the Ag [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface; in the Pb-Ag layer on Ag [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF], the Rashba splitting was also significant, but smaller in magnitude [START_REF] Pacile | Electronic structure of an ordered Pb/Ag(111) surface alloy: Theory and experiment[END_REF]. For both cases, the calculations showed that the amplification of the Rashba SO coupling is caused by a strong distortion of the wave function of the surface state.

By analogy with works on Bi-Ag layers, in the work [START_REF] Chen | Significantly enhanced giant Rashba splitting in a thin film of binary alloy[END_REF] The calculations of the electronic structure in Pb-Au/Pb/Ge [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] were more complicated compared to the Bi-Ag system and showed that such a giant Rashba effect can be obtained only through a special configuration of stability loss caused by extrusion of Au and lower Pb from the upper layer. This demonstrates the great importance of the contributions to the SO interaction to the stability loss caused by deformations and hybridization of Au 5d and Pb 6p electrons. The Pb-Au alloy is also interesting because its possible to grow on other semiconductors (not only on Ge [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF], as Si ( 111)), which is directly related to the present thesis and studies of Pb/Au-Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] systems which are presented in Chapters 2 and 3.

To address these two fundamental questions we decided to study a hybrid monolayer system combining up to three kinds of atoms: Pb, Au and Sn (as mentioned above, this work is only the beginning of a global study, then data will be presented only for a Pb/Au-Si(111) systems). Similar to Pb, Au also has a high SO coupling but it is not superconducting. Sn is superconducting but has a rather weak SO coupling. Moreover, Pb Au and Sn do not mix with Si, so the construction of alloy monolayers at Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface seems possible. Importantly, these metals do not mix in the bulk; their alloys are in fact phase-separated hybrids or eutectics (see fig. 1.8 and fig. 1.9, for instance).

These facts could complicate the creation and study of surface alloys . But at the starting moment of this thesis, no one knew how Pb, Au and Sn would mix at Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface; no experimental data were available. ) were selected to study their extremely odd electronic and magnetic properties. In this layered quasi-2D material, the superconducting transition takes place at a rather high critical temperature T c ∼ 25-28 K. At lower a temperature, T Curie ∼ 15-18 K, when the system is already deep in the superconducting state, a magnetic transition takes place: the material becomes ferromagnetic. Not only the case T c > T Curie is extremely rare but, incredibly, the material remains superconducting at lower temperatures! Thus, the question about the interplay and the spatial coexistence of the two antagonistic orders raises.

To address it, a Magnetic Force Microscopy was applied at low temperatures. The results are presented in Chapter 4.

Chapter 2

Elaboration and characterization of samples

This chapter presents the details of elaboration and structural characterization of various samples studied in this thesis.

Introduction

The ultrathin poly-crystalline NbN films were synthesized in the Karlsruhe Institute of Technology (97) by our collaborator Dr. Konstantin Ilin. NbN thin films were grown by DC reactive magnetron sputtering of Nb target (98) on the chemically cleaned sapphire (0001) substrate. To reach the correct stoehiometry of the resulted films, the Ar-plasma was mixed up with N 2 gas. After preliminary characterization at KIT, the samples were sent to our laboratory.

Single crystals of EuFe 2 (As 1-x P x ) 2 were elaborated by the self-flux method by our Japan collaborators in the Institute for Solid State Physics, the University of Tokyo, Kashiwa, Japan (99). The self-flux method consists in mixing the starting elements at ratios enabling the desired final stoechiometry, and their further heating to high temperatures in vacuum. After their preparation and preliminary characterization the samples were transferred to us for providing ex situ AFM/MFM measurements. More details will be given in Chapter 4 of this thesis.

The elaboration of ultrathin layer of Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF], Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Au/Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] was realized in the framework of the present thesis; the samples were produced in UHV using the growth facilities developed by NanoSpecs team in LPEM, Paris (100). Au and Pb were evaporated onto 7×7-reconstructed Si(111) substrate using the electron beam assisted deposition. The structural studies of the samples were performed in situ by using the low energy electron diffraction system (LEED), and STM.

2.2 Fabrication of atomic layers Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Pb/Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] Sample preparation Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Pb/Au/Si(111) is a complex sequential process that consists of the following steps:

In-air preparation of the Si-substrate

The first step is the in-air preparation of the Si-substrate. It is cut out of a 2" single crystalline 0.35 mm thick n-doped (111)-oriented Silicon wafer produced by "BTelectronics" company (101), grown according to the Czochralski process (102) (phosphorus doped, concentration ∼ 10 17 cm -3 , resistance at room temperature ∼ kOhm).

The wafer is first marked by a diamond scriber and then mechanically cleaved to obtain a rectangular piece of Si(111) ∼ 7 mm × 3 mm. A special care is taken to avoid the dust and pollutants to contaminate the surface.

The substrate is installed into the sample holder developed for a direct current heating in LPEM (see fig. The fast entry load-lock chamber is connected to the preparation chamber via the manipulator M1. Before the load-lock chamber is filled with dry nitrogen gas, it is isolated from the rest of the UHV system by a gate valve. When the nitrogen pressure in the load-lock chamber attends the ambient one, the top flange is opened and the sample 2.2 Once the sample is fixed onto manipulator M1, the top flange is locked, and a turbomolecular pump followed by a spiral primary pump removes the nitrogen from the chamber. In 3-4 hours the pressure in the load-lock chamber attends ∼ 10 -7÷8 mbar.

At this pressure, the gate valve separating the load-lock from the preparation chamber is opened, and the sample is moved into the preparation chamber with the manipulator M1.

In-UHV Si(111) surface preparation

The third step is the Si-substrate preparation. The goal of this step is to achieve atomically flat defect-less 7×7 reconstructed Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface by a series of heating processes in UHV. This is a crucial step that strongly influences the quality of the sample.

When the sample holder is transmitted from the load-lock chamber to the preparation 2.2 chamber (base pressure and is ∼ 10 -10 mbar), it is positioned and secured on the heating stage (see fig. 2.4). The latter is fixed on the manipulator M2 moving along the main axis of the preparation chamber (fig. 2.3). The heating stage is equipped with a metallic flag -a contact for the direct current heating of the sample, a resistive heating cartridge below, and a thermocouple for the temperature control. In addition to the thermocouple, the temperature is measured from outside by a pyrometer through a special viewport facing the sample. The substrate preparation comprises three routines. The first one is the sample holder outgassing: using the resistive heater, the temperature of the sample holder is slowly raised up to 600 • C while keeping the pressure in the preparation chamber below ∼ 5 × 10 -9 mbar. After approximately 24 hours, the pressure falls below ∼ 5 × 10 -10 mbar. The heating is stopped.

The second routine is the removal of the SiO 2 from the surface of Si by fast temperature pulses to ∼1200 • C. For this purpose, the metallic flag is rotated with the manipulator M2 (wobble-stick) and put in contact with the floating Ta-electrode. Using the external current source, the current ∼ 6 A flows from the flag to the Ta-electrode, then through Si-sample to the second Ta-electrode (which is grounded). The "flash" duration is a few seconds; during this time, the silicon oxide starts to sublimate, as witnessed by an increase of pressure in the preparation chamber. Typically, the maximum pressure in the chamber does not exceed ∼ 5 × 10 -9 mbar.

The third routine is the preparation of 7×7 reconstructed Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface. After the last flash, the temperature is first dropped down to 900 

Au and Pb deposition

The fourth step is the evaporation of Au and/or Pb. For this purpose, the tripple electron-beam assisted evaporator EFM 3T by "Focus" GmbH is used (106). Procedure for Au and Pb is very similar. After preparation and characterization Si substrate (see section 2.2.3) it placed opposite and perpendicular to needed evaporator. Evaporation goes at room temperature and pressure in chamber not more than ∼ 5 × 10 -9 mbar.

During evaporation, the resulted film thickness is estimated from the deposition rate measured in-situ by the so-called quartz balance. The unit uses a small oscillating membrane which is piezoelectrically excited. When the evaporated substance deposits on the oscillator surface, it slowly increases its mass, resulting in the reduction of its resonance frequency. The change in frequency gives therefore the measure of the material amount deposited onto the membrane, for a given time. A dedicated program for PC connected to the oscillator automatically converts the frequency change into the deposition amount (or rate). In this way one can precisely control the process of deposition. Prior deposition, the balance is moved inside the evaporation chamber and is placed just in a front of the sample, facing the evaporation flux. In this way the flux is estimated before the deposition; it could be also measured after the deposition, for an additional control. To enable the deposition on the substrate, the balance membrane is retracted.

The 5×2 Au-Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] reconstructions were obtained by deposition of 0.5 mono-layer (ML) of gold at room temperature. After deposition, the sample was annealed during 170 seconds at 580 • C to obtain the reconstructed Au-Si structure. The obtained structures were controlled by LEED and STM measurements (the results are presented below). The 5×2 Au-Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] structure was used as a substrate for obtaining Pb/Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] hybrids.

The evaporation of Pb followed the same procedure. To obtain the SIC phase, 1.8 ML of lead were deposited onto 7×7 Si( 111) at room temperature. The deposition was followed by the post annealing at 370 • C during 30 seconds. The resulting samples were also studied by LEED and STM for their structural and electronic control. In the case of Pb/Au/Si(111) hybrids, the Pb-deposition was done onto the 5×2 Au-Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] reconstructed surface.

Structure of Pb/(Au)/Si(111) samples: LEED and STM

In the first three parts of this section we recall the basic principles of the experimental approaches -Low Energy Electron Diffraction, Scanning Tunneling Microscopy and Spectroscopy and Gundlach oscillations spectroscopy, which were used for structural and electronic characterizations of the samples. The other parts are devoted to the presentation and discussion of the obtained characterization results.

Surface Analysis: Low Energy Electron Diffraction

The low energy electron diffraction (LEED) analysis is a method for studying the atomic organisation at material's surface. The method based on the analysis of the diffraction patterns produced by low-energy electrons (E∼30-200 eV) elastically backscattered from the studied surface. It consists of sending the electron beam onto the surface, and discriminate the back-scattered electrons in energy and angle (107; 108).

The working principle of LEED is based one following assumptions:

1. The de Broglie wavelength of electrons λ dB in the incoming electron beam is comparable with the inter-atomic distances in the studied surface. As a result, the electrons efficiently diffract on the atomic surface structure. For this, the typical electron acceleration energy of E e =30-200 eV is chosen, corresponding to the electron wavelength λ dB = h/ √ 2mE e =∼ 0.09 -0.2 nm. This is indeed comparable with the inter-atomic distance in solids.

2. The elastic depth for low-energy electrons doesn't exceed a few atomic layers. For this reason, most elastic scatterings occurs in the one-two topmost atomic layers of the sample surface. Therefore, mainly these layers contribute to the diffraction patterns.

3. The electron beam does not alter the atomic ordering at surfaces. This assumption is valid for most of inorganic materials.

Basically, the LEED units consist of (see fig. 2.5(a)): an electron gun which generates a beam of low-energy electrons that is directed to the sample surface. Usually, beam comes from a hot electron emitting cathode biased with respect to the crystal kept "grounded"; a goniometer on which the studied crystal is positioned; several retarding grids to discriminate the back-scattered electrons in energy; a fluorescent screen to convert the electron energy in light -to visualize the diffraction patterns of elastically scattered electrons, and to take images with a camera through a viewport. In the present work, the LEED method was used for the preliminary analysis of the prepared sample surfaces.

Surface Analysis: Scanning Tunneling Microscopy and Spectroscopy STM: basic principles

The Scanning Tunneling Microscope (STM) is an experimental set-up enabling the studies of surfaces of conducting materials (metals, semi-conductors...) with the atomic spatial resolution. For its invention and development in 1981, its inventors Gerd Binnig and Heinrich Rohrer were awarded the Nobel Prize in Physics in 1986 (69; 110; 111; 112). The STM is suitable for visualizing the structures at surfaces and studying local electronic properties of conducting materials (113; 114; 115; 116; 117; 118; 119).

The STM experiment consists first in approaching a sharp metallic tip to the surface of the sample under study. When the distance between the tip apex and the surface becomes comparable with the decay in vacuum of the electronic wavefunction of the electrons, the probability for electrons to tunnel from the tip to the sample and verse versa becomes non-negligible. In most of cases, the elastic tunneling is dominant -the energy of electrons is not modified in the tunneling process. In such (rather general) case, the tunneling rate t L→R for an electron to tunnel from the initial state L characterized by the wavefunction ψ L and the eigenvalue E L , and the final state R characterized by ψ R and E R is given by :

t L→R = 2π | M L→R | 2 δ(E R -E L ) (2.1) 
, where the tunneling matrix element M L→R is:

M L→R = ψ * R U ψ † L d 3 r (2.2)
, U being the perturbation term in the Hamiltonian due to the proximity of the electrodes. Here, dagger in ψ † L reflects the fact that in the tunneling process the state L becomes empty. The matrix element depends on U , on respective symmetries of ψ L and ψ R , as well as on their spatial separation z (see fig. 2.6(a)). For each electrode, the electron wavefunctions ψ i decay exponentially into the bar-

rier (vacuum), ψ i ∝ exp(-k i z), with k i = 2m(φ i -E i )/ 2 (φ i and E i being respec-
tively the work function and the electron energy of the i-th electrode). For symmetric

(φ L = φ R = φ)
and low biased (V << φ/e) tunneling junctions, the matrix element may be considered constant:

M L→R = M R→L = M ∝ exp(-z 2mφ/ 2 ) (2.
3)

The electric current from L to R takes into account the occupations of the states L and R. It is given by the Fermi Golden rule (the initial state should be occupied, the final -empty, and the energy is conserved), leading to:

I L→R = 2πe | M | 2 f (E L )[1 -f (E R )]δ(E R -E L ) (2.4) 
, where f

(E i ) = 1/ e E i -E F k B T
+ 1 are the occupation factors of i-th states. The contribution of the reverse processes (R → L) into the current is:

I R→L = 2πe | M | 2 f (E R )[1 -f (E L )]δ(E L -E R ) (2.5)
By symmetry, the total contribution of the states L and R to the total electric current I LR = I L→R -I R→L is zero:

I LR = 2πe | M | 2 [f (E L ) -f (E R )]δ(E R -E L ) = 0 (2.6)
However, if a non-zero bias V is applied externally to the sample with respect to the tip (see fig. 2.6(b)), the electronic states of the sample get shifted in energy by -eV , and the contribution I LR becomes non-zero:

I LR = 2πe | M | 2 [f (E L ) -f (E R -eV )]δ(E R -eV -E L ) = 0 (2.7)
The bias-dependent total current that flows across the junction is the integral over all possible LR processes:

I(V ) = 4πe | M | 2 +∞ -∞ ρ S ( -eV )ρ T ( )[f ( -eV ) -f ( )]d (2.8) 
, where the local density of states of the sample ρ S ( ) is given by:

ρ S ( ) = ρ S ( r, ) = s | ψ s ( r) | 2 δ(E s -) (2.9)
Importantly, since the wavefunctions ψ s ( r) of the sample vary in space, the tunneling current depends on the exact position of the tip over the sample:

I( r, V ) = 4πe | M | 2 +∞ -∞ ρ S ( r, -eV )ρ T ( )[f ( -eV ) -f ( )]d (2.10)
Additionally, if the density of states of the tip does not depend on energy, the expression is simplified. By replacing → +eV , taking advantage of infinite limits in the integral, and getting ρ T outside the integral, we get:

I( r, V ) = 4πeρ T | M | 2 +∞ -∞ ρ S ( r, )[f ( ) -f ( + eV )]d (2.11) 2.3
, and the tunneling conductance dI( r, V )/dV becomes:

dI( r, V )/dV = 4πeρ T | M | 2 +∞ -∞ ρ S ( r, ) ∂f ( -eV ) ∂V d (2.12)
that is, the locally measured tunneling conductance is proportional to the local density of electronic states of the sample, folded with the derivative of the Fermi-Dirac step

∂f ( -eV ) ∂V
. This derivative is a bell-shaped function of a width 3.5k B T . At low enough temperatures, T → 0, the width goes to zero, and thus ∂f ( -eV

) ∂V → δ( -eV ).
The expression for the tunneling conductance reduces to:

dI( r, V )/dV = 4πeρ T | M | 2 ρ S ( r, eV ) (2.13)
that is, the tunneling conductance is proportional to the local density of states of the sample, at the energy eV counted from the Fermi level

E F (noted µ in fig.2.6).
From the above expressions for the tunneling current and the tunneling conductance two interesting opportunities are immediately seen. They are usually called "topographic" and "spectroscopic" modes of STM. Both modes were used in this work.

STM: topographic modes

The first opportunity comes from the fact that the intensity of the tunneling current is exponentially sensitive to the tip-sample separation z, I( r, V

) ∝| M | 2 ∝ exp(-2z 2mφ/ 2 ).
Typically, the prefactor 2k = 2 2mφ/ 2 ∼10 nm -1 . Thus, for each variation of z by 0.1 nm, the tunneling current varies by a factor ∼3. It means that any depletion (or protrusion) at the surface is immediately revealed in the intensity of the tunneling current.

By scanning the tip along the surface (X -Y direction) at a fixed V , it is therefore possible to register the spatial variations of I(X, Y ) and thus obtain the information about the surface relief (see fig. 2.7(a)). In this "constant height" mode, the tip height is not adjusted.

The problem with the constant height mode is that the variations of the explored 
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relief are unknown and can be higher than the initially set tip-sample separation. During the scan over a protrusion, the tip can crash into the sample surface and damage both electrodes. It is therefore more safe to adjust the intensity of the current in each position X -Y to some reference value I 0 , by retracting/approaching the tip (and thus increasing/reducing z) by some amount δz, and to record the X -Y maps of δz at a fixed I(X, Y ) = I 0 (see fig. 2.7(b)). These maps perfectly reflect the profile of the surface, provided that its electronic properties do not depend on position. With respect to the constant height mode, this "constant current" mode requires a special electronics equipped with a feedback loop that controls the tip position in the real time.

STM: tunneling spectroscopy

The second opportunity arises directly from the expression for the tunneling con- Such functionalized tips have a superconducting apex characterized by a gap in the excitation spectrum. The latter enables a higher resolution in Scanning Tunneling Spectroscopy as compared with normal metallic tips.

2. Piezoelectric scanner. It is used for precise positioning of the tip above the studied area of the sample surface. In such scanners, piezoelectric ceramics are used as electromechanical transducers, since they can convert an electrical signal from 1 mV to 1 kV into mechanical motion in the range from pico-meters to several microns [START_REF] Lapshin | Fast-acting piezoactuator and digital feedback loop for scanning tunneling microscopes[END_REF]. In our STM the scanner is a tubular PZT transducer 30mm long and 6.5mm in diameter (see fig. 2.12). At 1.3 K its X-Y span is 2×2 microns (6×6 microns at room temperature).

3. Feedback loop for the tip height control and scanning electronics. In our STM we use Nanonis SPM controller system.The electronics is interfaced with a PC 
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enabling the STM control and data acquisition in the real time.

4. The coarse approach system, necessary to safely bring the tip close to the sample, at a distance of a few hundreds of nanometers. The piezo-mechanical drive this system is integrated into the STM head (it moves the piezo-scanner tube along with the STM tip upwards (toward the sample) or downwards (retracting the tip away from the sample). The rough visual control is enabled by a camera equipped with a high resolution zoom lens. The coarse approach drive is powered by Nanonis SPM controller. [START_REF] Reza Moheimani | Invited Review Article: Accurate and fast nanopositioning with piezoelectric tube scanners: Emerging trends and future challenges[END_REF]. The PZT ceramics of the tube is radially polarized. One metallic electrode is evaporated onto the inside wall and with four electrodes on the outside wall of the tube. External electrodes are located in sectors by 90 degrees along the axis of the tube. One of the ends of the tube is fixed on the coarse approach drive; the STM tip holder is glued on the other one. When a voltages of the same magnitude but opposite signs are applied to a pair of opposite external electrodes (with respect to the inner one), a contraction of one and elongation of the other side of the tube occurs. This leads to bending of the tube, which, in turn, causes the free end to shift laterally with respect to the base (X-Y motion). The movement in the perpendicular direction (Z-motion) is caused by the application of voltage to the internal electrode. For small values of the applied voltage, the replacement of the loose end of the tube is expressed by the relation

∆ X(Y ) = 2 √ 2dL 2 πDh V X(Y )
where ∆ X(Y ) is the deviation along the X(Y ) axis in the scanning plane, d is the piezoelectric module, L is the tube length, D is its outer diameter, h is the wall thickness and V X(Y ) the voltage applied to pairs of opposite X(Y ) electrodes [START_REF] Reza Moheimani | Invited Review Article: Accurate and fast nanopositioning with piezoelectric tube scanners: Emerging trends and future challenges[END_REF]. Both images reproduced from (125).
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Control of Si(111) 7×7 surface reconstruction

The preparation steps are described in subsections 2.2.3 and 2.2.4. After each step, successive LEED and STM experiments were provided. In this section, we present the results of these measurements.

First stage was to obtain Si of 7×7 reconstruction. When we heat silicon [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] under ultrahigh vacuum to high temperatures, the atoms on the surface form a new, more energetically favorable configuration, which is called 7×7 reconstruction. Atoms in the upper three layers occupy new places and form a much larger unit cell as compared with 1×1 silicon [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. A three-dimensional model of such a new surface is shown in fig. 2.13. Different colors mean different types of atoms involved in the formation of a 7×7 reconstructed surface. The "Dimer-Adatom-Stacking fault" (DAS) model proposed by [START_REF] Takayanagi | Structure analysis of Si(111)-7 × 7 reconstructed surface by transmission electron diffraction[END_REF] shows that the distinctive features in images obtained with STM correspond to adatoms (shown in yellow in fig. 2.13). The model also shows the holes in the corners, that is, the areas in the corners of unit cells of size 7×7, where there are no atoms of three upper layers. These holes are also visible on STM images in the form of dark places that are surrounded by hexagons of adatoms (fig. 2.14(b)) and on a larger scale, by six triangles, where each triangle consists of six adatoms.

In the LEED experiments, the 7×7 reconstruction is revealed as a series of spots appearing 7 times more frequently on the fluorescent screen than the main spots from the bulk of the crystal (fig. 2.14(a)). A clear hexagon with 6 vertex spots corresponding to 1×1 Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface is observed. It is filled with 7×7 spots. Thus, in the real space, a periodic structure increased by 7×7 times (containing 102 silicon atoms) is formed on the surface of silicon [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. The geometric parameters of such a surface over-lattice are almost independent of the method of its preparation and are a fundamental property of single-crystal silicon. 2.3

Striped incommensurate monolayers of Pb/Si(111)

After the substrate preparation, the second step was to evaporate Pb on Si and obtain the so-called stripped incommensurate phase (SIC).

It is known that lead does not react with silicon and they are mutually insoluble (128; 129). Therefore, Pb/Si structure can form a well-defined interface just below the surface, that is perfect for studying 2D behavior of metallic Pb-system. Importantly, both lead and silicon are elements of the fourth group of the periodic table, but their bulk lattice unit cells are incommensurate.

As follows from the experiments (130; 131), the Pb/Si structural phase diagram is rather complicated. The formation of a particular phase strongly depends on the number of deposited monolayers (ML), deposition temperature, and the post annealing routine. 

5×2 reconstructed Au/Si(111) phase

The 5×2 reconstructed Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] phase was used as a template for elaboration of Pb/Au(Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. It was chosen since this phase is known in the literature, and its elaboration is quite straightforward (see subsection "2.2.4. Au and Pb deposition").

The obtained Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] structure was controlled by LEED and STM. The LEED pattern in fig. 2.17 The STM image in fig. 2.17 The structure of Pb/Au/Si(111) hybrids was not reported in the literature till now.

In this work, the Pb/Au/Si(111) hybrids were realized in two steps. First, the 5×2 Au/Si(111) was obtained. Then, 1.8 ML Pb was deposited, followed by the annealing procedure similar to the SIC preparation.

The LEED diffraction pattern of the resulted hybrid (fig. (not presented here) confirmed this hypothesis (see the PhD thesis of Dr. J. Baptista) we conclude that the steps are decorated with Au-atoms.
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Second, the surface of the hybrid presents terraces with up to 6 different atomic levels. The lateral size of terraces of a given level is rather small: several terraces of different levels appear on the same STM image at a short spatial scale o a few tens on nanometers. Such a high "roughness" is completely unexpected, since the initial 7×7

Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]substrate and the 5×2 Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] To discriminate between the two hypothesis, we performed two series of spectroscopic measurements. First, the Scanning Tunneling Spectroscopy was realized on terraces of different heights. Surprisingly, in a wide bias window from -2V to +2V we did not observe any difference in the tunneling conductance signal dI(X, Y )/dV acquired on different terraces. Second, we realized the spectroscopy of Gundlach oscillations on different terraces. As explained before, these Z(V) oscillations are very sensitive to the chemical and structural composition at surfaces. The distance between the layers in the crystal lattice progressively changes with the doping level that enables controlling the properties of the material (139).

It should be noted that the properties of EuFe 2 As 2 differ depending on whether it is a single or a poly-crystal. One of the main differences is that for a single crystal, the doping range at which the material acquires superconducting properties is narrower, as compared to poly-crystals (137; 139).

Chapter 3

In-UHV electron transport of ultra-thin films

Introduction

Among others, the four-probe measurement of the electronic transport of conductors is one of the most widely used methods. Usually, the samples are prepared in an elongated form, to insure a homogeneous current density; specific materials are used for contacts to achieve their low impedance ohmic behaviour, to realize dissipation-less reversible current injection. In the case of thin films, the required patterning is usually realized by lithography out of a continuous material deposited onto a substrate. Such "standard" approaches are very difficult to realize for atomically thin materials, for several reasons. First, the samples are extremely fragile, and get immediately degraded when exposed to air. A capping procedure, while envisaged in principle, is very difficult, as any capping material may modify intrinsic structural and electronic properties of the layers. For the moment, no reliable in-UHV capping procedure is established.

Second, there is no possibility to easily control contact area, from both electronic and mechanical points of view.

As an alternative to ex-situ shaping and contact elaboration by lithography, the trans- The method developed in this thesis is slightly different; it takes advantage of the existing UHV STM unit. A miniature four-terminal probe is fit on the standard tip holder of the STM (described in the section 2.3.2). Once introduced in UHV and degassed, it is placed on the scanner unit of the microscope. The coarse approach of the STM is used to smoothly approach the probe towards the surface and achieve, one by one, up to 4 contacts to the sample; the lateral coarse displacement module of the STM enables repeating the measurements at different locations of the same sample.

One can anticipate several weak points of the approach, such as an inhomogeneous current distribution, for example, or a quasi-impossibility of establishing the resistivity quantitatively. But the ability to combine in situ rapid transport measurements, STM imaging and STS on exactly the same samples remain an extremely advantageous feature of the method, crucial for discovery of superconductivity or other phase transitions in novel ultra-thin materials.

Probe design and fabrication

Analysis of available developments

The standard STM tip is designed to enable topographic and spectroscopic maps; it cannot provide transport measurements of the sample. As described in section 2.3.2, in the STM experiment there is always a small gap between the tip and the surface through which tunneling current flows, but for transport measurements several direct electrical and, therefore, mechanical contacts with the surface are required.

Already 1958, van der Pauw suggested a four point probe method for measuring the 2D (or planar) resistivity and Hall coefficient of any conductive sample (146; 147).

Providing such measurements, we can also determine, in addition to the value of 2D resistivity, the following interesting material properties: type of doping (i.e. whether this material is a p-type or n-type semiconductor); the sheet carrier density of the majority carrier and the Hall mobility of the main charge carriers µ H , by applying an external magnetic field.

The van der Pauw method possibly is the perfect solution to measure the transport properties of 2D films, since the main measurement condition is the thickness of the sample that should be much less than the width and the length of the sample. In our case, this condition inherently met. The maximum thickness of the measured films for the samples of the group Pb/Au/Si were about 50 Å, the thickest of NbN samples was below 16 nm, while the length and width of samples in both cases were 3-7 mm, i.e., the ratio was at least 2×10 5 .

In addition to appropriate thickness/lateral dimensions ratio, there are five more conditions to provide precise measurements using van der Pauw method:

1. The sample should be flat and uniform -in our systems this condition is comply with high accuracy.

2. The sample should not have any insulated holes -this condition is also comply, because the typical shape of our samples is a rectangle or similar to, without any 3. The sample should be homogeneous and isotropic -this condition is comply due to our fabrication processes.

4. The area of any individual ohmic contact should be at least an order of magnitude smaller than the area of the all sample -this condition is easy to comply, because the area of sample is always about several mm 2 while the area of good point contact could be well below a µm 2 .

5. All four ohmic contacts should be located close to the sample's edges -here we encounter with insurmountable difficulties and cannot comply this condition. Unfortunately, initially, the design of the STM was not intended for transport measurements, and we cannot locate four contacts simultaneously at sample's edges.

The impossibility to fulfill the last condition was decisive for the renouncement of measurements by the van der Pauw method. After this conclusion, other works with other methods of transport measurements were considered and three different methods were identified, taking into account advantages and disadvantages of the STM equipment.

The first method is the nanostenciling using. Nanostenciling is the process of fabricating structures on a substrate using in-vacuum deposition through a shadow mask (148; 149). Some groups (for example (150)) have used nanostenciling to create devices and measure transport characteristics of atomically thin nanowires grown on silicon. This process is very suitable for using it in ultra-high vacuum, since after this in-situ process, the sample surface remains clean, which is not the case of conventional ex-situ photo or electron beam lithography [START_REF] Liu Can-Hua | In situ electrical transport measurement of superconductive ultrathin films[END_REF].

In fig. The second way would be to use commercially available "monolithic micro fourpoint probes", such as that developed at Mickroelektronik Centre of Technical University of Denmark (151; 152).

Each probe is etched from a silicon substrate and presents several flexible extending Unfortunately, none of the above presented methods was applicable in our case. The nanostenciling and shadow evaporation is not used due to the absence of possibility to build masks on the top of the sample, as well as lack of ability to produce nanowires inside the system. The second option is not compatible with the design of the STM; therefore it requires a significant modification of the STM head design. The third option is good but, unfortunately, the design of our STM produced by SPECS T M company is slightly different from the design of STM produced by a Unisoku T M company. Therefore, a different solution has been developed that took into account the features of the existing STM design.

Producing the base for the probe

Based on works mentioned above, the concept of a four-contact probe (tip) compatible with SPECS T M Tyto T M STM design is proposed. It enables the controlled mechanical contact with the surface of the sample.

For its implementation, first of all, a standard STM tip holder was taken (with nothing fixed on it). The tip holder is a flat circle made of alumina and equipped with a square-shaped handle attached to it through a shoulder (seen on the right part of the image fig. 3.4(a)). In the center of the circle there are 3 available contacts, dividing the circle into two different groups of sectors -conducting and isolating -three sectors each. Each contact sector on both sides is bordered by the insulating ones. On the periphery of the disc, the 3 contacts are alternated by 3 electrically metallic sectors. (N.B.

In the modified STM design, these sectors were grounded; the ground was used as the fourth contact. In the standard SPECS T M Tyto T M STM design however, only 3 contacts are connected to the external feedthrough: one for the tunneling current, second for the AFM dither excitation and third to measure the dither excitation amplitude). For the base of the future probe a material called "Macor T M " -a glass-ceramic, 3.2 consisting of fluorophlogopite mica in a matrix of borosilicate glass (155) -was used.

Its composition is: 46% silica (SiO 2 ), 17% magnesium oxide (MgO), 16% aluminum oxide (Al 2 O 3 ), 10% potassium oxide (K 2 O), 7% boron trioxide (B 2 O 3 ), 4% fluorine (F).

Macor T M was chosen for a number of advantages, namely:

1. It is a good heat insulator, that is important when providing experiments at helium temperatures, since high thermal conductivity and, accordingly, a large heat flux can introduce significant distortions into obtained results.

2. Macor T M is resistant to temperatures up to 1000 • C, that is needed to produce such tips, since using glue hardens only after prolonged exposure to high temperature

(5-10 minutes at a temperature of 350 • C).

3. Macor T M is the material with a very small thermal expansion, that allows corrections reducing in geometric calculations of the system at helium temperatures.

4. Macor T M almost does not emit gas, that is extremely useful for saving ultrahigh vacuum conditions.

5. Macor T M is easily machined with standard metal cutting tools.

6. All physical properties and various numerical coefficients of Macor T M are studied, analyzed and free available on the manufacturer's website.

A bar of the right size was cut off from a massive piece of Macor T M (Fig. 3.4(b)).

Next, the work piece took the shape of a parallelepiped with one face that was chamfered.

Design and manufacturing of contacts

The probes are made of a commercially available gold wires of 10 µm in diameter.

Gold is not a superconductor, but one of the best conventional electric conductors; it is also an excellent thermal conductor. Consequently, gold wires, being in contact with the surface, firstly, will be at the same temperature as the sample, and secondly, a low resistance will make a small contribution to the noise during measurements. In addition, thin gold wires are very soft; this is important for preserving the contact area from damage.

Each gold contact was cut off from the wire by a scalpel and fixed on the base using a two-component non-conductive epoxy glue; the space between each wire was kept about 30 µm (after gluing wires to base the distances between them were set using precise ruler and microscope by mechanical way). The working end of the wire was ∼ 0.1 mm longer than the base; all four ends were then mechanically rounded to obtain a shape close to the shape of a semicircle (with radius approximately 50-100 µm), in a way to follow the shape of the base edge. The rounded shape of contacts is needed in order to ensure that all probes get into a contact with the surface, but also to be able to do it repeatedly. Indeed, taking advantage of elasticity of the rounded end, after the tip is withdrawn from the surface of the sample, the probes take their original shape, due to the elastic forces in the semicircle. Moreover, if the surface of the sample is not quite even or at an angle, then such shape will ensure contact of all probes without irreversible destruction or distortion of any of them. This is possible because even if some probes are already in contact with the surface and other are not, as the probe is further advanced towards the sample, the ends of probes that are connected will bend at a larger angle without being deformed (fig. 3.5).

The design of the standard tip holder has three contacts, therefore, due to the fact that 4 gold wires were glued to the base from Macor T M , two of them (number 3 and 4 in all figures) were connected to form one contact 3.5(a). Thus, on the tip itself, it was supposed to have three contacts -two potential, and one current, ending with two contacts. As the fourth contact, the tunneling bias contact (the sample plate) was used.

Thus, measurements were actually provided through 3 contacts on the tip, and the fourth (drain) current contact was situated on the side of the sample. 

Probe integration and tests in air conditions

After having all four contacts fixed on the base, the base with its bottom is placed to the center of a standard tip holder and is glued to it with a non-conductive glue.

Then, conductive tracks were drawn to the corresponding contacts on the tip holder from the golden wires using a conductive two-component epoxy glue. After heating and hardening of the conductive glue, the new probe for transport measurements is ready; it is fully compatible with the existing STM design (fig. 3.9). Before placing the produced tip into the STM chamber, it was tested under atmospheric conditions on a thick gold film which simulated the sample. The probe receptacle and the coarse approach drives were simulated by a home-made device with a precision screw mechanism with a pitch of several microns (fig. 3.7). This setup has also three linear shifts that allow the tip to move along all three axes, which imitate piezo-elements motion inside the real STM.

The probe holder was placed upright and fixed onto a special holder (the STM tip receptacle imitator) which has three contacts providing connection of the current source and voltmeter (fig. 3.8(a)). Fourth contact, as in a real STM connects directly to the 3.2 The approaching is visually controlled using an optical microscope -the appearing reflected image of the probe enables a good evaluation of the probe-sample distance. Additionally, one measures the electric resistance between every contact and the sample by using a current-limiting multimeter.

Preparing the probe for in situ UHV transport measurements

After successful tests in air conditions, the probe was placed in the STM load lock chamber and, after achieving the ultrahigh vacuum, transferred to the preparation chamber (all manipulations with the tips are the same as for samples; details about replacing the samples/tips inside the chambers are described in chapter II).

Since the probe was manufactured under atmospheric conditions, a contamination layer can remain at the surface of gold contacts; it has to be removed in UHV. To clean the tip, the Ar-ion sputtering available in the preparation chamber was used. To do this, first, the probe was put in the right position in front of the ion gun, and argon was introduced into the preparation chamber to a pressure of 5x10 -5 mbar; then a high voltage was applied to the gun to sputter the tip by argon ions.

3.2

After the cleaning procedure, the probe is moved to the main STM chamber, introduced into the STM head, and the process of its approach to the surface of the sample is started. First, the probe is placed as close to the surface as possible to resolve by the eye through an enlarged image from a high-definition camera equipped with a macro lens;

this enables to approach the probe safely to a distance ∼ 10 µm from the surface. Further approach is performed automatically using the standard approach routine integrated into the STM software. In this approach, one of four wires (usually, the longest one) is used as a STM tip. The routine moves step-by-step a piezo-electric coarse approach motor of the STM;after each step, the scanner tube is slowly elongated, and the tunnelling current is searched. When the current is found, it means that the longest contact has reached the sample surface.

To obtain electric contacts between the sample and other wires, the approach is continued in the manual mode, i.e. advancing the piezo-electric coarse approach motor of the STM step-by-step, with the minimum available step. In order to check the moment of approaching each contact with surface, a ohm-meter was connected between each wire contact and the sample (tunneling bias). A resistance ∼750 kOhm was added in series in the circuit to limit the probe current and thus avoid the sample damage in the contact area. When the wire reaches the surface, the resistance value is the sum of ∼750 kOhm resistance and contact resistance between tip and sample (usually, a few kOhms).

When all contacts have reached the surface, a cross-check of all contact-surface pairs is provided. The image of the probe with already approached contacts is presented in fig. 3.9(a) and a scheme of the same situation is shown on fig. 3.9(b)).

After completing all measurements, the sample surface was studied ex-situ using a scanning electron microscope (SEM) to identify eventual damages of the sample from the contacts. A very tiny traces were detected only at a maximum magnification of ×150,000 (2 nm resolution), which indicates a very "soft landing" and preservation of the contact area within a few atomic layers. For all types of measurements, routines were written in the LabView programming environment which control the devices and receive the data in automatic mode. Precisely, the program enables measuring the current-voltage characteristics at a defined range of currents and evaluated the resistance from the linear fit of the current-voltage characteristics. In parallel, the routine controls the sample temperature in the real time by regulating the power through the heater.

As an example of the data acquired during the experiments, figs. have also asymmetric terms (even with respect to the current polarity), which are related to temperature gradients in the system via thermoelectric effects, and which should be discussed prior presenting the detailed results.

Temperature gradients in the measurement unit

In the STM head by SPECS T M , the position of the thermometer and the heater are not optimized: they are located close each to other fixed on the same plate behind the spring clamp of the sample holder. As a result, when the heater is powered, the temperature measured by the sensor is systematically higher than the sample temperature.

Moreover, in the regulation process, there is a significant delay (up to several tens of seconds) between the moment when the heater-controlled desired temperature is reached by the sensor and the moment of having got a steady temperature state of the sample.

In addition, the two pairs of Ta-supports holding the sample at its ends, used as contacts for Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface preparation, have different thermal impedances to the heater (see fig. 3.10). The one pair of Ta-contact (showed on the right side on the picture) is well electrically (and thermally) connected to the Mo-sample holder plate, while the other, electrically floating, is thermally linked to it only through a ceramic washer. As a result, when the heater is powered, the heat propagates towards the sample mainly through the electrically connected support. This provokes a lateral temperature gradient on the sample. Thus, at any temperature above the base temperature 1.25 K (when the heater is OFF), there is a dynamic heat gradient in our system, since the left edge of the sample reaches the desired temperature with a delay as compared to the right end. The "good news" is that, since both ends are connected to the same Mo-sample holder plate, the temperature gradient vanishes after some time. Though, at high temperatures, when radiation-caused heat losses become significant, even a static thermal gradient along the sample is possible. All these factors complicate the processing of the transport measurements. To know the sample temperature with a reasonable accuracy, the relation between the temperature of the sensor and that of the sample was found from the measurement of the critical transition of thick Pb-(T c =7.3 K) and NbN-films (T c =14.9 K). For temperatures below 15 K a linear approximation formula was proposed:

T real = Tsensor+b k
, where b = 0.414K and k = 1.344. Approximating the relation T real (T sensor ), with a more elaborate expression requires then detailed knowledge of the temperature distribution and is complicated due to the impossibility of measuring the exact temperature in different locations of the STM unit.

3.3

Thermoelectric effects in superconductors

The thermoelectric effects in conventional cases are well-known phenomena of conversion of temperature differences to an electric voltage. In normal metals at zero external magnetic field there are three possibilities of their manifestations: Seebeck effect (156), Peltier effect (157) and Thomson effect [START_REF] Thomson | On a mechanical theory of thermo-electric currents[END_REF]. In principle, all these effects have the same origin, since the cause of all thermoelectric phenomena is the violation of thermal equilibrium in the carrier flux (that is, the difference between the average electron energy in the flux and the Fermi energy).

More interesting case occur when superconductors are considered. Although first attempts to discover and measure thermoelectric effects in superconductors were done 90 years ago (see [START_REF] Shoenberg | Superconductivity[END_REF] and the references therein), this phenomenon remained unexplored for a long time, because even at the first stage it was concluded that the thermoelectric effects in the superconducting state completely disappeared, and such a conclusion approach a superconductor as a conductor with zero resistance, then in the presence of an electromotive force the current in circuit should increase and therefore, after some time, it would become significant. First experiments showed, however, that such current increasing was not observed with high accuracy [START_REF] Steiner | [END_REF]. This circumstance was also interpreted as evidence of the absence of thermoelectric power in superconductors. Nevertheless, thermoelectric effects in superconductors do not disappear, and can be observed. This was predicted more than 70 years ago on the basis of the two-fluid model of superconductors, according to which the total current density in the superconductor is the sum of two different components, j = j s + j n -superconducting j s and normal j n current densities, respectively. In the presence of a temperature gradient ∇T , the normal current is nonzero, but is compensated by the superconducting current. However, the full compensation (so that the total current j = 0) takes place only in the simplest situation, for example, in a homogeneous and isotropic superconductor with the infinite superconducting critical current density j c , which in real systems is extremely rare.

Using the two-fluid model, London theory, and Maxwell's equations applied to homogeneous superconductors subject to a temperature gradient, one arrives to a simple relation for both normal and superconducting parts of current density [START_REF] Ginzburg | Thermoelectric effects in superconductors[END_REF], in SGS units:

∂Λj s ∂t = E - ∇µ e (3.1)
j n = b n ∇T (3.2) 3.3
where Λ = m/e 2 n s , n s -concentration of superconducting electrons, µ -chemical potential, e -electron charge, b n -thermoelectric coefficient.

In the normal metallic state in an open conductor, no current flows, and the electric field arises as:

E = ∇ µ e - b n σ ∇T (3.3)
where σ is electric conductivity.

The situation is illustrated in fig. 3.12(a) (±q are extra charges at the ends of the sample).

In the superconducting state of the same material, the current j n can be fully compensated by the current j s (fig. 3.12(b)). This holds if the required current density j s does not exceed the critical density, that is j s = -j n < j c . Such a case is presented in fig. 3.12(b), where a complete compensation of currents occurs, with the accumulated charge q = 0. Note that the countercurrent of normal and superconducting components

arising in an open circuit are quite similar to the situation with liquid helium II when the flows of the normal and superfluid liquids occur at presence of thermal gradients [START_REF] Tilley | Superfluidity and Superconductivity[END_REF].

In the superconducting state the thermoelectric coefficient b n (T ) rapidly decreases with decreasing temperature, since the number of "normal" electrons decreases. Under the assumption that the scattering of "normal" electrons is determined by impurities rather than phonons (that is true at low enough temperatures, in the region of the residual resistance), and the mean free path is much longer than the coherence length, we can use for b n (T ) the expression: The understanding of the thermopower vanishing in the superconducting state becomes straightforward. By lowering temperature and going deeper into the superconducting phase, the j n becomes small while the critical supercurrent density j c raises, and even a weak supercurrent j s << j c easily compensates j n , resulting in E = 0. However, approaching the superconducting transition temperature from the superconducting phase, a reverse process occurs: j n raises while j c vanishes; starting from some temperature T > T c the superfluid component j s cannot fully compensate j n anymore. As a result, a finite electric field is generated, E = 0. Thus, close to critical temperature, there exists a temperature window where the thermopower is non-zero, while the system is still in the superconducting state.

Due to the complexity of superconducting materials, in the analysis of thermal effects usually the experimentally determined values of b(T c ) are used, not the calculated 

Pb/Si(111) transport measurements

A sample made of 20 ML (47,5 Å) of Pb evaporated on Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] was chosen for the very first tests of our system. The experiment was performed as follows: at each desired temperature, we set firstly the excitation current of a certain polarity, measure 20 times the voltage drop between contacts 1 and 2, and take the average value V + . Then, we switch the polarity of the excitation current and repeat the voltage drop measurement.

After the acquisition of the averaged values V + and V -, the temperature controller heats up the sample (or it reduces the heating power to go down in temperature) to reach the new desired temperature, and the measurement is repeated. On all graphs of this paragraph red curves present V + (T ) data while black ones -V -(T ). Curves in blue are the calculated half-difference between the two data-sets: 0.5

× (V + (T ) -V -(T )).
In this way, the current even part in V i originating from the thermopower is cancelled.

The experiments were performed during both, heating and cooling of the system, as specified in the figure captions.

The plots in fig. 3 of the system. The differences between the two figures are in the intensity of the excitation current, 0.25 µA and 0.5 µA, respectively. In all cases, the speeds of the temperature ramps were kept the same.

As was described in the previous subsection, our system presents thermal gradients and significant time delays of the temperature stabilization. The sensor systematically overestimates the sample temperature upon heating and underestimates it upon cooling.

As a result, the critical temperature estimated from the heating ramp in fig. 3.14 is by ∼ 0.1 K higher than T c estimated from the data-set acquired upon cooling. The same effect and of the same amplitude ∼ 0.1 K is observed in fig. 3.15 where the data were acquired at a 2 times higher excitation current (that results in an increase of the dissipation by a factor 4). The fact that the difference in the estimated T c between heating and cooling cycles is not sensitive to the excitation current points towards T -ramp speed issues, and should be considered when providing experiments. We found that by reducing the speed of heating/cooling ramps, or by introducing a software controllable time delay between the temperature stabilization at the sensor and the data acquisition, a much better accuracy in temperature can be achieved. As a drawback, the measurements become time consuming.

As we can see on plots, V + (T ) and V -(T ) signals look wavy, as they integrate several thermoelectric effects in the circuit. However, the half-difference signal (blue curves) is quite straightforward to interpret: it represents the electric resistance of the sample.

Indeed, it is zero in the superconducting state of Pb. In the normal state, we get R = to all thermopower sources present between the two inputs of the voltmeter. Likely, most of metal i -metal j junctions present in the circuit are not affected by temperature variations triggered by the heater; only those located near or in the STM head are concerned.

(V + (T ) -V -(T ))/2I ≈2
Although such junctions are numerous (about 6-8 per channel, involving gold, silver, copper, beryllium brass, silver/copper alloy, stainless steel), none of them is expected to become superconducting or undergo a phase transition in the explored temperature window. Thus, the thermopower due to these junctions can be responsible only for a smooth overall trend in 0.5 × (V + (T ) + V -(T )) curve, owing to the expected weak temperature variations of Seebeck constants of different junctions in the circuit. However, one observe a very peculiar feature on the plot in the temperature range 6-7.5 K. In this temperature range, a relatively fast raise of the thermopower signal by ∼ 1 µV is observed. The slope of this raise is maximum at temperatures 7.0-7.2 K, that is just before the transition to the normal state. Remarkably, the resistance of the sample remains zero, witnessing for its superconducting state. This is exactly what is expected for the thermopower of a superconductor, as discussed in the previous subsection.

The observed thermal gradients look annoying but, in principle, they could be em-ployed for exploring the quasiparticle excitations close to the critical temperature, or

Cooper pair fluctuations above it. For now, the main obstacle to this application is that we lack the knowledge of the temperature gradient between the contacts 1 and 2; it is also unclear how one could measure it or estimate it theoretically.

Experiments with alternating current were not provided for current data and subsequent measurements for two reasons: in all experiments the noise level was quite low;

in further results will be shown nonlinear I-V characteristics, and if we apply alternating current, it wouldn't be possible to separate shape of obtained curves from shape of alternating applied current. In figures presented in this section, the values R(T ) are calculated from the data as During first hour (3600 seconds) dependence is linear (red line), than it starts to be exponentional (black curve).

R(T ) = (V + -V -)/(I + -I -) = (V + -V -)/2I + ,

3.4

practice, after less than two hours of such a "single shot" operation, the minimum temperature of about 1.16 K is reached. Such a temperature cannot be held for more than 4 hours, since without He-gas supply, the 1 K stage gets empty and the STM temperature rapidly raises to 4 K. That is why, just after attending the minimum temperature, the heater is put ON again, and LabView T M interface controls the power on it to ensure a slow linear temperature ramp, T [K] = 3.33×10 In both linear and exponential regimes, the temperature was measured every 500 ms.

The exponential term enables progressively increasing the ramp speed; this was done to accomplish the measurements in a reasonable lap of time, thus avoiding the Joule-Thomson unit to get empty. After the sequence, the He-gas supply is reopened thus refilling the Joule-Thomson cooler for continuous operation.

Taking advantage of motorized lateral (X, Y ) displacements integrated into the STM head, the measurements were repeated in several locations of the sample. To do so, the probe is first retracted from the sample to a small distance (∼ 500 µm); the process is controlled by the HD camera (the camera view on the probe and sample are shown in fig. 3.9(a)). After retracting the probe, the sample is laterally moved along X-axis or/and Y -axis to the desired location (distant from the previous one by, typically, several hundreds µm). Then, the probe is approached towards the sample surface, first automatically and after manually until reaching the contact.

Pb/Au/Si(111) measurements

The Pb/Au/Si(111) system consists of Au-atom decorated atomic terraces of SIC-Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] forming up to 8 different levels (as described in section 2). The superconducting properties of this hybrids were not reported yet. In the present work, we applied the created unit to measure transport properties of the system in 6 different locations, as displayed in fig. 3.17. First four locations are situated along the axis of the sample, the location 5 and 6 are shifted out of axis. shows a gradual decrease and goes to zero at T c 1.15 K (extrapolated as it is out of the available temperature range of our STM; the last measured resistance value was ∼1.14

Ohm at T=1.18 K). As the temperature is increased, the resistance raises; near T c the slope dR/dT is steep but it progressively lowers and saturates above 6 K to R ∼150-160

Ohms.

3.4 

Second position

For the second experiment, the probe was moved by ∼750 µm towards the current drain contact (red circle in fig. 3.17). R(T ) and V (I) characteristics are shown in fig. 3.19. Also, the temperature window was enlarged to higher temperatures, the current span was extended to ±6 µA. Other remarkable feature is a paraconductive trend observed in R(T ) below 6-7 K, that is more than 5×T c . The study of the origin of this effect, certainly related to superconducting fluctuations, remained beyond the scope of the present work. At low excitation currents (below 1 µA) V (I) curves have a normal (positive) slope.

However, at higher intensities, the voltage drop saturates, and then diminishes, that results in a negative differential resistance. At yet higher currents, the voltage drop starts raising again, the slope becomes positive, increasing with the excitation current.

The features are perfectly antisymmetric in the reversed polarity, that is the effect is odd Kind of hysteresis occurs due to the fact that the heating of the system is continuous at a small value all time. We start measurements at zero current, then increase it step by step to the maximum value, then turn it back and go to the minimum value and turn it back again and go up to zero. So, the more steps between measurements of the same current value lead to the greater difference in voltage, since more time has passed and the system heats up more. 

Fourth position

The V (I) non-linearities were further confirmed in pos. Here we see that the plateau-like area with inflections observed in pos.4 is transformed into straight V (I) with a negative slope. This feature subsequently reduces and vanishes at ∼1.205 K, where the slope passes through zero and becomes positive.

3.4
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Sixth position

The sixth position is symmetric to pos. 5 with respect to the longitudinal axis of the sample. The results are presented in the fig. 3.27 for V (I) characteristics, and in fig. 3.28

for R(T ). Finally, we plot in fig. 3.29 all R(T ) dependencies acquired in 6 studied locations (excitation current 0.5 µA). One sees, that globally, the signal is higher when the probe is located closer to the current drain contact (pos. 4, 5, 6) as expected from the geometry of the experiment. However, this position dependence is not fully satisfactory, thus pointing towards an inhomogeneous current distribution in the sample. Probably related to, a kink at about 2 K is visible on several curves, a reproducible effect. The origin of this kink is for the moment unknown.

3.4 

3.4

To summarize, the transport experiments provided at different locations of Pb/Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] system revealed several interesting effects. First, the transition to the superconducting state occurs at T c 1.16 K. Second, the paraconductivity is observed in a very extended temperature range up to 8-9 K, that is more than 7×T c . Third, the dependence of R as a function of position is not clear, probably reflecting structural and electronic inhomogeneities of the sample on a macroscopic scale. Fourth, strong non-linearities in V (I)

with regions are observed close to T c , characterized by a negative differential resistance, and probably related to Josephson phenomena and fluctuations. Despite the absence of any non-linearity in the current-voltage characteristics, in- (inaccessible in our setup). This is 0.3-0.7 K below the T c reported in the literature for this material [START_REF] Zhang | Superconductivity in one-atomic-layer metal films grown on Si (111)[END_REF].

While any hypothesis linking the observed behaviour to disorder or to a non-homogeneous current distribution would look reasonable, the exact reasons remain undecided at this stage. Additional experiments, eventually completed by STS, are required. Origin(s) of the observed phenomena it is not possible for now to understand exactly why only these two places have such dynamics, since we have no technical ways to fix the places where the 4pp-tip touches the sample surface, and then get topography and local spectroscopy of the same section of the sample using a standard stm tip. Moreover, even if it were possible, the question of the distribution of currents in our system, which is extremely difficult to verify in any way, remains open. 3.5

Transport studies of disordered NbN films

Niobium nitride has physical properties that are interesting for both applied and fundamental research. NbN films are quite easy to grow, they are chemically and radiation resistant, have a high mechanical strength and high values of the second critical filed H c2 . As a result, many superconducting quantum devices are made out of NbN films: single-photon detectors, bolometers in radio astronomy and terahertz spectroscopy; spintronics devices (166; 167; 168), among others. For fundamental physics, the study of NbN is also relevant, for example, in the study of the superconductorinsulator transition in ultrathin NbN films (169). Also, for example, the results of [START_REF] Vasyutin | Critical Phase-Transition Current in Niobium Nitride Thin Films[END_REF] to some extent clarify the essence of the BKT transition in high temperature superconductors (based on YBCO), since NbN is a conventional superconductor which is close to YBCO in terms of carrier concentration, coherence length, and magnetic field penetration depth (171; 172). Therefore, studying NbN films can help understanding the processes of the destruction of superconductivity in YBCO by currents, magnetic fields, and thermal vortices near the superconducting transition temperature (T c ) (173; 174).

In this work, we applied the developed in-UHV transport set-up to study the influence of thickness and disorder in ex-situ grown NbN films.

Experimental details

The main idea of the experimental realization was to sputter the films with heavy (Ar) ions and thus to decrease progressively their thickness and enhance the structural disorder. At the same time, the developed in-UHV transport set-up should enable measuring the variations of the critical temperature and resistance, without a need of getting the samples in air.

The ion sputtering is a process of accelerating heavy particles (in our case -Ar ions) and bombarding by them the sample surface. this causes the emission of target atoms and molecules leading to a reduction of the sample thickness (fig. 3.33), even if in this very first series of experiments, the thickness control was not done. Nevertheless, one could expect that by repeating the sputtering procedure, the samples will get thinner and approach the superconducting-insulating transition. By repeating the sequences of Arbombardment, one should be able to suppress NbN completely. Then, retrospectively, it would be possible to estimate the effective sputtering rate. The NbN films of three different thicknesses -8, 12 and 15 nm were studied. The samples were cut in small rectangular pieces by diamond cutter and fixed on the same sample holder by using the 2-component conductive glue "EPO-TEK T M H20 E". This glue was also applied to a small area near the edge of each sample to make a link to the sample holder and thus, to ensure the electric contact between the film and the sample holder. The ready-to-insert sample holder with four samples on it is shown in fig. 3.34, left panel. Due to the limitations of the X-Y displacement stage of the STM, the 16 nm thick sample was not accessible (previously we had never measured simultaneously 3.5 several samples and therefore could not correctly estimate the distance along Y-axis that is available for our probe). After first set of measurements performed on as-grown samples, the samples were moved into the preparation chamber and placed in a front of the ion gun. The sputtering conditions were as follows: 2 kV at Ar-pressure ∼ 10 -5 mbar, 14 mA ion current applied during 3 minutes. After the sequence, argon was evacuated from the preparation chamber to the base pressure of 2×10 -10 mbar, the films were put back to the STM chamber, loaded to STM, and 4 point probe was approached. Then the transport measurements were repeated on (sputtered) samples. The resistance plotted in the following figures of this section calculated by the same way, as in previous experiments.

Properties of as-grown NbN films

The results of transport measurements of as-grown NbN samples are showed in fig. the sample thicknesses, and that the critical temperature of 8 nm -thick sample (11.10 K) is significantly lower as compared to 15 nm one (13.65 K). This is in agreement with the expected proximity of the superconducting-insulation transition. However, 12 nmthick sample demonstrates a quite odd behaviour: its normal state resistance is higher than that of 8 nm -thick sample, while its critical temperature (14.07 K) is the highest of all samples. It is possible that 12 nm -thick sample has a bit different structure/disorder. 3.5

Sputtering effect on transport properties

Since the sputtering was performed simultaneously for all NbN films, we would expect similar changes of the transport properties for all samples. However, as we can see on fig. 3.36 and fig. 3.37, the evolution is more complex. In 8 nm -thick sample, the normal state resistance has increased (expected, since the thickness is supposed to decrease and disorder to raise upon Ar-sputtering), and the critical temperature has strongly decreased (expected, as approaching the SIT). In 15 nm -thick sample, the resistance also increased (expected, but the increase is very small, only by ∼6%) but the critical temperature of this sample became higher (from 13.65 K to 14.13 K, which is unexpected). In 12 nm -thick sample, the resistance strongly dropped down (unexpected); its critical temperature reduced (expected). Let's try to explain some experimental results. First of all, we recall that before placing the films under UHV conditions, they were under atmospheric conditions, which means that at least a partial oxide layer is formed on their surface. Also note that in NbN films the coherence length ξ is about 4 nm [START_REF] Ilin | Ultra-thin NbN films on Si: crystalline and superconducting properties[END_REF], to be compared to the sample thickness. Another important observation is that during the sputtering process, we not only reduce the thickness of the film, but we got rid of the topmost degraded layer; also, an additional disorder is induced at least to the upper atomic layers of the films, making For 12 nm sample the same procedure resulted in a very different effect. While the observed reduction of the critical temperature was expected, the reduction of the normal state resistance is surprising and remains unexplained.

Finally, for 15 nm -thick sample, the only strange effect is the slight increase of the critical temperature, that can be accounted for considering the topmost oxide layer that reduced the critical temperature of the as-grown film. Once removed by sputtering, the critical temperature of this (quite thick) film raised a bit.

From these assumptions we can have several conclusions. First, there is a certain critical value of the NbN film (between 12 and 15 nm), that separate two distinct trends in superconductivity. In thicker films, the removal of the degraded topmost layer leads to a slight increase of critical temperature. In thinner films, the induced disorder and reduced thickness are both on the origin of the decrease of critical temperature. Second, the sputtering is not the best solution for a controlled approaching the superconductorinsulator transition, since it makes difficult to distinguish the effects of the thickness reduction and those related to disorder. This makes further calculations and measurements more difficult. Probably, the best way of approaching the SIT would be to go "from smaller to larger", that is to measure properties of the same film which thickness is sequentially increased after each set of in-UHV transport experiments. This can increase the accuracy of measurements and eliminate the contribution of disorder variations to the superconducting properties (especially for thicknesses comparable to ξ), while preventing the film from the in-air formed degradation layer. On this route, NbN is probably not the best system, due to the peculiarities of its growth.

This was only first step of our experiment with NbN films. Soon this experiment will continue and we will plan to reduce NbN thicknesses until that moment when all films, probably, will go to the insulator state.

To summarize this chapter, a four-contact probe for in-UHV transport measurements was designed, realized and tested. The probe is fully compatible with the existing STM unit. The operation of the created system was verified on ultrathin films of Pb and NbN, as well as on a series of atomic mono-layers Pb/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and Pb/Au/Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. We demonstrated that the method is capable of carrying out transport measurements of superconducting films down to a single atomic layer without damaging them, because the size of the contact region is much smaller than the distance between electrodes. To the best of our knowledge, such in-situ studies of the transport phenomena were performed in France and Russia for the first time. The acquired data are rich, their qualitative description and the understanding of the underlying processes need further analysis and numerical modeling, which are beyond the scope of the present work. Cooper pairs with the magnetic field of magnetic moments. The electromagnetic mechanism that suppresses superconductivity in ferromagnetic systems was first predicted by Ginzburg in 1956 (178), even before the creation of the BCS theory.

In 1958, Matthias (179) suggested another mechanism of interaction between magnetic moments and superconducting electrons -exchange interaction. The exchange field in a magnetically ordered system tends to direct the spins of electrons in Cooper pairs in one direction, thereby preventing the formation of a Cooper pair. This is called the paramagnetic effect. In addition, there is magnetic scattering of electrons by local- According to theoretical studies in magnetic superconductors, superconductivity can coexist with several forms of magnetic ordering: 1) cryptoferromagnetism; 2) collinear antiferromagnetic structure with transverse amplitude modulation; 3) spiral antiferromagnetic structure; 4) spontaneous vortex phase. The spontaneous vortex phase is a new state of matter where superconductivity and magnetic ordering coexist due to the lower free energy of the combined state than in each of these states individually (180).

A purely ferromagnetic state is the least preferred.

It is worth noting that superconductivity can coexist with antiferromagnetism, as the correlation length of a superconductor is much larger than interatomic distances, although the superconducting state is quite easily destroyed by ferromagnetism due to the orbital (180) and paramagnetic effects (181). On the other hand, superconductivity does not support the localized magnetic moments of a ferromagnet by RKKY (Ruderman-Kittel-Kasuya-Yosida) interaction.

One of the possible states of ferromagnetism and superconductivity coexistence is cryptoferromagnetism, when the correlation length ξ is greater than the characteristic width (size) a of the magnetic domain. The magnetic energy of the cryptoferromagnetism state is very close to ferromagnetic energy.

A similar situation is for the electromagnetic mechanism. As soon as spontaneous magnetization appears in the superconductor, screening currents appear to compensate for the total magnetization (Meissner effect) (fig. 4.1(a)). To minimize the energy of this process, the magnetic moments are slightly tilted, which creates a long-wavelength oscillatory state.

Within the framework of the isotropic exchange mechanism, a spiral magnetic structure was predicted (fig. The spiral structure also follows from the consideration of the isotropic electromag- In the case of a spontaneous vortex phase, the magnetic induction in the bulk of the sample is not equal to zero. Within the framework of the electromagnetic mechanism, this state is preferable to a domain-like structure if the magnetization |M | is high enough. In this case, an increase in the magnetization value can lead to the destruction of superconductivity. Therefore, at the same time, in a state of spontaneous superconducting phase, the magnetic induction B = 4πM should not exceed the second critical field in order to maintain superconductivity, i.e. B < H c2 .

The paper (182) considered theoretically the coexistence of ferromagnetism and superconductivity using the example of a superconducting ferromagnet (in such systems the Curie temperature is higher than the temperature of transition to the superconducting state). Let us return to the RKKY exchange interaction in ferromagnets. RKKY mechanism is an indirect exchange interaction between magnetic ions, realized through collectivized conduction electrons. This exchange interaction occurs in metals and semiconductors, where collectivized electrons mediate the exchange interaction of ions with localized oppositely directed spins, partially filled with d and f shells. Conduction electrons interact with the effective magnetic field of the i-th site of the crystal lattice and acquire a certain spin polarization. When passing through the next lattice site, the relaxation of the magnetic moments of the electron and the site causes mutual changes in both the spin polarization and the spin of the lattice site. This can be described using the idea that conduction electrons move in the effective field created by the localized magnetic moment of one node.

The interaction energy between the spins S at the i-th and j-th nodes of the magnetic sublattice is written as

E ij = J 2
µ 0 (gµ B ) 2 S i S j χ ij , where J is the exchange constant, g is the Landé factor, µ B is the Bohr magneton, µ 0 is the magnetic constant, χ ij is the generalized magnetic susceptibility [START_REF] Robert | Quantum Theory of Magnetism: Magnetic Properties of Materials[END_REF]. For free electrons, the lattice can be repre-

sented as χ ij = (x cos x -sin x)/x 4 , provided that x = 2k F R ij 1.
Here k F is the wave vector at the Fermi level, R ij is the distance. Therefore, the interaction energy has an alternating oscillatory character as a function depending on the distance between the interacting ions. The alternation of the interaction energy leads to the fact that, depend- (189; 190).

Another example of coexistence was found in the uranium compounds UGe 2 (191; 192) and URhGe (193), where superconductivity manifests itself against the background of ferromagnetism (T sc < T f m ). It is assumed that triplet superconductivity occurs in these substances, i.e. superconductivity manifests itself when strong magnetic ordering already exists. As a result, the Meissner phase is absent and the domain structure is immediately generated in the vortex phase; this behavior was studied using SQUID microscopy in CoGe (194). In this regard, upon transition to the superconducting state at a temperature T sc < T f m , superconductivity does not affect the already existing ferromagnetic domain structure.

Another example of compounds where the coexistence of superconductivity and magnetic ordering were observed is rare-earth borocarbides. These compounds showed the properties of an antiferromagnet at temperatures below the Néel point. For example, RNi 2 B 2 C (R = Y, Dy, Ho, Tb, Tm, Er, Lu, Gd). The critical temperatures and Néel

Superconductor-ferromagnet artificial systems

Due to the fact that it is rather difficult to coexist magnetism and superconductivity in a single bulk crystal, many studies of hybrid thin-film superconductor/ferromagnet structures have been performed. The exchange interaction in classical ferromagnets is quite strong, which is why a number of interesting phenomena used are observed at the interface between a superconductor and a ferromagnet (212; 213; 214).

Recently with the advent of new technical capabilities, studies of such hybrids have been performed at the atomic level. For example, an experimental observation of domains in a hybrid superconductor/ferromagnet structure using a niobium film (superconductor) on a BaFe 12 O 19 single crystal (ferromagnet) is described in [START_REF] Yang | Modulation of superconductivity by a magnetic template in N b/BaF e 12 O 19 hybrids[END_REF]. The authors discuss the experimental observation of domain walls superconductivity, an increase in the critical temperature of a superconductor with increasing external magnetic field, and the possibility of controlling superconductivity at the microscopic level using the domain structure of a ferromagnet.

In papers (136; 217) the observation of the vortex phase in SC/FM structures is described.

In (136), a ferromagnetic permalloy film deposited on a niobium film is used, that becomes superconducting at temperatures below 9 K. In the experiment, the permalloy layer thickness was varied; thereby, the domain sizes were varied in accordance with the relation ω ∼ √ t, where ω is the domain width and t is the permalloy film thickness. In the study, chains of vortices and antivortices in a superconductor, created by the magnetic field of a ferromagnet, were observed (fig. 4.3). Neglecting the energy of domain walls, a ferromagnetic energy, and the energy of interaction of vortices, due to their low density, the authors obtained the condition for the appearance of vortices:

E tot ≈ E sv + E vm < 0.
For the case d s > λ (d s is the thickness of the superconductor)

and ω λ, one vortex energy E = Φ 2 0 ds 16π 2 λ 2 ln λ ξ and the interaction energy of the vortices with the magnetic field of the ferromagnet is E vm ≈ -4M 0 Φ 0 ω 0.916 π 2 . Then the appearance of vortices will be energetically beneficial in caseM 0 > Φ 0 ds 64λ 2 0.9ω ln λ ξ ≈ 0.2 ds ω H c1 4.1 In ( 217) the phenomenon of vortices appearance was also studied using the Nb/Py bilayer in a zero external field in particular was studied the conditions for the vortices appearance depending on the thickness of the niobium and permalloy layers. As a result, it was confirmed that the appearance of vortices depends both on the thickness of the In ordinary ferromagnets, due to the exchange interaction at temperatures lower than the Curie point T c , the magnetic moments of the atoms are oriented parallel to each other. With a parallel orientation of the magnetic moments of electrons in atoms in a ferromagnet, the exchange energy is minimal, that leads to the appearance of spontaneous magnetization at T < T c . Due to the isotropic nature of the exchange interaction, the magnetization in a ferromagnetic substance would be directed in an arbitrary di-rection. But because of the anisotropy of any crystalline substance, the magnetization vector in a ferromagnet is aligned in a strictly defined way along certain directions, that usually corresponds to crystallographic axes. For example, in uniaxial crystals, the magnetization vector can be oriented along the anisotropy or in a plane perpendicular to the axis of anisotropy.

The geometry of the domain structures of ferromagnets is determined from the condition of minimum free energy of the system. A single-domain state is energetically unfavorable, since in this case magnetic poles appear at the ends of a ferromagnet, creating an external magnetic field that has a certain potential energy.

Each real ferromagnet is a limited sample. Due to the exchange interaction, such a sample will be a permanent magnet at T < T c . This will lead to the creating a magnetic field around the sample, with associated magnetic dipole interaction energy W m . In the case when the sample is magnetized to saturation, the energy W m is proportional to the volume of the ferromagnet. In the arbitrary case, W m is proportional to the induction of a magnetic field outside the sample (induction of demagnetizing fields).

As a result, the competition between the anisotropy energy, the energy of the magnetic dipole interaction, and the energy of the exchange interaction determines the magnetic structure of real ferromagnets. This competition, in particular, leads to the existence of domains in real ferromagnetic samples -regions of spontaneous magnetization. The domain structure depends on the anisotropy of the crystal, its size and shape.

The variety of types of the domain structure and its sensitivity to external influences (for example, to an external magnetic field) are mainly due to the fact that it is formed due to the magnetodipole interaction. In each concrete sample of a ferromagnet, a domain structure is formed that corresponds to the minimum of the total energy: exchange, anisotropy, magnetic dipole, and energy of the domain walls (218). Several features can be distinguished in Eu122, compared with the already known substances where ferromagnetism and superconductivity coexist:

1. The ferromagnetic phase has a rather large value of the saturation moment (∼7µ B /Eu).

2. The temperature of the ferromagnetic transition is below the critical temperature of superconductivity, and both temperatures are quite high. The condition T f m < T sc offers a unique opportunity to study the effect of superconductivity on the emerging weak ferromagnetism at T < T f m , and also to monitor the interaction between the two types of ordering with temperature.

3. Superconductivity and ferromagnetism coexist in a wide range of temperatures. Tapping mode measurement: cantilever oscillations are excited at the resonant frequency. In this mode, the cantilever touches the surface of the sample in the lower half-period of the oscillations. This method allows for obtaining high-resolution images and eliminates the influence of lateral forces from the side of the sample surface.

Dual Pass mode measurement: first the surface topography is registered, then the cantilever passes over the same place a second time already at a certain height above the sample, subtracting the surface profile. In the second pass, a phase change is recorded.

This method allows one to obtain better images of the distribution of magnetization on the surface since, in the second pass, surface information obtained by measuring the topography is already taken into account (120). Changes in phase, amplitude, and frequency can be related to the characteristics of the cantilever and the force gradient δF/δz directed along the z axis using the relations:

∆φ ≈ QδF kδz , ∆A ≈ 2A 0 QδF 3 √ 3kδz , ∆ω 0 ≈ - ω 0 δF 2kδz (4.1)
where k is the cantilever stiffness coefficient, Q is the Q-factor of the oscillating system, A 0 is the amplitude of the cantilever oscillating at the resonant frequency ω 0 in the absence of an external force gradient (183).

For the experiment described below, the EuFe Against the background of the domain structure, details of the surface topography, in particular, steps with a height of about 100 nm, are not visible, which confirms the magnetic nature of the contrast of the domain structure. The alternating phase contrast indicates perpendicular magnetic anisotropy and corresponds to the opposite direction of magnetization in neighboring domains.

The surface of the sample was rougth. To be able to use small lifts of the cantilever, the construction of the MFM was a little bit changed: the support rods were replaced with springs, it reduced the amount of noise during measurement and allowed to work with the lift of 15-30 nm.

For a sample with a different degree of doping (x = 0.20), decoration technique with ferromagnetic nanoparticles was performed and a complex magnetic structure was discovered [START_REF] Veshchunov | Visualization of the Magnetic Flux Structure in Phosphorus-Doped EuF e 2 As 2 Single Crystals[END_REF], which required more careful study over a wide temperature range. The first results of studying the structure of the magnetic flux on the surface of a EuFe 2 (As 0.79 P 0.21 ) 2 single crystal using low-temperature magnetic force microscopy and decorating with ferromagnetic nanoparticles are described in more detail in [START_REF] Veshchunov | Visualization of the Magnetic Flux Structure in Phosphorus-Doped EuF e 2 As 2 Single Crystals[END_REF].

Variations of local magnetic properties with temperature

The measurements were performed in a zero external magnetic field. The temperature was smoothly changed, which was stable with an accuracy of 0.005 K during the measurement. The purpose of this experiment is to study the behavior of the microstructure of the magnetic flux in the sample with temperature and to study in detail transients in the vicinity of the Curie point, taking into account the fact that the interaction between the superconducting and ferromagnetic phases should already be manifested at this point. The dynamics of the domain structure with decreasing and increasing temperature is also studied.

Spontaneous vortex phase

The measurements for this sample with a change in temperature in a zero external magnetic field were performed with high accuracy and a high level of temperature stabilization (temperature control accuracy up to 0.005 K), due to which it is possible to observe rather subtle effects that occur in a narrow temperature range tour.

In the temperature range T f m <T <T sc , the material is a superconductor of the second kind, as evidenced by Abrikosov vortices from the unshielded Earth field, residual field of solenoid and the magnetic tip of the cantilever.

With decreasing temperature and approaching the Curie temperature, the appearance c)). This can be explained by the fact that the field created by the ferromagnetic phase locally becomes higher than the first critical field of the superconductor, due to which the phase difference of the Meissner currents in the domain becomes 2π, and in the sample it nucleates a pair of magnetic flux quanta -vortex and antivortex. This is due to the fact that initially the magnetic field in the superconductor was practically zero, then it should remain so, and in order to minimize energy, vortex -antivortex pairs appear instead of vortices of the same direction. In MFM images, this is seen as black and white spots. It is worth noting that white vortices appear inside white domains, and black, respectively, in black ones. In this case, the vortex -antivortex pairs appear in With a further change in temperature, the domain structure of a single crystal changes:

the sizes of domains and their shape change. Upon cooling, being in a mixed state, in order to minimize energy, the strip-like domains begin to wriggle and take a zigzag shape. This is due to the fact that, upon cooling, the domains create large fields, due to which, as a result of the phase of the Meissner currents, the domains begin to penetrate into these same domains more vortices, thereby deforming the domains to minimize the total energy of the system. With further cooling, the domains begin to branch (fig. 4.15(il)).

During heating, the domains continue to change in size, but the transition from one type of domain to another, which is observed in the vicinity of the Curie point, is of more interest. When the local magnetic field of a single crystal begins to weaken due to dis- . Such a domain structure in a ferromagnetic superconductor can be compared with similar domains in a conventional ferromagnet. In uniaxial crystals of ordinary ferromagnets, the appearance of labyrinth domains is explained by the fact that the direction of domain walls in the plane of matter is not fixed (there is no anisotropy in the plane of matter). The bending of domain walls can be due to small inhomogeneities of the film, randomness at the moment of the nucleation of the domain structure, or effects of thermal randomness. Such a structure remains advantageous even when placed in a small external magnetic field perpendicular to the film surface. In our case, due to such inhomogeneities as separate vortices and anti-vortices, labyrinth domains arise. With further heating, the domains gradually disappear due to the weakening of the ferromagnetic properties when approaching the Curie point, and the number of antivortex vortices also decreases (fig. 4.17 

Evolution of the domain width and shape

Using the MFM images of domains obtained during studies of the structure of the magnetic flux with a change in temperature, the average domain size was measured and the temperature dependence of the domain sizes upon cooling was constructed for single crystals with a doping degree x = 0.21 (Fig. 21). An example of measuring domain sizes is shown in Fig. 20. The graphs show that upon cooling, the domain sizes increase from 130 to 300 nm for x = 0.21, although for ordinary ferromagnets the period of the domain structure decreases with decreasing temperature. The sharp increase in domains in the temperature range 16-18 K during cooling is explained by the fact that vortex -antivortex pairs arise in the domain structure, which are the reason for the increase in the characteristic sizes of domains. With a further decrease in temperature, the domain sizes practically do not change, which may be due to domain branching. As the temperature rises, the domain sizes practically do not change up to T = 13 K. Then, the domains begin to increase. It is assumed that in this case the sample behaves similarly to a usual ferromagnet, in which the size of the domain structure also increases with heating. In this case, the vortex density decreases due to annihilation with each other due to the fact that the magnetic field from the ferromagnet weakens with increasing temperature. Domains increase to a certain value (up to 500 nm), after which a transition is observed in the domain structure. As noted above (see Ch. 4.4.2), in the vicinity of the Curie point, when heated against the background of a large strip-like domain structure, a labyrinth domain structure with a small characteristic domain size begins to be traced.

As a result, with a further increase in temperature, the strip-like structure disappears, but the labyrinth Meissner domains are quite clearly visible, which explains the sharp decrease in the graph upon heating (the labyrinth domains correspond to the last point on the graph at temperature ∼ 17.8K). The characteristic dimensions of the labyrinth domains are ∼90 nm.

Ferromagnetism tends to increase the size of l domains, thus decreasing the density of domain walls, while the kinetic energy of the Meissner currents that appeared to shield a growing magnetic field increases with increasing l (222). where l 2 N is the characteristic size of the domains in the normal (not superconducting) state, and l = l πλ is dimensionless quantity. l 2 N is determined by the energy of the domain wall M 2 ω on unit area as l N = d F ωπ 2 /14ζ (3), where ω is effective domain wall width [START_REF] Landau | Electrodynamics of Continuous Media[END_REF] For a sample with a doping x = 0.21, the penetration depth λ=345 nm (225). The characteristic domains sizes with decreasing temperature were l ∼100 nm at T=17,75 K, started to be l ∼130 nm at T=17,3 K and increased to l ∼140 nm at T=17,08 K. This means that the domains sizes increase with decreasing temperature. This is the result of competition between ferromagnetic ordering and screening Meissner currents.

The period of such domain structure is less than λ(T ) and its energy is more than energy domain structure in the absence of superconductivity.

In the normal state λ(T ) → ∞ and domain structure energy is [START_REF] Landau | Electrodynamics of Continuous Media[END_REF] 

Checking for cryptoferromagnetism

It was assumed that in this sample in the vicinity of the Curie point, until the domains are filled with vortices, ferromagnetic state and superconductivity can also coexist due to cryptoferromagnetism, in addition to coexistence in the form of a spontaneous vortex phase. For cryptoferromagnetism, it is necessary that the characteristic size is less than or of the order of the superconducting correlation length. From measurements, the minimum domain size is several hundred nanometers, while the correlation length ξ = Φ 0 ΠH c2 for this material, which indicates the absence of cryptoferromagnetism in the sample.

MFM experiments in a magnetic field. Hysteresis curve

To study the dynamics of the domain structure during magnetization reversal, an external magnetic field was applied perpendicular to the surface at a fixed temperature.

The measurements were performed at 4 K. First, from the ZFC state, the magnetic field was increased to 10 kOe (see fig. (from 2 kOe to 8 kOe)) -isolated uniformly magnetized regions in the sample, having the shape of circular cylinders and the direction of magnetization, antiparallel to the magnetization of the rest of the sample. With an increase in the magnetic field, domains with a magnetic moment aligned with the field (yellow areas in the images) tend to decrease the sample energy and therefore increase in volume, while domains with the opposite magnetization direction (red areas) are compressed and reduced in length until they become isolated cylindrical magnetic domains. In this case, cylindrical domains are formed from small branches of strip-like domains. In ordinary ferromagnets, cylindrical domains can form from a labyrinth domain structure when an external magnetic field is introduced. With a further increase in the field, domains with magnetization along the field continue to increase. At 10 kOe, we already see the surface structure, which indicates homogeneous magnetization throughout the sample.

With a decrease in the magnetic field, strip-like domains are no longer observed.

Instead of them, we see dendritic structures and isolated domains. This behavior is not typical of ordinary ferromagnets. In the -1.5 kOe field, the magnetization reversal of the tip occurred, due to which the image contrast was inverted. Therefore, after -1.5 kOe, the yellow region already corresponds to the downward direction of the magnetic 4.4 Before -1.5 kOe areas of yellow color correspond to the magnetization directed upwards, red -way down; after -1.5 kOe is the opposite situation, because at -1.5 kOe the cantilever was remagnetized so inversion of contrast was observed. The direction of the external magnetic field is perpendicular to the surface of the sample and directed upward with a positive value of the field and downward with a negative value.

Chapter 5

Conclusions and Perspectives

In this work, a set-up for in-situ measuring electronic transport properties of ultrathin films in ultra-high vacuum was realized, and experimental studies of several superconducting phenomena occurring in low dimensional superconductors were provided on a local (STM, MFM) and global (transport) spatial scales. The 4-terminal set-up for in-situ electron transport measurements of in-UHV grown materials and devices was designed, realized and integrated into the existing UHV-STM system. Therefore, the same samples can be studied locally by STM and globally by transport. The set-up is very compact -the distance between the external (current injection) contacts is about 100 microns. As a result, not only the set-up enables studying the resistivity as a function of temperature and growth parameters but also, by laterally translating the sample with respect to the probe, it is able to reveal eventual spatial inhomogeneities of the transport properties of the analyzed samples. The set-up was first validated by studying transport properties of ultrathin films of NbN whose thickness and disorder were varied in-situ by Ar-ion sputtering. The variations of the sheet resistance as well as the shifts in the critical temperature of the superconducting transition were observed and partially explained.

Ultimately thin superconductors -atomic layers of Pb and Pb/Au were grown on Si [START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. The growth conditions required to obtain high-quality SIC-Pb monolayers The transition between the two phases is very peculiar. Unlike in all known superconductors, the vortex phase nucleates inside the material, with a spontaneous generation of Vortex-Antivortex pairs directly at local defects of the ferromagnetic order. These phenomena should be common to weak ferromagnetic superconductors with T f m < T c , as in Eu((Fe 0.91 Rh 0.09 ) 2 As 2 , for instance. These discoveries enable one to anticipate several interesting effects. In the Domain Meissner state, the quasi-one-dimensional modulation of the superconducting order parameter should lead to the angular anisotropy of critical currents. This modulation and resulting anisotropy could thus be simply controlled by temperature. By applying an external magnetic field, the Abrikosov vortex penetration and their guided motion inside the crystal along ferromagnetic domains of a given polarity can also be controlled. 
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 61 SUPERCONDUCTIVITY OF ULTRA-THIN FILMS 1.1

Figure 1 . 1 :

 11 Figure 1.1: 2D superconductivity in deposited metallic thin films. (a) Plot of the logarithm of the resistance versus (1 -T /T c ) -1/2 in amorphous InO x (32). Here, T c is treated as the BKT transition temperature. These data represent the vortex-flow resistance of thermally excited vortices and antivortices. Inset: A schematic image of vortex flow process. b, Voltage-current characteristics in amorphous InO x thin films between 1.460 K and 1.939 K. Inset: A schematic image of nonlinear pair-breaking process due to unbinding of a vortex-antivortex pair. c, Evolution of superconductor-insulator transition in amorphous Bi films with the decrease in film thickness corresponding to the increase in degree of disorder 10. d, Sheet resistance as a function of temperature in various magnetic fields in amorphous MoGe. Inset: Magnetoresistance around the critical magnetic field Bc = 4.19 kG 49. e, Finite size scaling of sheet resistance plotted as a function of |B -B c |/T 1/zν . Reproduced from[START_REF] Saito | Highly crystalline 2D superconductors[END_REF] 
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 11 The vortices penetrate into superconductor from the sample edges; once inside, the vortices repel each other and organize in a triangular lattice, fig.1.2(a). The vortex density grows with the magnetic field. At the edge of the vortex lattice unit cell, the supercurrents from neighbouring vortices cancel each other; as a result, the magnetic flux per vortex lattice unit cell is exactly the magnetic flux quantum h/2e. In type two superconductors the penetration of vortices inside the material becomes thermodynamically beneficial in the fields above H c1 ; in type one superconductors the vortex phase is energetically unfavorable. The parameter κ = λ/ξ decides the classification; superconductors with κ < 1/ √ 2 are type one and those with κ > 1/ √ 2 are type two superconductors. Importantly, in disordered 2D superconductors, λ and ξ are renormalized by the mean free path l (and thicknessd). Usually, the first one increases and the second one decreases as ξ dirty ∼ √ ξl, λ dirty ∼ λ ξ/l. Therefore, most of superconductors in the form of thin films belong to the second type. Let's go back to the Fisher model and consider it in more detail using the schematic phase diagram shown in fig.1.2(c). Here the three axes are the magnetic field (B), temperature and the strength of homogeneous disorder ∆; the contour of the superconducting phase in the 3D (bulk) material is schematized by the dashed line. In the case of complete ordering, a 2D superconductor with an increase in the external magnetic field exceeding a certain value B m transits into the normal state. However, if the supercon-

Figure 1 . 2 :

 12 Figure 1.2: (a) The mixed state of the second type superconductor. Superconducting vortices form a triangular lattice. The vortex cores are normal (shaded). Reproduced from (53); (b) phase diagram of the type II superconductors, drawing reproduced from (54); (c) Schematic phase diagram was drawn by M. Fisher. ∆ is the disorder, T is the temperature and B is the magnetic field. These axes show three different ways to induce SIT (37).

Figure 1 . 3 :

 13 Figure 1.3: T c dependence from R sq in MoGe sample (reproduced from (59)). Clearly seen that experimental points (empty squares) are in good agreement with Finkelstein model (solid line).

Figure 1 . 4 :

 14 Figure 1.4: Dependence of thickness vs. year for 2D superconductors from 1980 to present. In the 1980's, the majority of 2D superconductors were fabricated by deposition of metallic thin films, which are strongly disordered, amorphous or granular (open circles). In the 21st century, atomic layers grown by MBE (blue squares), interfacial superconductors (purple triangles), exfoliated atomic layers (green diamonds) and EDLT (red circles), have been fabricated. All of them are highly-crystalline, in marked contrast with the conventional ones. Open circles includes three kinds of deposited thin films: InO x , MoGe and Ta are sputtered thin films, Sn, Ga, Al, In, Pb and Bi are MBE-grown thin films, and Y Ba 2 Cu 3 O y (YBCO) is deposited by reactive evaporation. The plot and description is reproduced from (35).
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 21 Towards ultimately thin superconductorsNew fabrication and characterization methods began to appear in the mid-1980s, which enabled the creation and study of high-quality ultrathin films. On the one side, the progress of in-ultrahigh vacuum (in-UHV) growth methods boosted the creation of epitaxial films[START_REF] Suntola | International patent[END_REF] structurally controlled on the atomic level. On the other side, the application of novel spectroscopies, such as Angle Resolved Photo-Emission Spectroscopy (ARPES)[START_REF] Lynch | Photoemission Studies of High-Temperature Superconductors[END_REF] or, later on, Scanning Tunneling Microscopy and Spectroscopy (STM/STS) (69) as well as other characterization methods, made it possible to characterize the materials efficiently. In turn, it significantly improved the understanding of the evaporating processes and the formation of various phases. This progress enabled a more in-depth insight into the electronic band structure, electron-electron interactions, local structural, and the electronic properties of thin films. This breakthrough, alongside with other technological advancements in the fabrication of thin films (PLD (70) and (CVD) (71)) during the last two decades, significantly developed and improved our understanding of 2D superconductivity. These innovations led to the emergence of novel 2D superconductors such as interface superconductors (62; 66), ordered metal atomic layers grown by MBE (72) (fig. 1.4, blue squares), electric-field-induced 2D superconductors(73; 74). These technologies enable today the production of various types of superconducting materials with extremely thin, down to the atomic level, highly crystalline films.A relevant example of such advanced study is Pb, a well known superconducting material in the bulk. The progress in MBE growth enabled the creation of ultra-thin Pb films (much thinner than ξ) deposited onto the clean Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] surface. In contrast to expectations, one of the first in situ studies using STS did not reveal any decrease in the critical temperature with the decrease of the film thickness, at least down to 4 mono-atomic layers(75; 76). Only small oscillations of the critical temperature were observed, which were associated with quantum size effects. However, subsequent studies by Ch.Brun (77) on similar samples and conditions had showed that, indeed, the gap measured by STS depends on thickness -it reduces with the thickness reduction (fig.1.7).

Figure 1 . 5 :

 15 Figure 1.5: Estimated critical temperature T c as a function of 1/d, using the bulk ∆/T c ratio and assuming BCS temperature dependence of ∆(T ) to allow comparison with previously reported results. Continuous line is a fit to the present STS data. Error bars: experimental dispersion and uncertainty in the fit results. Plot reproduced from (77).
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 22 Superconductivity in atomic layers: state of the art, open questions and challenges The unexpected discovery of superconductivity in atomically thin ordered Pb (T c = 1.5 K) and In (T c = 3.2 K) grown on silicon (111) surface in ultrahigh vacuum (78) (fig. 1.6) and further works by other groups (79; 80) opened a new field of researchultimately thin 2D superconductivity.
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 1637 Figure 1.6: (a,d,g) -high resolution STM images of the SIC-Pb (a), √ 7 × √ 3 -P b (d), √ 7 × √ 3 -In (g) phases grown on Si(111) substrate. Imaging conditions are V=0.1V and I=0.05 nA. (b,e,h) -the differential conductance of single-particle tunneling measured with Nb tip as a function of temperature on the SIC-Pb phase (b), √ 7× √ 3-P b phase (e), √ 7× √ 3-In phase respectively. The tunneling junction for all three pictures was set at V=0.01 mV and I=0.2 nA. The curves at different temperatures are offset vertically for clarity. (c) -the superconducting gap of the SIC-Pb phase as a function of temperature. The open circles show the measured gap, and the solid curve shows the fitting by the BCS gap function. (e,h)the tunneling conductance and superconducting gap (f,i) for the for the √ 7 × √ 3 -P b and √ 7 × √ 3 -In phases respectively. Pictures reproduced from (78)

  substrate (fig.1.6). The superconductivity below 2 K was revealed in the striped incommensurate phase (SIC) (T c =1.8 K) and √ 7 × √ 3 phase (T c =1.5 K); the superconducting gap energies were observed in the window ∼ 0.25-0.3 meV. Though, the amorphous Pb-layer of the same atomic surface density is not superconducting down to 0.3 K. Therefore, superconducting properties of atomically thin superconductors are demonstrated to depend on their detailed atomic structure. Despite the fact that further in situ ARPES measurements showed that the observed superconductivity in such samples arises due to the interaction of the metallic Pb-Pb (In-In) and Pb-Si (In-Si) covalent bonds, the question remains open: why crystalline monolayers 1.3

Figure 1 . 7 :

 17 Figure 1.7: In-gap states induced by non-magnetic disorder in Pb superconducting monolayers: hint for a mixed singlet-triplet superconducting order parameter induced by strong Rashba spin-orbit coupling. The local tunneling properties are measured at T =300 mK with a normal PtIr tip. (a): Scanning tunneling microscopy images (85 nm × 85 nm) acquired on flat atomic terraces. Various structural defects are seen: adatoms, vacancies, voids, small Pb clusters; the dashed lines delimit three different rotational domains indicated by arrows. The inset shows the unit cell resolution.(b): zero-bias conductance map measured on area a) demonstrating that in-gap states are induced inside the superconducting gap by the non-magnetic disorder seen in topography a). This gap filling undergoes large spatial variations on length scale much smaller than the superconducting coherence length ξ ≈ 45 nm. (c): Representative local tunneling conductance spectra showing different gap filling. The red (respectively blue) curves were acquired in a few nm 2 region with lower (resp. higher) zero-bias conductance, i.e. in darker (lighter) patches seen in (b); the thin dotted black line is a best fit of the red spectra using BCS formalism and no broadening (∆ = 0.20 meV). The thick continuous black line is a best BCS fit of the red curve using a Γ-Dynes broadening parameter (Γ=0.02 meV). (d): Conductance map at bias corresponding to the energy of the coherence peaks 0.26 meV in (c) (maps are comparable for both peak energies). Similar to the SIC-Pb case, spatial variations of the peaks amplitude are observed on length scale much smaller than ξ. Both zero-bias (in b) and peaks height variations (in d) do not follow directly the distribution of local structural defects or twin boundaries observed in the topography; reproduced from (80).

Figure 1 . 8 :

 18 Figure 1.8: The phase diagram of Pb/Sn alloys with sketches of the microstructure. Reproduced from (95).

Figure 1 . 9 :

 19 Figure 1.9: The phase diagram of Pb/Au alloy. Reproduced from[START_REF]Open Ethernet Access[END_REF] 
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 21 left). The substrate is fixed between the two pairs of Taelectrodes which hold the substrate by its left and right ends and, at the same time, ensure the electric contacts. The sample holder is designed in a way to keep one pair of Ta-electrodes electrically insulated from the sample holder base (main plate). The other pair is electrically connected to it. The base of the sample holder and screws are made of Molybdenum, insulating ceramic washers are made of MACOR T M . The rectangular dimensions of the Mo-plate (without the handle) are 18 mm × 15 mm. The handle (4 mm × 4 mm) is used for the sample manipulation in UHV.

Figure 2 . 1 :

 21 Figure 2.1: Design of the sample holder for the direct heating preparation. Left: the schematic drawing of the holder with the elements (the fourth screw is not shown). The rectangular sample -Si-substrate is seen in the center. Right: the sample holder charged with the sample in the STM chamber kept by the claws of the manipulator N4. The picture was taken through the operator viewport.
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 22 Sample manipulation in UHV The second step is the introduction of the sample into the UHV system. The two used systems, one in LPEM-Paris and the other in MIPT-Dolgoprudny (103), are very similar: they are slightly modified low temperature Scanning Probe Microscopes produced by SPECS T M (104) (fig. 2.2). The systems are composed by three interconnected UHV chambers: fast sample entry load-lock chamber, preparation-characterization chamber and SPM chamber (105). The position of the chambers are marked by yellow dashed ellipses on fig.2.3.

Figure 2 . 2 :

 22 Figure 2.2: General view on the SPM system at LPEM-Paris.

Figure 2 . 3 :

 23 Figure 2.3: Kinematics of the UHV experimental set-up. The systems consists of three UHV chambers (marked by yellow dashed ellipses). The chambers are are interconnected with several linear travel rotating manipulators (the travel axes are depicted by red dashed lines). The chambers may be isolated using gate valves.

Figure 2 . 4 :

 24 Figure 2.4: Sample heating stage (fixed on the manipulator M2). The stage enables a resistive heating up to 800 • C and a direct current heating up to 1300 • C. The sample holder position is depicted by a red dashed contour.

Figure 2 . 5 :

 25 Figure 2.5: (a) scheme of the LEED method. Figure reproduced from (109); (b) LEED of Si 7×7 in inverted mode. The maxima of the diffraction patterns are presented as dark spots, while the background has a light shade. The hexagonal Brillouin zone is clearly seen corresponding to 1×1 Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. Other spots correspond to 7×7 replicas. In the center of the image the electron gun is visible.
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 26 Figure 2.6: (a) Model of the metal-insulator-metal potential barrier when left and right electrodes of the junction are kept at the same potential; φ 1 and φ 2 are the electronic work functions of the left and right metal, respectively; (b) the same model, but now a potential difference applied (positive potential is applied to the right metal (sample) with respect to the left one (tip).

Figure 2 . 7 :

 27 Figure 2.7: schematically image of two STM operating modes (both images reproduced from (120)) (a) constant height mode when we fix height above the sample surface and measure current distribution; (b) constant current mode when we fix value of tunnel current between tip and the sample surface and obtain changing of height of sample.

  ductance. By locating the STM tip in a selected position X -Y at the sample surface, one freezes the feedback loop (the tip heigh gets fixed, z = cte) and registers I(V ) while varying the bias V . A particular case of a superconducting surface probed with a metallic tip is presented in fig.2.8(a)). The acquired I(V ) dataset is than numerically derived to obtain dI( r, V )/dV . In the case of a superconductor, it results in a spectrum characterized by a strong depletion near zero-bias -the fingerprint of the superconducting gap at the Fermi level (fig.2.8(b))). Alternatively, an external lock-in aplifier can be used for direct acquisition of the signal proportional to dI( r, V )/dV (was not used in this work).

Figure 2 . 8 :

 28 Figure 2.8: Tunneling characteristics of superconductors. Both pictures adapted from (120) (a) currentvoltage characteristic of an ideal metal-superconductor tunneling junction at T =0 (blue line), and at a finite temperature (red line); (b) density of elementary excitations of a BCS a super conductor (blue line) and the corresponding tunneling conductance measured at finite temperature (red line).

Figure 2 . 9 :

 29 Figure 2.9: Gundlach oscillations. (a) -Original drawing from K. H. Gundlach's work[START_REF] Gundlach | Zur berechnung des tunnelstroms durch eine trapezförmige potentialstufe[END_REF] showing the deformation of the tunneling barrier upon application of a tunneling bias exceeding the work function of the electrodes, V > φ i /e. The electron of an energy E x tunnelling from the electrode 1 to the electrode 3 through a trapezoidal barrier 2 is considered (horizontal solid line). A part of the quasiclassical trajectory of the electron, from X 1 to S, is inside a triangular quantum well formed by the barrier 2 and the potential jump at the electrode 3 surface (vertical dashed line). This quantum well confines the electronic waves and leads to additional electronic bound states to appear in the barrier region 2. (b) -Schematic illustration of the energy levels E n of the standing-wave states (dashed lines) in the triangular potential well for different work functions φ 1 (in black) and φ 2 (in red). Reproduced from[START_REF] Lin | Manifestation of Work Function Difference in High Order Gundlach Oscillation[END_REF].
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 210 Figure 2.10: (a) STM image of the Ag-submonolayer grown on Cu(111) surface. The arrow marks the contrast discontinuity in the image due to the tip change. (b) Average dZ/dV -V spectra of areas A, B, C are indicated in (a). Inset: Energy shift as a function of the oscillation order for spectra acquired in areas B (solid circles) and C (open squares) with respect to the spectra at the naked Cu(111) in A. Reproduced from (122).

Figure 2 .

 2 Figure 2.11: (a) Schematic representation of the STM components (figure taken from (124)). All parts (except computer) of installation are located on vibration isolation system. Signals from tip goes throw filters and amplifiers to obtain good resolution maps with small value of noises. How STM looks in reality already shown on fig.2.3. The only difference in our system is that the sample located above the tip and, accordingly, for the approach the tip goes up to sample surface, which does not affect the final result; (b) typical W STM tip produced by electrochemical etching. Image obtained by scanning electron microscope, zoom x350 times; (c) the same tip, but with larger zoom x9000 times.

5 .

 5 Vibration isolation. Taking into account the extreme resolution of the STM, the mechanical part of the microscope is extremely sensitive to vibrations. The acoustic noise is suppressed by UHV conditions, but mechanical vibrations exist. The necessary vibration isolation is achieved by suspending the whole STM unit on soft springs (Beryllium brass) and passive dampers (KAPTON T M foam). The final amplitude of vibrations of the tip with respect to the sample does not exceed 1 pm RMS in Z-direction and less than 5 pm rms in X-Y direction.

Figure 2 . 12 :

 212 Figure 2.12: (a) Scanning piezotube -side view (left part of the picture) and top (right part); (b) Piezotube bending principle[START_REF] Reza Moheimani | Invited Review Article: Accurate and fast nanopositioning with piezoelectric tube scanners: Emerging trends and future challenges[END_REF]. The PZT ceramics of the tube is radially polarized. One metallic electrode is evaporated onto the inside wall and with four electrodes on the outside wall of the tube. External electrodes are located in sectors by 90 degrees along the axis of the tube. One of the ends of the tube is fixed on the coarse approach drive; the STM tip holder is glued on the other one. When a voltages of the same magnitude but opposite signs are applied to a pair of opposite external electrodes (with respect to the inner one), a contraction of one and elongation of the other side of the tube occurs. This leads to bending of the tube, which, in turn, causes the free end to shift laterally with respect to the base (X-Y motion). The movement in the perpendicular direction (Z-motion) is caused by the application of voltage to the internal electrode. For small values of the applied voltage, the replacement of the loose end of the tube is expressed by the relation ∆ X(Y ) = 2
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 213 Figure 2.13: 3D simulation model of Si 7×7 reconstruction. Figure reproduced from (127).

Figure 2 .

 2 Figure 2.14: (a) image of the LEED diffraction pattern from the 7×7 reconstructed Si(111) surface. The vertexes of the "hexagon" represent the triangular 1×1 lattice. Each side of the hexagon is split in 7 intervals indicating a 7 times larger periodicity in the real space that we obtain; (b) Bias positive (V stab = 1.5 V and I stab = 100 pA) STM topographic image 45×45 nm 2 of the same sample. Clearly seen empty electronic surface states or "corner holes" which are surrounded by adatom structures. The image appears split in the two parts, due to the atomic step separating two atomically flat terraces.

Fig. 2 .Figure 2 .

 22 Fig.2.15(a) shows known phases realized upon the deposition of 1/6 to 4/3 ML of lead.We focused on the SIC phase, which has a Pb coverage of 4/3 ML because it has already known system and we can compare our results with it; studies of other phases are beyond the scope of this work.
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 23 presented in fig. 2.16(a). This layer is strongly constrained: by further lowering temperature, a more stable SIC phase forms. The STM experiments provided at 1.3 K reveal typical SIC phase with characteristic "moire" zig-zagging patterns (fig. 2.16(b)).

Figure 2 . 16 :

 216 Figure 2.16: (a) LEED diffraction pattern of Pb-ML after post annealing; (b) 40×40 nm 2 atomically resolved topographic STM image of the SIC phase in a region with an atomic step separating two atomic terraces (V stab = 1.5 V and I stab = 50 pA). The moire pattern and typical defects of the SIC structure are observed.

  Figure 2.17: (a) LEED of 5×2 Au/Si(111); (b) 10×10 nm 2 atomically resolved topographic STM image of the 5×2 Au/Si(111) structure (V stab = 1.0 V and I stab = 90 pA).

  (a) clearly confirms this hypothesis : Locally, a quasi-1D chain structure of the 5×2 Au/Si(111) is observed. Some bright defects -adatoms are also seen. The detailed structure of 5×2 Au/Si(111) is presented in fig. 2.18.

Figure 2 . 18 :

 218 Figure 2.18: Proposed structure of Si(111)-5x2-Au, with gold coverage equal to 0.6 ML. Large yellow circles represent gold atoms; small circles are silicon atoms. The surface layer consists of a single row S of Au, a double row D of Au, and silicon honey-comb chain HC. The surface energy is minimized when this surface is decorated by silicon adatoms (dark blue circles with 5x4 periodicity). In the presence of adatoms, the 5x1 periodicity of the underlying substrate spontaneously doubles to 5x2, due to dimerization within the gold double row. Reproduced from[START_REF] Erwin | Structure and energetics of Si(111)-(5Ã2)-Au[END_REF] 

Figure 2 .

 2 Figure 2.19: (a) LEED of Pb/Au/Si(111); (b) 150×150 nm 2 atomically resolved topographic STM image of the Pb/Au/Si(111) hybrid (V stab = 1.4 V and I stab = 50 pA).

  are atomically flat on much larges scales of hundreds of nanometers. Till now, the full understanding of the growth kinetics of this unusual structure is missing. The atomic ordering on terraces of different levels look very similar: they are all atomically flat and show similar moire patterns characteristic of SIC phase. Thus, the two working hypothesis were: 1 -the terraces of different heights are Pb-layers of different thickness (up to 8 ML) but presenting the same (SIC) surface reconstruction; or: 2 -the terraces of different heights represent a strongly roughen Si (111), on top of which there is only a one atomic Pb-SIC ML.

Figure 2 . 20 :

 220 Figure 2.20: Pb/Au/Si(111): 340×340 nm 2 topographic STM image (V T =1.0 V, I T =50 pA) on which Gundlach spectroscopy was performed. The surface is characterized by flat SIC-reconstructed terraces of up to 8 different apparent heights (red numbers). The area (saturated in white) corresponds to a thick Pb-island.

Figure 2 .

 2 Figure 2.21: dZ(V )/dV Gundlach oscillations acquired in four different regions showed in fig.2.20. All studied terraces are characterized by identical Gundlach oscillations (the same spectral background, frequency and phase); they clearly differ from the oscillations acquired on thick Pb-island. This indicates that all terraces have an identical atomic structure.
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 22244 Figure 2.22: Topographic STM image of the Pb/Au/Si(111) sample quenched after a fast annealing.The SIC-Pb phase is already formed on Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]; it is marked as "SIC-Pb/Si(111)" on the image. A new "Leopard" phase, probably a Au-rich Si, appears in form of irregular clusters. Some SIC-Pb is grown on top of Si-overlayer (marked as "SIC-Pb on Si-overlayer"). V bias = 100 mV, I tunnel = 700 pA. From the PhD work of J. Baptista.
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 223444224655 Figure 2.23: Sapphire unit cell showing the possible orientation of the surface. The substrate used to deposit NbN films are R-plane oriented. Reproduced from (54) . NbN thin films were grown ex-situ by DC reactive magnetron sputtering (98) with starting pressure in the chamber 1.1×10 -7 mbar. Nb target was used as a cathode. Before evaporation, the Nb target is sputtered in Ar plasma without adding N 2 in the

Figure 2 .

 2 Figure 2.25: a) Fmmm crystal lattice of EuFe 2 (As 1-x P x ) 2 ; b) phase diagram of the EuFe 2 (As 1-x P x ) 2 depending on the degree of doping x, the data are presented for x = 0.21 (from article (137)).
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 52 Phosphorus doped EuFe 2 As 2 Depending on degree of doping x, EuFe 2 (As 1-x P x ) 2 exhibits different properties. The most interesting doping level is x=0.21. At this doping, the material is a supercon-ductor T sc ∼ 22 K and the Curie temperature is T f m ∼ 18 K (138). Below T f m the sample exhibits the properties of both a ferromagnet and a superconductor (fig.2.25(b).
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 31 unit could be put inside the UHV, and measurements performed in situ. Recently, a few experimental teams have reported successful implementation of such a technique, and provided valuable results on the resistive superconducting transition, critical currents etc.(140; 141; 142; 143; 144; 145). In these works, specific sets-up were developed, sharing the UHV environment with the preparation facilities.

  3.1(a) a nanostenciling installation is schematically drawed. A separately placed shadow mask made of titanium foil with a thickness of 2 µm is brought into contact with the surface of the substrate. Holes made in the mask ex-situ by a focused ion beam enable selective deposition of the samples which thus have the desired geome-try (for example, electrodes and markers, fig.3.1(b)). After the producing of electrodes, nanowires were manufactured on the surface of the sample, their connection to electrodes was controlled by STM (fig.3.1(c)). Fig.3.1(c) shows three nanowires with the height 0.6-1.0 nm and width 3-8 nm that are placed between electrodes (shown by arrows), as in fig.3.1(d) and fig.3.1(e).

Figure 3 . 1 :

 31 Figure 3.1: (a) Schematic illustration of a nanostenciling setup. Yellow spots represent Au atoms (Ar+ ions) evaporated (sputtered) from an Au source (Ar+ gun). (b) Schematic drawing of electrode patterning fabricated by the nanostenciling. It is used for in situ two-terminal transport measurement of nanowires. Upper: close up around the center; lower: overview. (c) STM image of two electrodes connected with ErSi 2 nanowires. Arrows indicate nanowires bridging the electrode gap(150). (d), (e) Schematic drawing of the sample patterning in Van der Pauw's and linear configurations, respectively, for in situ four-terminal transport measurement of superconductive ultrathin films. Blue areas indicate the Si(111)-√ 7 × sqrt3-In surface, and grey indicate Si(111) surface sputtered by Ar+ ions. Picture and description reproduced from article (140))
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 32 Figure 3.2: A monolithic micro-four-point probe. (a) A SEM image of the chip. (b) The chip mounted on a ceramic plate. (c) The plate mounted on a holder. (d) A schematic illustration of the side view of the probe connected to a sample surface. (e) A grazing-incidence SEM image of the cantilevers connecting to a sample surface. Picture and description reproduced from (153).

Figure 3 .

 3 2(d) shows a schematic side view of the design of this 4-contact probe. The angle between the probe and the sample surface is 30 degrees for smoother and better contact.

Figure 3 .

 3 2(e) is a SEM image of a presented probe in contact with a sample surface.The third method is a combination of four-point probe and STM measurements using easy interchangeable types of probes. An example of such development realized in(154) is shown in fig. (3.3). Jian-Feng Ge et al. took as base the STM tip holder (fig.3.3(a)) and developed a new, fully compatible with existing equipment head for transport measurements (fig.3.3(b)). Since the construction of their STM allowed modifications, they just add 3 wires to the existing scheme (fig.3.3(c)). The method of producing 4-point probes was the same as in the previous case. As a result, they obtain the possibility to study samples by STM/STS and by transport by replacing the STM tip (fig.3.3(d)) by the 4-point probe (fig.3.3(e)), without breaking the UHV conditions.
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 33 Figure 3.3: (a) Structural schematics of an ordinary STM setup. Schematics (b) and photographs (e) of the micro-4-point probe holder with a 4-point probe tip-separation of a 10 µm. Details of micro-4-point probe are enlarged. (c) Schematics of the modified piezotube. (d) Schematic and photograph of modified STM tip holder. Figure and description reproduced from (154).

Figure 3 . 4 :

 34 Figure 3.4: (a) Standart tip holder which was used for homemade 4-point probe tip. Dashed yellow rectangle marks the location where Macor T M base equipped with gold wires is supposed to be glued. Red numbers mark the places where gold wires from the base are connected to the tip holder by epoxy 2 component conducting glue; 1 and 2 are supposed to be for voltage measuring contacts and 3,4 for current injection contact; (b) The probe supports (bases) are about 6 mm long and 1.5 mm wide.

Figure 3 . 5 :

 35 Figure 3.5: (a) Homemade 4-point probe. Au wires glued by 2-component nonconducting epoxy glue to the Macor T M base. Wires with number 1 and 2 are used for voltage measuring, wires with 3 and 4 numbers are connected to each other at the bottom of Macor T M and together they are used as current applying wire. Numbers correspond with the same on the fig.3.4(a); (b) different views of the same 4-point probe. It is clearly seen that wires are wrapped at some distance from Macor T M base.

Figure 3 . 6 :

 36 Figure 3.6: (a) 4-point probe, glued to the tip holder is ready for measurements; (b) schematically faceside view of left figure.

Figure 3 . 7 :Figure 3 . 8 :

 3738 Figure 3.7: Homemade setup for tests in air conditions of the 4 contact probe. The setup has three axes for linear shifts of the probe and two more axes for the sample. A specially made receptacle with the probe holder fixed on it is placed on the metallic plate and is approached to the sample.

Figure 3 . 9 :

 39 Figure 3.9: Numbers of wires are the same as on previous pictures. Number 5 is the sample holder. In standard STM measurements this contact connects the sample through the sample holder to the tunneling bias supply. In the developed transport measurement set-up, the contact is used as a current drain. (a) The 4-point probe in contact with sample inside STM chamber; (b) schematic view of the left picture.
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 3 Transport properties of Pb/Si(111) and Pb/Au/Si(111) 3.3.1 Description of the experiments Transport measurements were performed using a Keithley 2400 current source and a Keithley 2182 nanovoltmeter. The temperature was controlled using a Cernox R sensor and a resistive heater integrated into the STM sample stage and piloted by LakeShore 336 controller. The experimental setup is shown schematically in fig.3.10.

3 Figure 3 . 10 :

 3310 Figure3.10: Full scheme of a transport measurements experiment. The heater and thermocouple are not exactly above the sample, but at a certain distance from one side, thus, a temperature and heat gradient appears in the system, which can affect on the measurements. Numbers mean the same as on previous figures.

  remained widespread for a next half a century(160; 161; 162). Let us give an example of the electromotive force (Seebeck effect) measurements. If we have two electric junctions 1 and 2 made at the ends of two different metallic wires, and the junctions are kept at different temperatures T 1 and T 2 , then in the open circuit (fig.3.11(a)) the thermoelectric power ε appears. In a closed circuit (fig.3.11(b)) a certain current I = V /R circulates through it, where R is the resistance of the loop. If both metals of the circuit are superconductors and are cooled below their critical temperatures T c1 and T c2 (the whole circuit is superconducting), then no electromotive force for an open circuit and no current circulating in the closed circuit should exist because in superconductors the Cooper pairs shortcut any internal electric field; this is exactly what was observed in early experiments. The effect, in any case, is many orders of magnitude weaker than in a circuit made of two normal metals. Moreover, if we

Figure 3 .

 3 Figure 3.11: Thermoelectric curcuit made from normal metals (a) Open circuit ε is thermo emf; (b) closed circuit (I -thermocurrent). Adapted from (164)

Figure 3 . 12 :

 312 Figure 3.12: Inhomogeneously heated metals. (a) Normal metal, ±q charges arise; (b) superconductor, countercurrents j s = -j n arise. Reproduced from (164).

  b(T c ) = σα -coefficient in normal state (σ -conductivity, α = d /dTdifferential thermo electromotive force) and x = ∆(T )/k b T , where ∆(T ) is the superconducting gap. Following the equation (3.4), the dependence of b n (T )/b(T c ) is showed in fig.3.13.

Figure 3 . 13 :

 313 Figure 3.13: Dependence of thermoelectric coefficient b n from temperature T. Reproduced from (164).
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 33 (which often introduce only an additional uncertainty and inaccuracy). The coefficient b n (T ) is difficult to measure independently, and the equation (3.4) is therefore used.

  .14 and fig.3.15 represent the data obtained during first measurements upon heating (fig.3.14(a) and fig.3.15(a)) and cooling (fig.3.14(b) and fig.3.15(b))

Figure 3 .

 3 Figure 3.14: V + (T ) (red curve) and V -(T ) (black curve) data-set acquired at the excitation current I = ±0.25 µA. Two different sets of measurements: (a) sample heating; (b) sample cooling. Blue curves: plots of the half-difference 0.5 × (V + (T ) -V -(T )).

3 Figure 3 .

 33 Figure 3.15: V + (T ) (red curve) and V -(T ) (black curve) data-set acquired at the excitation current I = ±0.50 µA. Two different sets of measurements: (a) sample heating; (b) sample cooling. Blue curves: plots of the half-difference 0.5 × (V + (T ) -V -(T )). Light-green curves: plots of the half-sum 0.5 × (V + (T ) + V -(T )).
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 344 Pb/Au/Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and SIC-Pb/Si(111) transport measurements3.4.1 Measurement detailsIn these experiments we studied Pb/Au/Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] and SIC-Pb/Si(111) atomic monolayer systems grown as described in chapter 2. The approaching procedure was the same as in previous measurements. The measurement routine was different as compared to the one used in first studies of the transport in thick Pb-films (described in the previous section). Already knowing that the temperature stabilisation requires a certain time, we decided to slow down the ramp speed and use the available time to measure, at each temperature point, full current-voltage characteristics. Thus, at the end of each ramp, we acquire the full V (I, T ) data-set. V (I) characteristics were measured by linearly sweeping the current flowing through the sample: starting from zero-current, the intensity was linearly increased the some maximum value (usually, 6 µA), than decreased with the same rate till reaching the minimum value (usually, -6 µA) and went to zero again. The current step was, typically, 50 nA. At each step, the voltage drop V (I) was measured. The temperature variations measured by thermometer during such a sweep did not exceed 1×10 -3 K.

  where V + and V -are the voltage drops measured at opposite currents I + = -I -. Such procedure enables eliminating the contribution of thermoelectric terms which are seen on all presented V (I) data: The V (I) plots appear slightly shifted in voltage upwards or downwards, depending on sign of the thermopower. This thermopower-originated shift does not depend on excitation current, since the studied temperature range corresponds to T T c .To extend the temperature range to yet lower values, we implemented an additional procedure. The heater is set OFF, the He-gas inlet supplying 1 K Joule-Thomson stage of the STM is closed. The absence of hot He-gas incoming to Joule-Thomson unit reduces the total thermal load on it and enables reaching a bit lower temperature. In
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 316 Figure 3.16: This graph shows dependence temperature from time in our experiments. The countdown of time is from the start of the experiment. On the inset showed the same graph, but at smaller ranges.During first hour (3600 seconds) dependence is linear (red line), than it starts to be exponentional (black curve).

Figure 3 . 17 :

 317 Figure 3.17: Locations at which the experiments on Pb/Au/Si(111) sample were provided. The circles mark different studied locations in chronological order of their measurements.

  fig.3.17). A selection of V (I) characteristics is presented in inset of fig.3.18. In the studied temperature range 1,2-2,5 K and for currents below 0.5 µA, all V (I) characteristics are linear and featureless. This makes the calculation of R(T ) meaningful. R(T )
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 318 Figure 3.18: First experiment on the Pb/Au/Si structure. R(T ) clearly goes to zero thus marking the superconducting transition at ∼1.15 K. Inset shows a selection of current-voltage characteristics at different temperatures.

Figure 3 .

 3 Figure 3.19: Transport characteristics measured in the second location: a) R(T ) dependence, inseta zoom on R(T ) in a smaller temperature range 1.1-2.0 K showing the shift of the resistive transition to lower temperatures with increasing excitation current; b) current-voltage characteristics measured at different temperatures. The characteristics measured at the resistive transition (below 1.7 K) are nonlinear.
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 34 Third positionBy laterally moving the probe again over another ∼ 750 µm the pos. 3 was reached. There, we observed unusual non-linear the current-voltage characteristics (fig.3.20). They occurred only at temperatures below 1.3 K, that is at the bottom of the superconducting transition in R(T ) dependence (fig.3.21), very close to R(T c )=0. At higher temperatures, the curves remain linear.
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 320 Figure 3.20: Third experiment on the Pb/Au/Si structure. Current-voltage characteristics at different temperatures. Inset shows the same plots, but in full voltage range.
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 344 PB/AU/SI(111) AND SIC-PB/SI(111) TRANSPORT MEASUREMENTS 101 with respect to current.

Figure 3 . 21 :

 321 Figure 3.21: Third experiment on the Pb/Au/Si structure. R(T ) dependence at different currents. Inset shows a zoomed view in a limited temperature window.

Figure 3 . 22 :

 322 Figure 3.22: Comparison between R(T ) curves recorded in pos. 1, 2 and 3. Inset shows the same graphs, but in narrover temperature range 1.15-2 K. Calculated for the excitation current of 0.5 µA.

4 (

 4 one more ∼ 750 µm step towards the current drain contact). V (I) characteristics are shown in fig.3.23; R(T ) is plotted in fig.3.24. In this case also, V (I) characteristics are strongly non-linear. Here, the initial slope d(V )/dI around the origin is much smaller, thus better corresponding to the expected superconducting state. Yet, regions with a negative differential resistance are observed around 2-4 µA at both polarities.

Figure 3 . 23 :

 323 Figure 3.23: Fourth experiment on the Pb/Au/Si structure. Current-voltage characteristics at different temperatures. Inset shows the same plots, but in full voltage range.

Figure 3 . 24 :

 324 Figure 3.24: Fourth experiment on the Pb/Au/Si structure. R(T ) dependence. Inset shows the same plots, but in a narrower temperature region.

Figure 3 . 25 :

 325 Figure 3.25: Fifth experiment on the Pb/Au/Si structure. Current-voltage characteristics at different temperatures. Inset shows the same plots, but in full voltage range.

Figure 3 . 26 :

 326 Figure 3.26: Fifth experiment on the Pb/Au/Si structure. R(T ) dependence. Inset shows the same plots, but in a narrower temperature region.

Figure 3 . 27 :

 327 Figure 3.27: Sixth experiment on the Pb/Au/Si structure. Current-voltage characteristics at different temperatures. The inset shows the same plots, but in full voltage range.

Figure 3 . 28 :

 328 Figure 3.28: Sixth experiment on the Pb/Au/Si structure. R(T ) dependence. The inset shows the same plots, but in a narrower temperature region.

Figure 3 . 29 :

 329 Figure 3.29: Comparison between R(T ) curves measured in six studied locations of Pb/Au/Si sample. The considered current is 0.5 µA.

3. 4

 4 .3 SIC-Pb/Si(111) transport measurements The transport measurements provided on SIC-Pb/Si(111) served as a reference for the studies of Pb/Au/Si(111), since locally, the latter system is composed of atomic terraces of SIC-Pb/Si(111). The measurements were performed in 9 different locations of the sample, schematically shown in fig.3.30. The positions are distant by ∼350 µm.

Figure 3 . 30 :

 330 Figure 3.30: Locations at which the experiments on SIC-Pb/Si(111) were provided. The circles mark different positions in the order of their measurements

Figure 3 . 1 (

 31 Figure 3.31: V (I) characteristics measured in the location pos. 1. The curves are linear at all temperatures.

Figure 3 .

 3 Figure 3.32: R(T) dependence measured in locations from 1 to 9. In all cases, the excitation current was ± 1 µA.

Figure 3 . 33 :

 333 Figure 3.33: Schematics of the sputtering process. Sputtered particles are evacuated from the chamber by pumps. Adapted from[START_REF] Ellis | The cluster beam route to model catalysts and beyond[END_REF] 

Figure 3 . 34 :

 334 Figure 3.34: Left: four NbN films with different thickness glued to the standart tip holder, right: the same samples inside STM with approaching 4-point probe. The numbers show the thickness values for all samples before to the first ion sputtering.
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 33555 fig.3.35. By comparing the results obtained on 8 nm -and 15 nm -thick samples, we can see that their normal state resistances reasonably correspond to what is expected from

Figure 3 . 35 :

 335 Figure 3.35: R(T) dependence for 8, 12, 15 nm -thick samples before sputtering. All measurements were done at ±1 µA DC current upon increasing temperature.

Figure 3 .

 3 Figure 3.36: R(T) dependence for 8, 12, 15 nm -thick samples after a sputtering sequence. All measurements were done at ±1 µA DC current upon increasing temperature.

Figure 3 . 37 :

 337 Figure 3.37: Comparative plots of R(T) for all samples before and after sputtering.

For 8

 8 nm -thick sample we have exactly what we expect -the sputtering destroyed adsorption layer, reduced the sample thickness thereby suppressing superconducting properties ( as observed through the reduction of the critical temperature), and introduced disorder (increasing normal state resistance).
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 1 Predictions of the coexistence of superconductivity and ferromagnetismDue to the interest in the phenomenon of the superconductivity and ferromagnetism coexistence, there are many theoretical works devoted to the study of this issue (for example, (177)). So, there are two mechanisms of mutual influence between magnetic moments and superconducting electrons -the exchange interaction of magnetic moments with electrons in Cooper pairs and the electromagnetic (orbital) interaction of

  4.1(b)). But in practice, a spiral structure can only be realized in an isotropic model. In real ferromagnets, magnetic anisotropy transforms the spiral structure to a domain structure (fig.4.1(c)).

Figure 4 . 1 :

 41 Figure 4.1: Examples of predicted structures in the coexistence phase of superconductivity and ferromagnetism. (a) -Meissner currents occured in order to compensate spontaneous magnetization, (b)helical magnetic structure in case of isotropic ferromagnetic superconductor, (c) -Meissner domains, (d) -vortex state.

Figure 4 .

 4 2 qualitatively shows the scheme of nucleation of vortices-antivortices pairs in the domain structure against the background of already existing ferromagnetism. First, at a temperature below the Curie point, there is a strip-like domain structure (fig.4.2(a)) where a vortex-antivortex pair then appears (fig.4.2(b)) when the locally magnetic field of the ferromagnet exceeds the first critical field of the superconductor. Further development of the domain structure, enhancement of ferromagnetic properties 4.1 and, consequently, an increasing magnetic field, increases the number of vortices in the domains, creating a dense vortex lattice (fig.4.2(c)).

Figure 4 . 2 :

 42 Figure 4.2: Scheme of magnetic domains in a ferromagnetic superconductor of thickness 2L z with a striped domain structure with a characteristic size l: (a) Meissner state; (b) mixed state with one vortex (or anti-vortex) in each domain with a distance x 0 between each of them and the nearest domain wall; (c) mixed state with a dense vortex lattice. (182)

Figure 4 . 3 :

 43 Figure 4.3: MFM image obtained on a Py/Nb bilayer. (a) ZFC image of the vortex phase generated by the field of Py. (b) FC image obtained in an external magnetic field H = +9.4 Oe. The temperature is T = 5.7 K, the scan sizes are 11.4 x 8.7 µm 2 . Images taken from (136).

  superconducting film and on the thickness of the ferromagnet. Also in this work the authors indicate the appearance of vortices in the center of the domains, and not at the boundary. The experimental detection of vortices and antivortices was in accordance with the relation M 0 > M cs , where M 0 is the magnetization of the domains, and M cs = 0.2 dc ω H c1 . 4.1.4 Domain structure of the simple ferromagnet Now we will consider how an ordinary ferromagnet behaves in the absence of a superconductor.
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 2123 Mechanisms responsible for superconductivity and ferromagnetism in the sampleIn order for superconductivity and ferromagnetism to coexist, the paramagnetic effect must be absent. It is assumed that the ferromagnetic properties of the material are ensured by long-range orgering of 4f Eu electrons, and superconductivity -by 3d iron electrons. The triplet nature of superconductivity is unlikely. The weak exchange interaction between Eu atoms and conducting electrons may be the most likely explanation. In this case, the main mechanism of interaction between superconductivity and ferromagnetic ordering is the orbital effect. The large value of the second critical field allows superconductivity to exist even under conditions of strong magnetic fields inside the sample through the RKKY interaction. It is also known that all five 3d iron orbitals of Fe contribute to the density of states near the Fermi level. However, only d yz and d zx orbitals are most likely related to superconductivity. The electrons d x 2 -y 2 and d z In fig.4.4(a,b), the features corresponding to superconducting and ferromagnetic transitions are shown. Figures 4.4(c,d) demonstrate hysteresis loops for external magnetic fields applied perpendicularly or parallel to the plane (ab) of the crystal. The hysteresis loop is the result of the superposition of the magnetization curve of a ferromagnet and the hysteresis loop of a II type superconductor. The critical fields for this material with a degree of doping x = 0.21 correspond to the following values: H c1 ∼ 0.02 -0.03 T, H c2 ∼ 40 T (the results of studies are given below) (220).

4. 3

 3 Experimental methods4.3.1 AFM/MFM techniqueThe studies were performed using a low-temperature magnetic force microscope AttoCube AttoDRY 1000 and is based on the registration of magnetic force interaction between the surface of the sample and the magnetic cantilever. The schematic diagram of the methodology is presented in fig.4.5. The setup allows to obtain the information on the sample surface topography in the atomic force microscope (AFM) mode, as well as the picture of the magnetic flux distribution in the sample (MFM), which allows one to study the spatial distribution of the local magnetic properties of the material. The measurements were performed in different modes: in non-contact mode, in semi-contact mode, as well as in dual-pass.Non-contact mode measurement: oscillations at the resonant frequency are excited on the cantilever. The force acting on the surface leads to a shift in the amplitudefrequency and phase-frequency characteristics of the probe, and the amplitude and phase change their values. In this case, the feedback keeps the amplitude constant. Changes in the amplitude and phase are recorded and make it possible to obtain the desired image.

Figure 4 . 5 :

 45 Figure 4.5: Schematic diagram of the magnetic force microscope.

Figure 4 . 6 :

 46 Figure 4.6: Image of a sample with a degree of doping x = 0.21.
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 4744241 Figure 4.7: Characterization of a single crystal of EuFe 2 (As 0.79 P 0.21 ) 2 using (a) X-ray spectroscopy (b) X-ray diffractometry.

Figure 4 . 8 :

 48 Figure 4.8: (a) Temperature dependence of resistance for a single crystal of EuFe 2 (As 0.79 P 0.21 ) 2 . The graph shows a sharp drop at T sc = 26 K. Temperature dependence of the resistance of the same sample (b) in the perpendicular and (c) parallel directions of magnetic field with respect to the (ab) plane.

Figure 4 . 9 :

 49 Figure 4.9: The temperature dependence of the magnetization for the EuFe 2 (As 1-x P x ) 2 sample, measured in a zero magnetic field (ZFC), and in the frozen magnetic flux (FC) mode in a field parallel to the c axis (Fig. a) and in the field parallel to the plane (ab) (fig. b). T sc and T f m are the transition temperatures to the superconducting and ferromagnetic states, respectively.

Figure 4 . 10 :

 410 Figure 4.10: The magnetization dependence of a single crystal on the field at different temperatures for the degree of doping x = 0.21.

Figure 4 . 11 :

 411 Figure 4.11: Image of topography and magnetic structure on the surface of a EuFe 2 (As 1-x P x ) 2 single crystal. The size of the scanning field is 8.7 x 10 µm 2 . (a) Surface topography in the magnetic saturation state of the Eu + 2 ferromagnetic subsystem in a field H = -0.9 T parallel to the c axis. (b) The domain magnetic structure after cooling to the minimum temperature T min = 4.16 K in the ZFC mode, followed by heating to T = 17.27 K. (c) Vortex structure obtained after cooling at T = 18.15 K and with residual induction H 0 /a 2 ∼ 6 G.
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 42 Fig.(4.12) shows the microstructure of the magnetic flux on the (001) plane EuFe 2 (As 0.8 P 0.2 ) 2 sample with a thickness of around 4 µm at a temperature lower than the critical temperature of the superconductor and less than the Curie point.

Figure 4 . 12 :

 412 Figure 4.12: (a) The structure of the magnetic flux after FC in a 10 Oe magnetic field on the surface of the (001) EuFe 2 (As 1-x P x ) 2 single crystal, revealed by decoration at T ∼ 8 K. (b) An enlarged image of the area marked with a red frame in figure (a)

  of domains is observed (fig.4.13(a)), due to the manifestation of the magnetic properties of the sample itself. Because these domains manifest themselves in superconducting material; it is assumed that they are Meissner, i.e. Meissner currents flow inside each domain. With a further decrease in temperature, pairs of antivortices-vortices are born (fig.4.13(b-

Figure 4 . 13 :

 413 Figure 4.13: Spontaneous vortex phase during cooling in the vicinity of the Curie point; (a) -Meissner domains; (b-d) -nucleation of vortex-antivortex pairs.

  neighboring domains, and in this case, the first vortices and antivortices arise mainly on the curvatures of the domain structure (fig.4.13(a-b)). of the superconducting order is suppressed, then they are repelled by the same currents to the center of the domains.It is worth noting that for the case of a superconducting ferromagnet (when the Curie point is higher than the transition temperature to the superconducting state) vortices are initially more profitable in the center domain (182). On cooling domains spontaneously filled vortex structure (fig.4.13(d)).

Figure 4 .

 4 14 shows a qualitative scheme for the nucleation of an antivortex vortex for a ferromagnetic superconductor. A little below the point of the ferromagnetic transition, a strip-like domain structure is observed, which is the result of the energy balance between the ferromagnetic energy of the domain walls and the kinetic energy of the screening Meissner currents (fig.4.14(a)). As the temperature decreases, the growing magnetization provokes stronger Meissner currents, which decrease the order parameter at the domain boundaries, thereby allowing vortex -antivortex pairs to appear (fig.4.14(b)).

Figure 4 .

 4 Figure 4.14: (a) Model of shield currents in domains; (b) vortex-antivortex pair nucleation model.

Figure 4 . 15 :

 415 Figure 4.15: Dynamics of a domain structure while cooling in a zero external magnetic field. The temperatures are indicated in the images in the lower left corner: a) 18.187 K; b) 17.693 K; c) 17.628 K; d) 17.577 K; e) 17.542 K; f) 17.506 K; g) 17.339 K; h) 17.012 K; i) 16.171 K; j) 14.275 K; k) 12.024 K; l) 19.952 K.

Figure 4 . 16 :

 416 Figure 4.16: Dynamics of a domain structure upon heating in a zero external magnetic field. Temperatures are shown in the images in the lower left corner: a) 4.659 K; b) 14.672 K; c) 17.505 K; d) 17.804 K; e) 17.903 K; f) 17.918 K; g) 17.943 K; h) 17.958 K; i) 18.006 K.

  (a-b)). As a result, the vortex pinning in the domains decreases and only the spontaneous vortex phase remains (fig.4.17(c)). With further heating, the vortices annihilate with antivortices until the Abrikosov vortices of the same initial orientation of the residual field remain (fig.4.17(d)) (the same quantity of the vortices was created at the beginning upon cooling).

Figure 4 . 17 :

 417 Figure 4.17: Spontaneous vortex phase while heating in the vicinity of the Curie point.

Figure 4 . 18 :

 418 Figure 4.18: Comparison of the domain sizes for the sample with x = 0.21 in the image of the phase change. a) domain structure images at T = 17.963 K; b) at T = 9.952 K; c) domain structure profiles along the red and blue lines marked in (a) and (b).
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 419441512 Figure 4.19: Temperature dependence of the average domain size upon cooling and heating for the EuFe 2 (As 0.79 P 0.21 ) 2 single crystal.

M 2

 2 : E DS (l) = DS = M 2 28ζ(3) π 2 l N where ζ(3)=1.202. Since l < λ(T ) in EuF e 2 (As 0.79 P 0.21 ) 2 then the Meissner screening in each domain is imperfect, and the observed contrast of the MFM images may be the result of the ferromagnets magnetic field superposition, weakened by the diamagnetic effect of the Meissner currents.

Fig. 4 .

 4 Fig.4.20 shows plots of the energy of the Messner E DM S domains, the energy of the E DV S vortex domains, and the energy of the ferromagnetic state on the domains characteristic sizes. It can be seen from the graph that the minimum energy for the Meissner state is 130 nm, and for the vortex domains is 350 nm, which is compared with the experimentally measured values.

Figure 4 . 20 :

 420 Figure 4.20: Graph of the energy dependence on the characteristic sizes of the Meissner domains (224).

  fig.4.21(b)).

Figure 4 . 21 :

 421 Figure 4.21: The scheme of the experiment on the change in the magnetic field

Figure 4 . 22 :

 422 Figure 4.22: Images of the microstructure of the magnetic flux in the sample at 4 K for different values of the external magnetic field (ZFC).A gradual increase in the magnetic field from 0 to 10 kOe. The yellow regions correspond to the magnetization directed upward, and the red -to downward. The direction of the external magnetic field is perpendicular to the surface of the sample and directed upward (i.e., co-directional with the yellow domains)

Figure 4 . 23 :

 423 Figure 4.23: Images of the microstructure of the magnetic flux in the sample at 4 K for different values of the external magnetic field (ZFC). Fields from 8 to -7 kOe (gradual decrease in the magnetic field).Before -1.5 kOe areas of yellow color correspond to the magnetization directed upwards, red -way down; after -1.5 kOe is the opposite situation, because at -1.5 kOe the cantilever was remagnetized so inversion of contrast was observed. The direction of the external magnetic field is perpendicular to the surface of the sample and directed upward with a positive value of the field and downward with a negative value.

  found. Novel atomically thin superconducting hybrids -Pb/Au/Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] were elaborated; their structure at surface was established. By providing Scanning Tunneling Spectroscopy and Gundlach oscillations spectroscopy experiments, we revealed that all atomic terraces of the hybrid samples have identical structure: they are all single atomic layers of SIC-Pb covering Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF]. The steps of SIC terraces are decorated with Au.The superconducting properties of Pb/Au/Si[START_REF] Binning | 7 x 7 Reconstruction on Si (111) Resolved in Real Space[END_REF] hybrids were measured in the transport set-up and compared to those revealed in SIC-Pb. The role of Au-atoms linking neighbouring atomic terraces of SIC-Pb was established. Future works should enable a deeper insight in the observed extended para-conductivity region (2-5 K) whose origin is not completely elucidated. The phase diagram of the new class of layered ferromagnetic superconductors -single crystals of EuFe 2 (As 0.79 P 0.21 ) 2 was explored using Magnetic Force Microscopy at low temperatures. Not only this material becomes superconducting at 24.2 K but it also undergoes a phase transition into the ferromagnetic state below 19 K. The coexistence of the two antagonistic orders becomes possible because of the unusually weak exchange field produced by the Eu subsystem. It was demonstrated experimentally in this work and confirmed theoretically by our collaborators that when the ferromagnetism adds to superconductivity, the Meissner state becomes spontaneously inhomogeneous, characterized by a nanometer-scale striped domain structure. To our best knowledge, this quantum phase is revealed for the first time. At yet lower temperature and without any externally applied magnetic field, the system undergoes a phase transition into a domain vortex-antivortex state characterized by much larger domains and peculiar Turing-like patterns.

  Near the transition form the Domain Meissner to Domain Vortex state, external currents could be applied to generate, on demand, and manipulate individual vortex-antivortex pairs. All these effects could be exploited in advanced superconducting hybrids. At the present stage, however, the narrowness of the discovered Domain Meissner phase and the sharpness of the Domain Meissner -Domain Vortex transition would complicate the use of such hybrids. The search for novel ferromagnetic superconductors is therefore required.

  

  

  

  

  

  EuFe 2 (As 0.79 P 0.21 ) 2 ) single crystals Finally, single crystals of iron-based superconductor EuFe 2 (As 0.79 P 0.21 ) 2

	1.3
	1.3.3

  In our case the surface is composed of Pb-terraces. Layers from such Pb-terraces of various thicknesses have different work function. This mean, that work function should vary from the value for one atomic Pb layer to the value of bulk Pb for "thick" terraces.

	2.3
	Since both, the tunneling spectroscopy and the Gundlach oscillation spectroscopy
	(fig.2.21) provided on different terraces resulted in identical spectra for all energies up
	to 9 eV, we conclude that all terraces have identical structure: they are all single atomic
	layers of SIC-Pb sitting on Si(111) (more detailed analysis approved this conclusion
	given in PhD work of Dr. J. Baptista). However, unlike in SIC-Pb/Si(111), the edges of

Fig.2.20 presents a topographic STM image of 340×340 nm 2 of Pb/Au/Si(111) sample surface over which the Gundlach spectroscopy was performed. On this image, terraces of different apparent heights (up to 8 ML) are present. Each terrace has a SIC-like structure and Au-atoms at edges. Importantly, in the bottom right corner of the area, a ∼ 10 nm thick "bulky" Pb-island is present. The STM tip was positioned in each location of the image in fig.2.20 and localZ(V ) characteristics were acquired. A selection of Gundlach oscillations acquired in four different regions (on Pb-island, in zones 1, 2 and 3 (apparent heights 8 ML, 6 ML and 1 ML) are presented in figure 2.21. One can clearly see the difference between

the oscillations acquired on thick Pb-island (black curve) and a single SIC-layer (green curve). However, Gundlach oscillations acquired in other zones with the apparent height 6 (blue curve) and 8 ML (red curve) are identical to those acquired on a single SIC-laye (green curve).

  -5 t[s]+1.[START_REF] Hohenberg | Existence of Long-Range Order in One and Two Dimensions[END_REF], where t is the elapsed time in seconds. This part of the temperature ramp is presented by red solid line in fig.3.16.This temperature raise lasts for 1 hour and ends at 1.25 K point. Once the base temperature is reached, LabView T M interface changes the parameters of control to drive the

temperature ramp following the expression T [K] = 0.305+exp(2.19×10 -4 t[s]-0.81).

  The exchange energy in ferromagnets is usually much greater than the condensation energy of ordinary superconductivity. As a result, strong exchange fields destroy singlet Cooper pairs due to paramagnetic and orbital effects, which is why the phenomenon of ferromagnetism and superconductivity coexistence is very rare. It is assumed that only triplet superconductivity can coexist with strong ferromagnetism.In the 70s years the coexistence of superconductivity and ferromagnetism was found in ErRh 4 B 4 crystals (186) and in Ho 1.2 Mo 6 S 8(187) at certain values of temperature and pressure. The presence of superconductivity and magnetic ordering was also discovered in the family of layered compounds RNi 2 B 2 C (R is Tm, Er, Ho and Dy)(188) and ruthenocuprates
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	ing on the distance between the ions, the material will exhibit ferromagnetic properties
	if the energy minimizes the codirectionality of the spins, or antiferromagnetic in the
	opposite case.		
	4.1.2 Bulk superconductors with magnetic ordering		

  Properties of the EuFe 2 (As 1-x P x ) 2

	4.2
	4.2

  2 (As 0.79 P 0.21 ) 2 single crystal 12 µm thick with atomically flat surface used for MFM studies was obtained by mechanical cleavage. The probes used were Bruker silicon magnetic cantilevers (MESP) coated by

	CoCr layer with the following characteristics at 4.2 K: resonant frequency -172 kHz,
	stiffness constant -5 N/m. AFM/MFM measurements were performed in an atmosphere
	of exchange gas (helium) at a pressure of P∼ 0.5 mbar in the temperature range from 4 to
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4.2. PROPERTIES OF THE EUFE2(AS1-X PX )2 [START_REF] Eilers | Pb thin films on Si(111): Local density of states and defects[END_REF] of the orbitals are presumably mediators in the RKKY interaction. As a result, both superconductivity and ferromagnetism are rather well supported (139).

Magnetic properties of the sample

The transport and magnetic properties were studied for EuFe 2 (As 1-x P x ) 2 with varying degrees of doping. 4.3 30 K. The temperature variation was controlled with high accuracy (± 0.005 K). Before MFM scanning the probes were magnetized in a 2 kOe field at a temperature above the temperature T sc = 22 K of the superconducting transition of the EuFe 2 (As 0.79 P 0.21 ) 2 sample. The surface topography was studied in the semi-contact mode, and the magnetic flux structure was studied in the MFM mode with the feedback turned off at the lift 15 to 110 nm above the sample surface, with a fast scan direction along the y-axis.

Crystal synthesis

The EuFe 2 (As 1-x P x ) 2 single crystals is synthesized by the self-flux method. For that, the substances: Eu, FeAs, and FeP are mixed in a stoichiometric ratio. Then the mixture is placed in an aluminium cuvette, and then the cuvette is placed in a quartz ampoule in a vacuum. The ampoule heats up to 1300 0 C at a speed of 50 0 C/h and is kept at this temperature for 12 hours before cooling to 950 0 C at a speed of 3 0 C/h (226)