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Résumé : Les nano-oscillateurs à couple de spin (STNO) sont des dispositifs spintroniques dans lesquels le couplage entre un courant de spin et l'aimantation est utilisé pour exciter des modes magnétiques dynamiques. En utilisant une configuration de vortex magnétique pour le STNO, cette thèse se concentre sur l'optimisation de ces dispositifs pour des applications de détection, en particulier la détection et la récolte d'énergie de signaux radiofréquence (rf). La caractérisation du bruit 1/f à basse fréquence des dispositifs étudiés est effectuée pour les différentes configurations magnétiques en fonction du champ magnétique externe. Le principal résultat montre que le bruit élevé associé a la configuration vortex, lié a des effets de piégeage du coeur sur des défauts matériaux, peut être supprimé par l'excitation de sa dynamique, soit par le couple de transfert de spin, soit par un signal rf. En ce qui concerne les capacités de détection par radiofréquence, elles reposent sur l'effet de spin-diode, un effet de rectification qui se produit lorsqu'un STNO est soumis à un courant radiofréquence dont la fréquence correspond à l'un des modes de résonance magnétique du système. Différentes stratégies sont étudiées pour obtenir une meilleure sensibilité de détection, un facteur de mérite crucial pour les détecteurs et les récolteurs d'énergie rf basés sur les STNO. Premièrement, nous démontrons une augmentation de la sensibilité lorsque le diamètre du STNO diminue, jusqu'à 300 nm. Deuxièmement, nous montrons qu'une amélioration des valeurs de sensibilité peut également être obtenue en connectant deux STNO en série, par rapport à un seul, et ce pour une large gamme de puissances d'injection rf. Troisièmement, nous étudions l'excitation simultanée de la dynamique de transfert de spin dans les STNO-vortex par deux signaux rf distincts -un courant rf et un champ magnétique rf. En divisant le signal d'entrée entre ces deux voies, un gain en sensibilité est obtenu. En outre, sur la base de ce dernier principe, une nouvelle fonctionnalité des STNO en tant que détecteurs de phase est démontrée. Les capacités de récolte d'énergie rf des STNO-vortex sont démontrées pour un signal rf proche de sa fréquence de résonance dans un circuit de validation de concept. Dans celui-ci, le STNO est utilisé pour alimenter un capteur de champ magnétique TMR, démontrant ainsi que les STNO-vortex sont des candidats prometteurs pour la récolte d'énergie de signaux rf présents dans l'environment tels que le WiFi ou le GSM.

Title : Spin-transfer dynamics in nano-oscillators : from detection to energy harvesting of radio-frequency signals Keywords : Spintronics, Spin-transfer, RF Detection, Energy Harvesting, Vortex Magnetisation Abstract : Spin-torque nano-oscillators (STNOs) are spintronic devices in which the coupling between a spin current and magnetisation is used to excite dynamical magnetic modes. Using a magnetic vortex configuration for the STNO, this thesis focuses on optimising these devices for sensing applications, namely radio-frequency (rf) signal detection and energy harvesting. The characterisation of the 1/f low-frequency noise of the studied devices is made in the different existing magnetic configurations as a function of the external magnetic field. The main result shows that the higher vortex noise, associated with the pinning of its core into material defects, can be suppressed through the excitation of its dynamics, either through the spin-transfer torque or an rf signal. As for the rf detection capabilities, they hinge on the so-called spin-torque diode effect, a rectification effect that occurs when an STNO is submitted to an rf current with a frequency corresponding to one of the magnetic resonance modes of the system. Different strategies are studied to achieve better detection sensitivity, a crucial figure of merit for STNO-based rf detectors and harvesters. Firstly, we demonstrate an increase in the sensitivity as the STNO diameter decreases, down to 300 nm. Secondly, we show an improvement of the sensitivity values can be also achieved by connecting two STNOs in series, compared to a single one, for a large range of rf injection powers. Thirdly, we investigate the simultaneous excitation of the spin transfer dynamics in vortex-based STNOs by two separate rf signals -an rf current and an rf magnetic field. By splitting the input signal between these two paths, a gain in sensitivity is achieved. Furthermore, based on the latter, a novel functionality of STNOs as phase detectors is demonstrated. The rf energy harvesting capabilities of vortex-STNOs are demonstrated for an rf signal near its resonance frequency in a proof-ofconcept circuit. The STNO is used to power a magnetic field TMR-sensor. With this demonstrator, we show that vortex-based STNOs are promising candidates for energy harvesting ubiquitous rf signals such as WiFi or GSM.

Chapter 1 Introduction

In an increasingly connected society, the total number of Internet of Things (IoT) connections is expected to reach 25 billion by 2025, up from 12 billion in 2019 [START_REF] Kechiche | IoT connections forecast: the impact of Covid-19[END_REF]. The sheer increase in the number of IoT devices will lead to an increase in the carbon footprint as well, which is estimated to reach 1000 MtCO 2 -eq/year by 2030 [2]. The carbon impact of IoT devices can be mitigated through the use of low-power efficient devices conjugated with energy harvesting solutions, the so-called Green IoT [3,4]. Additionally, many IoT applications require that they be portable, wireless and small, e.g. healthcare applications or wearable devices.

In this thesis, we investigate how physical phenomena in spintronics such as the magnetoresistive effect and the spin-transfer torque, can be used and controlled to propose specific spintronic devices. Such spintronic devices are prime candidates for IoT network devices due to their proven energy efficiency, small size and versatility. Indeed, spintronic devices are already used in commercially available technology, such as magnetic sensors and data storage solutions. Notably, a recent advance in memory technologies is the use of STT-MRAMs (Spin-transfer Torque Magnetic Random Access Memory). Unlike first-generation MRAMs, STT-MRAMs do not need magnetic fields for switching, relying instead on an injected current. STT-MRAMs can achieve higher densities and lower power consumption at lower costs compared to typical MRAMs [5,[START_REF] Nowak | Dependence of voltage and size on write error rates in spin-transfer torque magnetic random-access memory[END_REF]7,8]. The operation of STT-MRAMs rests on the so-called spin-transfer torque, an effect which can be exploited for many other applications. This thesis focuses on a specific type of spintronic device for radiofrequency (rf) applications: spin-torque nano-oscillators (STNOs). STNOs have been studied for a wide range of purposes, such as rf nano-emitters, neuromorphic computing, rf signal detection and energy harvesting. In this PhD, the main focus has been on the latter: the detection and energy harvesting of rf signals.

The material characteristics of STNOs are directly related to their performance in the enumerated applications.

One of these characteristics is the material quality of the free layer, which is related to the presence of grains and inhomogeneities. The 1/f low-frequency noise is one of the most important properties of magnetic field sensing devices, limiting their detectivity. Such measurements can give us an insight into the presence of grains in the STNO free layer and the interaction of the free layer magnetisation with the potential at their boundaries. The studied STNOs are magnetic tunnel junctions (MTJ) and have the particularity of exhibiting a vortex magnetisation distribution at the free layer. We have the goal of determining the 1/f low-frequency noise of these devices and investigating the influence of the spin-transfer torque dynamics, induced by a dc or rf current, in this type of noise.

The rf detection capability of STNOs was first demonstrated in 2005 [9] with the so-called spin-torque diode effect, a resonant rectification effect in which the device generates a voltage when an rf current with a frequency close to its resonance frequency is present. Since then, many advances have been made demonstrating their potential for such applications. Remarkably, these devices have been shown to surpass the detection sensitivity of semiconductor Schottky diodes [10], a relevant feat for energy harvesting purposes, making their future integration in IoT devices all the more likely. In this sense, there is still a lot of room for optimisation. For one, the highest detection sensitivity levels demonstrated with STNOs require the application of a magnetic field and/or a dc current. This implies the presence of a permanent magnet and a connection to a current source in the device -highly undesirable if the goal is to have wireless, portable and energy-efficient devices. The work developed in this thesis has the goal of optimising the detection sensitivity without the need for external stimuli in vortex-based STNOs. Ultimately, we intend to demonstrate that vortex-based STNOs are capable of powering small, low-power devices, e.g. sensors, by harvesting ambient rf signals.

In Chapter 2, an overview of the theoretical framework behind the operation of spin-torque nano-oscillators is provided. There is a focus on the dynamics of vortex-based spin-torque nano-oscillators, which is the type of device configuration that is studied in this thesis. The state-of-the-art use of STNOs for sensing and computing applications is described in the final section of the chapter.

In Chapter 3, the low-frequency 1/f noise in the different magnetic states of vortex-based spin-torque nano oscillators is studied. In addition, we study the impact of the vortex dynamics -exerted by the spin-transfer torqueon the noise level of the device. Finally, we propose some strategies to reduce the low-frequency 1/f noise of the device by exciting the dynamics of the vortex core using an rf signal acting in the free layer.

In Chapter 4, the focus is on the rf detection capabilities of vortex STNOs. The spin-torque diode effect is described analytically and experimentally, namely its frequency tunability and maximum rectification voltage as a function of the external stimuli -magnetic field and bias current. The influence of the device's diameter on the spindiode rectification voltage is investigated in this chapter. Additionally, rf detection modes beyond the gyrotropic mode are described, namely in the C-state of the device and when vortex core expulsion occurs.

In Chapter 5, we test the connection of two STNOs in series with the goal of increasing the detection sensitivity of the system. We determine the power losses of a single device and of two devices in series through S-parameter measurements. In addition, the experimental results are compared with simulation results obtained through an equivalent electrical model for the spindiode effect in vortex-based STNOs.

In Chapter 6, we study the effect of an rf magnetic field on the spindiode effect in vortex-based STNOs. Furthermore, we are interested in the use of the spindiode effect as a means to probe the phase difference between two rf signals -an rf current and an rf field -through a single voltage measurement. Additionally, we look into increasing the detection sensitivity of the device through this double excitation mechanism.

In Chapter 7, a proof-of-concept for powering a TMR sensor using a vortex-based STNO energy harvester is developed. We then successfully demonstrate its operation using an external rf signal.

Chapter 2

Basic Principle and Applications of

Spin-torque Nano-oscillators

This chapter describes the framework for the devices studied in this thesis: spin-torque nano-oscillators (STNOs). This framework is based on two fundamental concepts in spintronics: the magnetoresistive effect and the spintransfer torque. First, we introduce these relevant phenomena and explain the basic functioning of STNO devices.

Second, we focus on the magnetisation dynamics of these spintronic devices. In particular, we are interested in a type of STNO that exhibits a vortex magnetisation distribution at the free layer, such as those studied in this thesis.

Third, we describe the applications for which STNOs are considered potential candidates, such as detection and energy harvesting of rf signals, rf emission, neuromorphic computing, and magnetic field detection. We give an overview of the relevant developments in optimising the use of STNOs for such applications, providing a baseline for the studies described in this thesis. [START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF]. Schematic describing the basic operation of an STNO device. A spin-polarised current exerts a spin-transfer torque acting upon the free layer magnetisation, which leads to sustained magnetisation oscillations at the device's oscillation frequency. Due to the TMR effect, there is a resistance variation that translates into an rf current's emission.

Spin-torque nano-oscillators (STNO) are spintronic devices, typically magnetic tunnel junctions, capable of con-verting an injected dc current into an rf emission and vice-versa. They operate at resonance frequencies in the hundreds of MHz and up to a few GHz, mainly depending on their magnetic configuration and/or the device's shape.

STNOs have a standard ferromagnetic/ non-magnetic/ ferromagnetic trilayer structure, with one of the ferromagnetic layers having a fixed magnetisation while the other has a free magnetisation, which aligns with an externally applied field. Upon the injection of a dc current into an STNO, a spin-polarised current is created by the fixed layer that exerts a torque upon the free layer magnetisation, causing it to precess at a resonance frequency of the device's free layer. The magnetisation oscillations are converted into resistance oscillations due to the magneto-resistance effect existing in such spintronic devices. Consequently, this leads to the emission of an rf current at the resonance frequency of the device. This operating principle is schematised in Figure 2.1. Additionally, the opposite is also true since STNOs have an rf-to-dc conversion rectification effect which is explored in Chapter 4.

Fundamental concepts

Electronic transport in ferromagnetic materials

An essential factor in the creation of spintronic devices is the choice of materials which are used. Typically, spintronic devices are made with 3d transition metals1 such as iron, nickel, cobalt, or their alloys. The distinguishing feature of these materials is that they are ferromagnetic at room temperature [START_REF] Éel | Le ferromagn étisme et l' état m étallique[END_REF] and exhibit good transport propertieswhich is spin-dependent in ferromagnetic materials [START_REF] Tedrow | Spin-dependent tunneling into ferromagnetic nickel[END_REF][START_REF] Stearns | Simple explanation of tunneling spin-polarization of Fe, Co, Ni and its alloys[END_REF]. Transition metals have a different band structure than classical metals, displaying partially filled shells which are inequally filled, making them ferromagnetic. At the Fermi level, in a simplified version, two conduction bands exist; The 4s shell, which is filled at the same level for the two spin sub-bands, and the 3d shell, which is only partially filled for the spin down one, see Figure 2. 2 a). At the Fermi level, the reduction of exchange energy associated with two parallel spins is higher than the increase of kinetic energy. This is the so-called Stoner criteria. This results in the energy splitting of the 3d shell, see Figure 2.2 a), generating a difference in the density of states at the Fermi level and causing the spins of neighbouring electrons to be aligned. This is at the origin of different mobility for the electrons with spin " and spin #. This difference in mobility is at the origin of the spin polarisation of the current.

The delocalised 4s electrons drive the conduction in these materials. Due to the overlap between the 4s and 3d shells, there is spin-dependent scattering of the localised electrons, causing different mobilities. The 4s # electrons can scatter through the 3d # shell, while the 4s " -which have a higher density of states at the Fermi level -do not scatter through the 3d " . In the low-temperature limit, it can be assumed that the electron's spin is conserved during scattering. Thus, the electron transport can be described by two independent conduction channels, i.e. by Mott's two-current model [START_REF] Mott | The resistance and thermoelectric properties of the transition metals[END_REF][START_REF] Fert | Two-current conduction in Nickel[END_REF][START_REF] Campbell | Evidence for two current conduction iron[END_REF], see Figure 2.2 b). The two conduction channels have resistivities ⇢ " and ⇢ # for the majority and minority spins, respectively, with ⇢ " < ⇢ # . 

Magnetoresistive effects 2.1.2.1 Giant magnetoresistance effect (GMR)

The giant magnetoresistance effect, which was discovered in 1988 by Prof. A. Fert and P. Gr ünberg [START_REF] Baibich | Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF], occurs when a current traverses a type of multilayer system called spin-valve [START_REF] Dieny | Giant magnetoresistive in soft ferromagnetic multilayers[END_REF], consisting of ferromagnetic (FM) layers separated by a non-magnetic (NM) layer. This effect can be described using Mott's two-current model. For a simple description, we can assume that the FM layers have a uniform magnetisation and that the spin is conserved when scattering occurs. The electrons with majority spin are less scattered than those with minority spin. As the previous section shows, the resistivity is lower for the majority spin electrons.

Considering the electronic transport through the two FM layers (and also through the interfaces), for the majority and minority spins, see Figure 2.3, it is possible to determine the spin-valve's resistance through an equivalent resistance model depending on its magnetic state: parallel (P) and anti-parallel (AP). The equivalent resistance circuits for the parallel and anti-parallel states are shown in Figure 2.3 a) and b), respectively. We define a resistance r/2 for the majority spin channel and a resistance R/2 for the minority spin channel, with R > r. Thus, we can express the resistance of the P state R P and of the AP state R AP as follows:

R P = Rr R + r R AP = R + r 4 (2.1)
In the P and AP states, the magnetisations of both FM layers are colinear. For the case in which they are not colinear, the resistance of the spin-valve depends on the magnetoresistance ratio (MR) and the angle ✓ between the two FM layers' magnetisations [START_REF] Levy | Electrical conductivity of magnetic multilayered structures[END_REF][START_REF] Dieny | Anisotropy and angular variation of the giant magnetoresistance in magnetic multilayers[END_REF]. This angular dependence of the resistance is the basic phenomenon used in spintronic devices for sensing magnetic fields, speeds or currents. The MR ratio and the spin-valve's resistance are, respectively, given by the following expressions: Typically, the GMR ratio in spin-valves ranges between 1% and 10% at room temperature [START_REF] Holody | Giant magnetoresistance of Copper/Permalloy multilayers[END_REF]. The discovery of GMR marks the birth of spintronics, revolutionising magnetic data stockage in the 90s and 2000s, and today with the ubiquitous presence of magnetoresistive sensors. More information on these applications is provided in Section 2.3 of this Chapter.

MR = R AP R P R P R = R P  1 + MR 2 (1 cos ✓) (2.

Tunneling magnetoresistance effect (TMR) Julli ère's model

In magnetic tunnel junctions (MTJ), the ferromagnetic layers are separated by an insulating barrier, which the electrons can cross via tunnelling. The first experiments on spin-dependent tunnelling were pioneered by Tedrow and Meservey [START_REF] Tedrow | Spin-dependent tunneling into ferromagnetic nickel[END_REF][START_REF] Tedrow | Spin polarization of electrons tunneling from films of Fe, Co, Ni, and Gd[END_REF], while the first demonstration of the TMR effect at low temperatures was made by Julli ère, in 1975 [START_REF] Julli Ère | Tunneling between ferromagnetic films[END_REF]. Julli ère proposed a model to describe transport through the tunnelling barrier. Julli ère's model was based on the existence of two different densities of states at the Fermi level for the two sub-shells and assumes [START_REF] Kechiche | IoT connections forecast: the impact of Covid-19[END_REF] that the junction's conductance G varies proportionally to the density of states D i of the ferromagnetic electrodes at the Fermi level, G / D 1 D 2 , and (2) that the electron's spin is conserved when tunnelling through the barrier. The conductance of the junction in the P state G P and in the AP state G AP follow the proportionality relations:

G P / D 1" D 2" + D 1# D 2# G AP / D 1" D 2# + D 1# D 2" (2.3)
According to this model, the spin polarisation for each electrode i can be written in terms of the density of states for the majority and minority spins of the electrode:

P i = D i" D i# D i" + D i# (2.4)
The TMR ratio, which is given by Eq. 2.2, can thus be written in terms of the spin polarisation of both electrodes:

T MR = 2P 1 P 2 1 P 1 P 2 (2.5)
Julli ère's model was found not to be completely accurate in explaining transport in magnetic tunnel junctions for some of the available experimental data. In 1977, Stearns demonstrated that to model spin-dependant tunnelling accurately, it was necessary to consider the exact electronic structure of the material [START_REF] Stearns | Simple explanation of tunneling spin-polarization of Fe, Co, Ni and its alloys[END_REF]. Using her model, taking into account an analysis of the material's electronic structure, she determined the spin polarisation of Ni and Fe, two transition metals, consistently with the experimental results obtained by the Meservey-Tedrow technique [START_REF] Tedrow | Spin-dependent tunneling into ferromagnetic nickel[END_REF][START_REF] Tedrow | Spin polarization of electrons tunneling from films of Fe, Co, Ni, and Gd[END_REF].

However, this model is still not entirely accurate in determining the TMR ratio, as it doesn't explain the dependence of the spin polarisation on the insulator and interfaces.

Slonczewski model

In 1989, Slonczewski developed a new model to accurately describe tunnelling in MTJs [START_REF] Slonczewski | Conductance and exchange coupling of two ferromagnets separated by a tunneling barrier[END_REF], which considers the shape of the barrier and its height, i.e. the potential seen by the electrons. The model is used to solve the Schr ödinger equation by modelling the ferromagnetic electrodes with a parabola-shaped density of states function, shifted in energy for the majority and minority spins, and the insulating barrier as a rectangular potential with height U above the Fermi level. The solution to the Schr ödinger equation in this system is used to determine the spin polarisation of the FM electrodes i, which is given by:

P i = ✓ k i" k i# k i" + k i# ◆✓ q 2 k i" k i# q 2 + k i" k i# ◆ (2.6)
with k i the wave vector for the majority ( =") and minority ( =#) spins, relative to the electrode i, and q 2 = k 2 // + 2mU/~2 the attenuation factor at the tunnelling barrier for the wave function, where k // is the in-plane component of the wave vector.

The first demonstrations of MTJ devices with large TMR at room temperature, TMR ⇡ 20% 30%, were made in 1995 [START_REF] Miyazaki | Giant magnetic tunneling effect in Fe/Al 2 O 3 /Fe junction[END_REF][START_REF] Moodera | Large magnetoresistance at room temperature in ferromagnetic thin film tunnel junctions[END_REF], using insulating barriers composed of amorphous alumina Al 2 O 3 . Later, TMR values of up to 70% were reached for devices using Al 2 O 3 [START_REF] Wang | 70% TMR at room temperature for SDT sandwich junctions with CoFeB as free and reference layers[END_REF].

Transport in crystalline tunnel junctions

In 2001, Butler et al. predicted a very large TMR that increases with the barrier's thickness for epitaxial Fe/MgO/Fe structures [START_REF] Butler | Spin-dependent tunneling conductance of Fe / MgO / Fe sandwiches[END_REF]. Indeed, the models developed by Julli ère, Stearns and Slonczewski do not take into account the crystallographic structure of the materials, which was shown to be of great relevance in explaining the TMR transport phenomena. The spin-filtering mechanism behind this very large TMR prediction in epitaxial structures is the coupling of Bloch states of the ferromagnetic layers with the evanescent states of the insulating barrier [START_REF] Butler | Spin-dependent tunneling conductance of Fe / MgO / Fe sandwiches[END_REF][START_REF] Butler | Tunneling magnetoresistance from a symmetry filtering effect[END_REF][START_REF] Velev | Interface effects in spin-polarized metal/insulator layered structures[END_REF]. In 2004, a very large enhancement of the TMR to 220% was reported by Parkin et al. in CoFe/MgO/CoFe sputtered junctions [START_REF] Parkin | Giant tunnelling magnetoresistance at room temperature with MgO (100) tunnel barriers[END_REF] and by Yuasa et al. in epitaxially grown Fe/MgO/Fe junctions [START_REF] Yuasa | Giant room-temperature magnetoresistance in single-crystal Fe/MgO/Fe magnetic tunnel junctions[END_REF]. The latter junctions were developed at the AIST -National Institute of Advanced Industrial Science and Technology laboratory, where part of the samples used during this thesis were fabricated. MTJs using crystalline MgO barriers have been reported to reach TMRs of up to 600% at room temperature [START_REF] Ikeda | Tunnel magnetoresistance of 604% at 300K by suppression of Ta diffusion in CoFeB/MgO/CoFeB pseudo-spin-valves annealed at high temperature[END_REF].

Magnetisation dynamics and spin-transfer torque

The Landau-Lifschitz-Gilbert equation

In the case in which the magnetisation of a magnetic material is moved from its equilibrium position, there is a damped precession of the magnetisation M around the effective magnetic field ! H ef f . This precession can be described by the Landau-Lifschitz-Gilbert (LLG) equation -a differential equation that expands on the Landau-Lifshitz equation, first described in 1935 [START_REF] Landau | On the theory of the dispersion of magnetic permeability in ferromagnetic bodies[END_REF], to include a dissipation term by Gilbert, in 1955 [37, 38]:

d M dt = µ 0 M ⇥ ! H ef f + ↵ M S ✓ M ⇥ d ! M dt ◆ (2.7)
where µ 0 is the vacuum permeability, is the gyromagnetic ratio, and M S is the saturation magnetisation. The first right-hand side term describes the precession of the magnetisation around ! H ef f . The second term in the equation is a phenomenological dissipative term, which describes the return of the magnetisation to its equilibrium position due to the damping intrinsic to the material. The damping is characterised by the dimensionless Gilbert constant ↵. The Gilbert constant for the materials used in this thesis is of ↵ NiF e ⇡ 0.008 and ↵ F eB = 0.0054 [START_REF] Tsunegi | Damping parameter and interfacial perpendicular magnetic anisotropy of FeB nanopillar sandwiched between MgO barrier and cap layers in magnetic tunnel junctions[END_REF]. The effective magnetic field comprises the contributions from the external magnetic fields, magnetocrystalline anisotropy field, exchange field and demagnetising field:

H ef f = 1 µ 0 @✏ d M (2.8)
with ✏ the local energy density.

Spin-transfer torques

When a current flows perpendicularly to the plane in an FM/NM/FM structure, it gets spin-polarised by the first FM layer and, in the case in which both FM layers' magnetisations are not colinear, it exerts a spin-transfer torque (STT) on the magnetisation of the second FM layer, capable of changing its orientation, i.e. the free layer. This phenomenon was introduced in 1996 by Slonczewski [START_REF] Slonczewski | Current-driven excitation of magnetic multilayers[END_REF], and Berger [START_REF] Berger | Emission of spin waves by a magnetic multilayer traversed by a current[END_REF], who theoretically demonstrated that a spin-polarised current could excite spin waves, induce precession of the magnetisation and even flip the magnetisation by countering the damping in an FM layer in spin-valve systems. We consider a multilayer structure with two ferromagnetic layers, FM 1 and FM 2 , with uniform magnetisations misaligned by an angle ✓ and separated by a non-magnetic layer (metallic in spin-valves or insulating in MTJs), see Figure 2.4 a). The first layer has a fixed magnetisation ! M 1 -typically in spin-valves and MTJs this is due to the exchange-bias field [START_REF] Meiklejohn | Exchange anisotropy -a review[END_REF][START_REF] Malozemoff | Random-field model of exchange anisotropy at rough ferromagnetic-antiferromagnetic interfaces[END_REF] exerted by a subjacent anti-ferromagnetic (AFM) layer -and serves as a spin-polariser layer. The second FM layer has a free magnetisation ! M 2 , which means its magnetisation direction can be altered.

When a current is injected into this structure, it gets spin-polarised along ! M 1 . The current passes through the non-magnetic spacer into the second FM layer. Because there is a finite angle between the two magnetisations directions, the spin-polarised current has a component which is transverse to ! M 2 , ! M , see Figure 2.4 b). As it traverses the second FM layer, the electron spins tend to align with ! M 2 due to the exchange interaction, and its transverse component is transferred to M 2 to ensure the conservation of the total angular momentum. This transfer of angular momentum is the spin-transfer torque ⌧ ST T , which acts upon the free layer magnetisation, see Figure 2.4 b). The STT can be determined from the change in ! M 2 , which is given by the following expression:

! ⌧ ST T = d ! M 2 dt = P i gµ B I dc 2LA|e| ! m 2 ⇥ ( ! m 2 ⇥ ! m 1 ) (2.9)
with g the Land é factor (⇡ 2 for electrons), µ B the Bohr magneton, e the electron elementary charge, L the thickness of the FM layer, A its area, and ! m 1 and ! m 1 the unit vectors for ! M 1 and ! M 2 , respectively.

It has been shown that the transfer of spin angular momentum from the conduction electrons to the local magnetic moments is an interfacial phenomenon occurring in the first few atomic layers (a few nanometers) of the FM 2 layer [START_REF] Tserkovnyak | Current-induced magnetization dynamics in disordered itinerant ferromagnets[END_REF][START_REF] Garate | Nonadiabatic spin-transfer torque in real materials[END_REF]. At the NM/ FM 2 interface, the transverse component of the incident spin current exerts a torque upon the local magnetisation, while the colinear component is conserved (the longitudinal spin diffusion length in most cases is much larger than the absorption length of its transverse component). The angular momentum which is transferred to the local magnetisation can be determined from the balance between the transverse spin current incident on the interface ! I ?

inc and its reflected ! I ?

ref and transmitted ! I ?

trans parts:

⌧ = ! I ? trans + ! I ? ref ! I ? inc (2.10)
The spin-transfer torque associated with the incident spin current is the so-called Slonczewski torque, which is perpendicular to the free layer magnetisation direction ! m 2 and is in the plane defined by the magnetisations of both FM layers, ! m 1 and ! m 2 . It can be expressed as:

! ⌧ Slon = ⌧ Slon ! m 2 ⇥ ( ! m 2 ⇥ ! m 1 ) (2.11) 
The Slonczewski torque is also known as the damping-like torque since it effectively acts upon the free layer magnetisation as an extra-damping or anti-damping component, depending on the sign of the injected dc current.

The spin-transfer torque associated with the reflected part of the spin current2 is the Field-like torque [START_REF] Stiles | Anatomy of spin-transfer torque[END_REF]. This torque is called Field-like because it acts upon the free layer magnetisation similarly to a magnetic field oriented in the ! m 1 direction. It is perpendicular to the free layer magnetisation as well, but its direction is defined by

! m 1 ⇥ ! m 2 .
This torque can be expressed as:

! ⌧ F L = ⌧ F L ( ! m 1 ⇥ ! m 2 ) (2.12)
In spin-valves, the Field-like torque component is generally considered negligible [START_REF] Stiles | Anatomy of spin-transfer torque[END_REF]. However, this is not the case in magnetic tunnel junctions [47,[START_REF] Manchon | Modelling spin transfer torque and magnetoresistance in magnetic multilayers[END_REF]. The total spin-transfer torque in magnetic tunnel junctions is thus given by the sum of the Slonczewski and Field-like torques !

⌧ ST T = ! ⌧ F L + ! ⌧ Slon .
The amplitude of each torque depends mainly on the material of the magnetic tunnel junction, as well as on the polarisation at the N M/F M 2 interface.

However, the actual spin-polarisation also depends on the applied voltage, as reported by Slonzewski [START_REF] Slonczewski | Currents, torques, and polarization factors in magnetic tunnel junctions[END_REF]. As such, we consider the dependence of the Slonczewski and Field-like torque on the applied voltage directly. For asymmetrical junctions, such as the ones studied in this thesis, the prefactor for the Slonczewski torque can be expressed as:

⌧ Slon = a j M S j , with a j = P i |g|µ B 2L|e|M S (2.13)
where a j is the Slonczewski torque efficiency, j is the current density, and L is the free layer's thickness. In turn, the Field-like torque can be expressed as follows:

⌧ F L = b j M S j (2.14)
with b j the field-like torque efficiency, which can be defined in terms of a j , with b j = ⇠ F L a j [50,[START_REF] Grimaldi | Response to noise of a vortex based spin transfer nano-oscillator[END_REF]. The ratio between the Field-like torque and Slonczewski torque efficiencies ⇠ F L is typically between 0.1 and 0.4 [52,53,54].

This ratio is especially important in the resonant excitation of the magnetisation dynamics [9, 55] -this is looked into in more detail in Chapter 4.

With the introduction of the STT terms in the LLG equation, see Eq. 2.7, the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation can be used to describe the dynamics of the magnetisation under a magnetic field as well as a spin-polarised current:

d M dt = µ 0 M ⇥ ! H ef f + ↵ M S ✓ M ⇥ d ! M dt ◆ a j j M S M ( M ⇥ p) b j j( M ⇥ p) (2.15)
where p is the direction of the spin polarisation. 

! H F L = b j j µ 0 p (2.16)
In contrast, the Slonczewski torque is a damping-like torque, being colinear with the damping term, and thus, the damping constant ↵ can be re-written to take its action into account:

↵ = ↵ ja j µ 0 H ef f (2.17)
Finally, we can re-write the LLG equation:

d M dt = µ 0 M ⇥ ! H ef f + ! H F L + ↵ M S ✓ M ⇥ d ! M dt ◆ (2.18)
Depending on the sign of the current density j, the Slonczewski torque acts as an extra or anti-damping torque.

For a strong enough positive current density j crit the Slonczewski torque cancels out the damping. For values beyond j crit , and in the presence of a strong enough magnetic field, the spin-transfer torque can lead to sustained oscillations of the free layer magnetisation -this is the basis for the operation of spin-torque nano oscillators. Additionally, at low magnetic fields, the spin transfer torque may overcome the damping and fully switch the free layer's magnetisation, given that at low fields the energy cost to reverse magnetisation is not too great. This spin-transfer torque induced switching can be used for recording applications, such as in MRAMs.

Vortex dynamics: Thiele formalism

In this thesis, a particular type of STNO with a vortex magnetisation distribution at the free layer in its equilibrium state is studied. Firstly, we present the vortex magnetisation distribution and the effect of external stimuli, such as a magnetic field or a current, in the vortex magnetisation. Secondly, the magnetisation dynamics of this type of oscillator under the action of the spin-transfer torque are described. As explained further along, during the PhD, we have focused our interest on the fundamental mode of the vortex configuration, corresponding to the spin-transfer induced dynamics of the vortex core around the centre of the nanodisk. The characteristics of this mode associated with the vortex core can be described through the Thiele formalism [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF]57].

Magnetic vortex distribution

The stability of the vortex configuration as the ground state of the ferromagnetic free layer depends on the nanodisk's radius R, thickness L, and the exchange length of the material,

L E = p 2A/(µ 0 M 2 S )
, where A is the material's exchange constant [58], see Figure 2.6. Figure 2.6: Adapted from [58]. Phase diagram for the magnetisation distribution in a ferromagnetic nanodisk as a function of its geometry, R being its radius and L its thickness, and the material exchange length L E . Three magnetic configurations are accessible: vortex, in-plane uniform and out-of-plane uniform. The red delimited zone corresponds to the region where the nanodisk configuration is metastable.

The magnetic vortex comprises two parts: the vortex core, with radius b ⇠ 2L E , where the magnetisation is out-of-plane, and the vortex body, where the magnetisation presents an in-plane radial distribution3 . To minimise the layer's stray field, the magnetisation at the nanodisk's edge is colinear with its boundary [START_REF] Hengstmann | Stray-field investigation on permalloy nanodisks[END_REF]. The polarity P , which is the direction of the magnetisation in the vortex core, and the chirality C, which is the orientation of the coiling of the vortex body magnetisation, are the two statical properties that define the vortex configuration. Four configurations are accessible for the vortex: +C+P, +C-P, -C+P and -C-P, see Figure 2.7. Various analytical models have been used to describe the magnetisation of the vortex in its equilibrium position at the centre of the nanodisk, see Figure 2.8 a). According to a simple model presented by Feldtkeller and Thomas [START_REF] Feldtkeller | Struktur und energie von blochlinien in d ünnen ferromagnetischen schichten[END_REF], the vortex's perpendicular magnetisation, m z , follows a Gaussian distribution. Another model was described by Usov and Peschany, which minimised the system's overall free energy by applying the variational method [START_REF] Usov | Magnetization curling in a fine cylindrical particle[END_REF]. In work by Gaididei et al. [START_REF] Gaididei | Magnetic vortex dynamics induced by an electrical current[END_REF], these models are examined in comparison with other analytical models, and it is shown through micromagnetic simulations that a Gaussian function can accurately describe the vortex magnetisation distribution. As such, its coordinates can be expressed in cylindrical coordinates as follows:

8 > > > > > > < > > > > > > : m ⇢ = 0 m = C p 1 cos 2 (✓(⇢)) m z = cos(✓(⇢)) = P exp ✓ ln 2 2⇢ C b 2 ◆ (2.19)
where ✓(⇢) is the angle between the local magnetisation m at a radius ⇢ from the centre of the nanodisk and mz .

In the case where the vortex core is displaced from the centre of the disk, the rigid vortex model is no longer valid since they can't guarantee the colinearity of the magnetisation with the nanodisk borders, see Figure 2.8 b).

As such, the vortex magnetisation is not orthoradial in this case. To take into account the deformation of the in-plane magnetisation, the Two Vortex Ansatz (TVA) was proposed, see Figure 2.8 c), which guarantees that M • dS = 0 at the nanodisk's edge. From this model, we can determine the average in-plane magnetisation of the vortex ! M k -its oscillation is at the origin of the device's resistance variations due to the TMR effect and consequent rf emission. The average in-plane magnetisation can be described as a function of the position of the vortex core 

! X c = (⇢ c , c ).
! M k = 2CM S 3R ! X c ⇥ ! e z = 2CM S 3R ⇢ c (sin( c ) ! e x cos( c ) ! e y ) (2.20)

Effect of an in-plane magnetic field on the vortex magnetisation

With the application of an in-plane magnetic field H IP , the vortex core is displaced from the nanodisk's centre perpendicularly to the field [START_REF] Cowburn | Single-domain circular nanomagnets[END_REF]69]. This displacement is proportional to the dot ratio = L R :

! X = 5 RC 2⇡M S ( ! e z ⇥ ! H IP ) (2.21)
The average in-plane magnetisation M k tends to align itself with the applied field in order to minimize the total energy. For a large enough field, the annihilation field H A , the vortex core is expelled from the disk, and the magnetisation becomes quasi-uniform, aligning itself with the applied field, see Figure 2.9. Decreasing H IP , the magnetic vortex is recovered at the nucleation field, H N . In the transition between the quasi-uniform state and the vortex state, there is a metastable state in which there is a curling of the magnetisation, but the vortex core is not present in the nanodisk -the C-state.

Figure 2.9: Adapted from [69]. Hysteresis loop of the magnetisation as a function of the in-plane magnetic field. H N and H A are the vortex nucleation and annihilation fields, respectively. The represented curve was obtained from micromagnetic simulations of a disk with R = 0.1 µm and L = 30 nm. The schematics at the bottom represent the disk's magnetisation at different points in the curve.

Influence of external stimuli on the magnetic vortex

Effect of an out-of-plane magnetic field on the vortex magnetisation

For the application of an out-of-plane magnetic field H OOP with the same direction as the vortex polarity, the vortex remains centred, and there is a linear increase in the out-of-plane component of the vortex body magnetisation m body z :

m body z = H OOP H S = h (2.22)
where H S is the saturation field necessary to fully magnetise the nanodisk out-of-plane, and h is the normalised out-of-plane magnetic field. The increase in m body z can be seen through micromagnetic simulations [50] shown in In the case that H OOP has the opposite direction of the vortex polarity and if strong enough, it can reverse the polarity of the vortex. This happens through the creation of a vortex-antivortex pair after the vortex core annihilation in which only the vortex with the polarity in the direction of the applied field remains stable [START_REF] Thiaville | Micromagnetic study of Bloch-point-mediated vortex core reversal[END_REF].

Effect of a current on the vortex magnetisation

An electrical current, direct or alternating, traversing the STNO perpendicularly creates a magnetic field called the Oersted field ! H Oe . Within the nanodisk, the Oersted field for a radius ⇢ is expressed as:

! H Oe = C Oe |I| 2⇡R 2 ⇢ ! e (2.24)
where C Oe is the Oersted field chirality, which is given by the direction, i.e. the sign, of the injected current I.

Depending on the chirality of the vortex, the Oersted field tend to either stabilise it if CC Oe = +1 or destabilise it if

CC Oe = 1.
In the latter case, if the injected current is strong enough, the Oersted field can cause the reversal of the vortex chirality.

Thiele Formalism

The Thiele equation was proposed in 1973 by Thiele et al. to describe the dynamics of magnetic solitons [START_REF] Thiele | Steady-state motion of magnetic domains[END_REF]57].

The Thiele equation is used to describe the magnetisation dynamics by reducing it to the dynamics of the vortex core, which has a position ! X c = (⇢ c , c ). It derives from the projection of the LLGS equation, Eq. 2.15, in the spherical basis that defines the magnetisation M and the integration of the energy variation over the disk's volume.

The detailed derivation is described in Eva Grimaldi's PhD Thesis [START_REF] Grimaldi | Étude des propri ét és non-lin éaires et de l'origine du bruit d'oscillateurs à transfert de spin à base de vortex : vers le d éveloppement de nano-dispositifs radiofr équences spintroniques[END_REF]. While this formalism assumes a rigid magnetisation distribution, which is not entirely valid in the case of a vortex distribution contained in a finite disk, it provides a good description of the gyrotropic mode of vortex motion. The Thiele equation for the gyrotropic core motion of the vortex core is thus expressed as:

G ⇥ Ẋc D( Xc ) Ẋc @W @ Xc + ! F ST T ( Xc ) = 0 (2.25)
with G the gyrovector, D the damping tensor, W the potential energy and ! F ST T the force due to the spin-transfer torque. Each of the four terms in Eq. 2.25 represents a force which acts upon the vortex core, ruling its dynamics, see Figure 2.11. In this section, we describe the origin and effect of each of these forces in the vortex core dynamics.

Gyroforce

The first term in Thiele's equation is the conservative gyroforce G ⇥ d ! Xc dt , which is responsible for the precession of the vortex core around its equilibrium point at the nanodisk's centre. G is the gyrovector, which can be defined through the rigid vortex model defined by Usov et al. [START_REF] Usov | Magnetization curling in a fine cylindrical particle[END_REF] as:

G = 2⇡LM S ! e z = P G 0 ! e z (2.26)
where G 0 = 2⇡P LM S , and P is the vortex polarity. In the presence of an out-of-plane magnetic field H OOP , the gyroforce is modified [72], becoming:

G = P G ! e z with G = G 0 cos(✓ 0 ) 1 (2.27) 
where

cos(✓ 0 ) = H OOP H S
is the perpendicular component of the vortex body magnetisation.

Damping force

The second term in Thiele's equation D(

! X c ) d !

Xc

dt corresponds to the damping force, which counters the precession of the vortex core. The damping tensor D is obtained using the TVA formalism and has a non-linear dependence on the vortex core position [50]:

D( ! X C ) = D  1 + ⇠ ⇢ c R ) 2 (2.28) 
with:

D = D 0 (b)sin 2 (✓ 0 ) = ↵⇡LM S  ln R 2b 1 4 sin 2 (✓ 0 ) (2.29)
where D 0 is the linear damping magnitude, ⇠ = 0.6 is the non-linear damping coefficient [START_REF] Khvalkovskiy | Vortex oscillations induced by spinpolarized current in a magnetic nanopillar: Analytical versus micromagnetic calculations[END_REF], and ↵ is the Gilbert damping constant. The effect of an applied out-of-plane magnetic field H OOP on the damping is weighed through the term sin 2 (✓ 0 ) = 1 (H OOP /H S ) 2 -an applied H OOP decreases the damping of the system. Furthermore, the vortex core radius also scales with the out-of-plane field as b ⇡ 2L E exp(1.19 H OOP H S ), where L E is the material's exchange length [50].

Confinement force

The third term in Thiele's equation @W @ ! Xc is relative to the confinement force acting on the vortex core, which tends to return the vortex core to the centre of the disk to minimise the total energy of the system. The confinement force derives from the potential energy gradient, with the potential energy W = W Oe + W ms , where W Oe is the Zeeman energy due to the Oersted field and W ms is the magnetostatic energy. The confinement force has a non-linear dependence on the vortex core position. Its expression was calculated by Gaididei et al. [START_REF] Gaididei | Magnetic vortex dynamics induced by an electrical current[END_REF]:

! F ms = k⇢ c ! e ⇢ = k ms ⇢ c ✓ 1 + 1 4 ⇢ c R 2 ◆ ! e ⇢ with k ms = 10 9 µ 0 M 2 S L 2 R sin 2 (✓ 0 ) (2.30)
Similarly to what happens with the damping force, the effect of an applied out-of-plane magnetic field in the confinement force is weighed by sin 2 (✓ 0 ) [72]. The Zeeman term arises from the Oersted field created by an applied current with density j and is given by:

! F Oe = k Oe Cj⇢ c ✓ 1 1 2 ⇢ c R 2 ◆ ! e ⇢ with k Oe = 0.85µ 0 M S LRsin(✓ 0 ) (2.31)
where C is the vortex chirality, which plays an essential role in the Oersted confinement, with its direction depending on the sign of CC Oe = ±1, where C Oe denotes the chirality of the Oersted field C Oe = sign(j).

Spin-transfer force

The spin-transfer force can be decomposed in two terms, the Slonczewski torque which has an in-plane and out-of-plane component

! F Slon = ! F Slon ? + ! F Slon
k , and the Field-like torque which we can consider to have only an

in-plane component ! F F LT k , since its out-of-plane component is negligible. The ! F Slon
? is colinear to the damping term and originates from the out-of-plane component of the spin-polarised current. As such, it depends on the out-of-plane component of the magnetisation of the polariser layer. This means that to excite the gyrotropic vortex dynamics and enter the self-sustained oscillations regime, it is necessary to have an out-of-plane component of the spin-polarised current P z to counter the damping force [START_REF] Khvalkovskiy | Vortex oscillations induced by spinpolarized current in a magnetic nanopillar: Analytical versus micromagnetic calculations[END_REF]. The out-of-plane current polarisation is given by:

P z = H OOP µ 0 M P ol S (2.32)
where M P ol S is the saturation magnetisation of the polariser layer.

In the presence of a dc current, the circular magnetisation motion is driven by ! F Slon ? . At the same time, the in-plane components of the spin-transfer torque act simply as in-plane magnetic fields that can only shift the vortex core from its equilibrium position at the centre of the nanodisk. The out-of-plane spin-transfer force is given by the expression:

! F Slon ? = k ? P z sin 2 (✓ 0 ) ! e z ⇥ ! X c with k ? = a j ⇡M s L (2.33)
For the spin-transfer torque to fully counter the damping of the system and achieve self-sustained oscillations of the vortex core [START_REF] Mistral | Current-driven vortex oscillations in metallic nanocontacts[END_REF][START_REF] Pribiag | Magnetic vortex oscillator driven by d.c. spin-polarized current[END_REF], the injected current density must surpass a threshold value -the critical current j c , which is

given by [START_REF] Khvalkovskiy | Vortex oscillations induced by spinpolarized current in a magnetic nanopillar: Analytical versus micromagnetic calculations[END_REF]:

j crit = ↵⌘k ms k ? C↵⌘k Oe with ⌘ = ln ✓ R 2b ◆ 1 4 (2.34)
The critical current density j crit is typically in the order of 10 7 10 8 A/cm 2 . Additionally, a necessary condition to achieve self-sustained oscillations is that jP P z > 0, where P is the vortex polarity so that the spin-transfer force acts as an anti-damping force. In the case that jP P z < 0, the spin-transfer force acts as an extra-damping term.

In the case of a dc current, the in-plane components of the spin-transfer torque can be neglected since its action is compensated over an oscillation period. However, in the case of an alternating current with a frequency close to the vortex resonance frequency, the in-plane spin-transfer torques, ! F Slon k and ! F F L k , have a non-zero average over an oscillation period and induce the resonant motion of the vortex core. These in-plane torques are especially important for the spin-torque diode effect or spindiode for short [9]. In Chapter 4, we detail the analytical expressions for these torques in the context of the spindiode effect -the effect that provides the basis for the rf detection and energy harvesting techniques studied in Chapters 5 and 6.

Frequency tunability of the magnetic vortex

The trajectory of the vortex core in the gyrotropic mode can be determined through Thiele's equation. For the case of small amplitude oscillations, the vortex core follows a spiral trajectory toward its equilibrium position at the nanodisk's centre and the evolution of its resonance frequency can be expressed as [50]:

! = k G = k ms + Cjk Oe G = ! ms + Cj! Oe (2.35)
where:

! ms = 5L 9⇡R µ 0 sin 2 (✓ 0 ) ! Oe = 0.85 2⇡ µ 0 Rsin(✓ 0 ) (2.36)
The gyrotropic mode eigenfrequency varies with the geometry of the nanodisk. The first term in Eq. 2.35, which relates to the magnetostatic confinement term, varies with the dot ratio of the device = L R , whereas the second term, which relates to the Oersted field, scales with the radius R. Through the Oersted field term, the eigenfrequency is proportional to the current density j, establishing the Oersted field as a means to tune the frequency of the STNO in the gyrotropic mode. Additionally, there is also a dependence on the external out-of-plane magnetic field H OOP , through the confinement terms k ms / sin 2 (✓ 0 ) and k Oe / sin(✓ 0 ), as well as through the gyroforce G / (1 P cos(✓ 0 )). The evolution of the eigenfrequency with H OOP is presented in Figure 2.12. In the vortex state, there is a linear dependence of the frequency with the field until the saturation field H S is reached and the magnetisation of the free layer is fully out-of-plane. From this value of H OOP , the frequency increases sharply following Kittel's ferromagnetic resonance (FMR) formula for a uniformly magnetised nanodisk.

Applications based on spin-torque nano-oscillators

Spin-torque nano-oscillators provide interesting elements for multiple types of applications [START_REF] Locatelli | Spin-torque building blocks[END_REF], namely rf-based ones, due to their emission and detection properties. In this section, we focus on some of these applications that are the most relevant to the work developed in this thesis. First, we describe the development of the rf detection capabilities of STNOs, which provide a basis for energy harvesting of rf ambient signals. Second, the use of STNOs for wireless communication is explored. This application rests on the rf signal generation capabilities of the devices. Third, we describe how STNOs have been used to build hardware-based neural networks, helpful in developing energy-efficient Artificial Intelligence (AI) systems. Fourth and last, we give an overview of relevant applications based on magnetoresistive (MR) sensors. While MR sensors are not necessarily STNOs, in Chapter 3 we propose the use of vortex-based STNOs as MR sensors.

RF detection and energy harvesting

The first rf-to-dc conversion properties of STNOs were demonstrated in 2005 by Tularpurkar et al. in devices with a uniform magnetisation of the free layer [9]. STNOs exhibit a resonant rectification effect -the spindiode effect, when an rf signal with a frequency close to the eigenfrequency of the device is injected. The in-plane spin-transfer torques, presented in the previous section of this Chapter, play an essential role in exciting the resonant dynamics of the free layer magnetisation. The magnetisation oscillation corresponds to a resistance oscillation due to the TMR effect. The mixing of the resistance oscillation with the rf current generates a rectification voltage, see Figure 2.13. The STNO's frequency tunability capabilities via external stimuli such as a magnetic field or a dc current make the spindiode effect an interesting candidate for rf detection applications. , where V max is the maximum rectification voltage achieved by the device and P rf is the input rf power. In the first measurements by CoFeB, a higher sensitivity of 280 mV/mW was achieved [START_REF] Ishibashi | Large diode sensitivity of CoFeB/MgO/CoFeB magnetic tunnel junctions[END_REF]. Using the same type of samples, it was demonstrated, in 2011, that the application of a dc bias current of 1.0 mA increased the detection sensitivity five-fold compared with the zero bias case [START_REF] Ishibashi | High spin-torque diode sensitivity in CoFeB/MgO/CoFeB magnetic tunnel junctions under DC bias currents[END_REF]. The application of a dc bias current within a certain range can lead to a reduction of the effective damping of the system through the spin-transfer effect, thus increasing the amplitude of the resonant oscillations and consequently the detection sensitivity.

In the previous cases, the precession of the magnetisation occurred around an in-plane axis since an in-plane field was applied during the measurements, however other types of magnetic configurations may allow for larger detection sensitivities. Prokopenko et al. demonstrated theoretically that a system with out-of-plane precession of the magnetisation could act as a broadband detector, highlighting the interest of such devices for energy harvesting applications [START_REF] Prokopenko | Spin-torque microwave detector with out-of-plane precessing magnetic moment[END_REF]. In 2014, Miwa et al. reported a sensitivity of 12, 000 mV/mW, using a dc bias current in uniform STNOs with out-of-plane precession due to perpendicular magnetic anisotropy (PMA) [81]. This sensitivity surpasses that of state-of-the-art Schottky diodes, demonstrating the potential of STNOs as rf detectors, see Figure As described in section 2.2, when a current I dc larger than the critical current I crit is injected into the STNO, the magnetisation enters the self-sustained oscillation regime. In this regime, upon injection of an rf current near the resonance frequency of the device, injection locking can occur due to the non-linear properties of STNOs [START_REF] Adler | A study of locking phenomena in oscillators[END_REF][START_REF] Rippard | Injection locking and phase control of spin transfer nano-oscillators[END_REF][START_REF] Quinsat | Injection locking of tunnel junction oscillators to a microwave current[END_REF].

A large increase in the detection sensitivity was reported in 2016 by Fang et shown that uniform devices with a weak interfacial anisotropy exhibit higher sensitivities than those without PMA or with a strong PMA [START_REF] Tarequzzaman | Broadband voltage rectifier induced by linear bias dependence in CoFeB/MgO magnetic tunnel junctions[END_REF]. In this case, the PMA was tailored through the thickness of the free layer. Further developments for this type of non-resonant detector were made by Algarin et al. In this thesis, the focus is on the use of vortex-based STNOs as rf detectors. The rf detection capabilities of vortex-based STNOs were first studied during the PhD of Romain Lebrun and the postdoc of Alex Jenkins [START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF][START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF], and further developed by Samh Menshawy during his PhD [START_REF] Menshawy | R éponse dynamique d'un nano-oscillateur spintronique à un signal rf pour le d éveloppement de nouveaux d étecteurs rf ultra-miniatures[END_REF], at theUnit é Mixte de Physique CNRS/Thales. A novel resonant effect -the vortex core expulsion, was demonstrated to achieve a detection sensitivity of 40, 000 mV/mW, using a device with a relatively low TMR of 8.5% [START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF] 

Wireless communication and spectral analysis

Spin-torque nano-oscillators cover a large frequency range between 100 MHz and about 65 GHz. However, this range can be extended since recently, it was predicted using micromagnetic simulations that STNOs with strong interlayer couplings could operate in an ultra-wide frequency band from 23 GHz to 576 GHz [START_REF] Kurokawa | Ultra-wide-band millimeter-wave generator using spin torque oscillator with strong interlayer exchange couplings[END_REF]. Additionally, anti-ferromagnetic and synthetic anti-ferromagnetic free layer-based devices have been proposed to surpass these frequencies and reach the THz regime [START_REF] Bonetti | Spin torque oscillator frequency versus magnetic field angle: The prospect of operation beyond 65 GHz[END_REF][START_REF] Cheng | Terahertz antiferromagnetic spin hall nano-oscillator[END_REF][START_REF] Safranski | Interface moment dynamics and its contribution to spin-transfer torque switching process in magnetic tunnel junctions[END_REF][START_REF] Puliafito | Micromagnetic modeling of terahertz oscillations in an antiferromagnetic material driven by the spin hall effect[END_REF][START_REF] Zhong | Terahertz spin-transfer torque oscillator based on a synthetic antiferromagnet[END_REF], as well as devices that use an antiferromagnetic exchange-coupled composite free layer [START_REF] Volvach | Spin-transfer-torque oscillator with an antiferromagnetic exchange-coupled composite free layer[END_REF].

STNOs can provide an alternative to standard voltage-controlled oscillators (VCO) used in numerous applications such as function generators, phase-locked loops, frequency modulation or frequency shift-keying modulation and demodulation. They provide various advantages compared to typical VCO elements. Namely, their [START_REF] Kechiche | IoT connections forecast: the impact of Covid-19[END_REF] nanoscale size (⇠ 100 nm) compared with that of typical VCOs (> 1 µm), (2) large frequency tunability, (3) CMOS compatibility and (4) tolerance to radiation [START_REF] Villard | A GHz spintronic-based RF oscillator[END_REF]. Nevertheless, other properties such as the emission power and spectral purity need to be improved to reach the point where STNOs can substitute conventional VCOs [START_REF] Choi | Spin nano-oscillator-based wireless communication[END_REF][START_REF] Lee | Power-efficient spin-torque nano-oscillator-based wireless communication with CMOS high-gain low-noise transmitter and receiver[END_REF].

Uniform STNOs working in the 1 10 GHz range have been shown to reach an emission power of around 2.5 µW [START_REF] Wang | Diameter dependence of emission power in MgO-based nano-pillar spin-torque oscillators[END_REF], and those working in the 10 30 GHz range reach a few nW [START_REF] Houshang | Spin transfer torque driven higher-order propagating spin waves in nano-contact magnetic tunnel junctions[END_REF]. Higher powers have been reached using vortex-based STNOs, working in the sub-GHz range, of 10.1 µW in a single device [START_REF] Tsunegi | High emission power and Q factor in spin torque vortex oscillator consisting of FeB free layer[END_REF][START_REF] Tsunegi | Self-injection locking of a vortex spin torque oscillator by delayed feedback[END_REF] and up to 14.1 µW [START_REF] Tsunegi | Scaling up electrically synchronized spin torque oscillator networks[END_REF] in an array of 8 mutually synchronised devices through electrical coupling [START_REF] Lebrun | Mutual synchronization of spin torque nano-oscillators through a long-range and tunable electrical coupling scheme[END_REF]. At 10.1 µW, the emission power achieved with a vortex-based device is comparable to commercially available crystal oscillators, however, their frequency stability is significantly worse than that of crystal oscillators [START_REF] Tsunegi | Self-injection locking of a vortex spin torque oscillator by delayed feedback[END_REF]. Besides increasing the emitted power, the mutual synchronisation of multiple STNOs can be a solution to reducing the emission linewidth, thus improving spectral purity [START_REF] Grollier | Synchronization of spin-transfer oscillators driven by stimulated microwave currents[END_REF][START_REF] Qu | Phase-lock requirements in a serial array of spin transfer nano-oscillators[END_REF][START_REF] Sharma | Electrically connected spin-torque oscillators array for 2.4 GHz WiFi band transmission and energy harvesting[END_REF]. A more in-depth study into the long-term stability of vortex-based STNOs was done, both theoretically and experimentally, by Wittrock et al., showing the influence of the 1/f flicker noise and the device's non-linearity on its frequency spectrum [START_REF] Wittrock | Influence of flicker noise and nonlinearity on the frequency spectrum of spin torque nano-oscillators[END_REF]. based STNOs, operating in the sub-GHz regime [START_REF] Litvinenko | Ultrafast sweep-tuned spectrum analyzer with temporal resolution based on a spin-torque nano-oscillator[END_REF], and then by using uniformly magnetised STNOs [START_REF] Litvinenko | Ultrafast GHz-range swept-tuned spectrum analyzer with 20 ns temporal resolution based on a spin-torque nanooscillator with a uniformly magnetized "free" layer[END_REF].

Neuromorphic computing

Artificial Intelligence (AI) has brought on powerful methods to treat the growing amount of data generated, which can bring significant advances in numerous fields. However, the application of AI algorithms is limited by their high energy consumption [START_REF] Horowitz | 1.1 computing's energy problem (and what we can do about it)[END_REF]. The objective of neuromorphic computing is to decrease this energy consumption through hardware that mimics the brain's functioning with its highly energy-efficient neurons and synapses. Spin-torque nano-oscillators provide interesting elements to emulate neurons and synaptic behaviour5 [START_REF] Grollier | Neuromorphic spintronics[END_REF].

In 2017, a pioneering demonstration was made at the Uni é Mixte de Physique CNRS/Thales by Torrejon et al. showing that by using reservoir computing, a single STNO was capable of recognising spoken digits with an accuracy of 99.6%, comparable to state-of-the-art software-based neural networks [START_REF] Torrejon | Neuromorphic computing with nanoscale spintronic oscillators[END_REF]. A schematic of the principle behind this experiment is represented in Figure 2.20 a). This scheme exploits the fact that the STNO's output amplitude is non-linearly dependent on the injected current and the previous inputs [START_REF] Slavin | Nonlinear auto-oscillator theory of microwave generation by spin-polarized current[END_REF]. An audio input file is preprocessed and injected as a current into the STNO, provoking a chain of amplitude variation in the device's output, which is sampled periodically, see Figure 2.20 b).

Using four oscillating STNOs acting as neurons, Romera et al., also from the Uni é Mixte de Physique CNRS/Thales using devices from AIST, similar to those studied in this thesis, trained a hardware neural network to recognise spo- The mutual synchronisation of STNOs has also been shown to provide an interesting framework for neural networks. A mechanism initially proposed by Hopfield et al., the binding of temporal features through neural synchronisation [START_REF] Hopfield | What is a moment? transient synchrony as a collective mechanism for spatiotemporal integration[END_REF], was experimentally realised by Romera et al. using three STNOs to recognise a temporal spiking pattern associated with a concept -in this case, a type of cheese [START_REF] Romera | Binding events through the mutual synchronization of spintronic nano-neurons[END_REF].

While the examples presented before use oscillating STNOs and their injection locking/synchronisation capabilities, other effects in STNOs have been shown to provide an interesting building block for neural networks, as is the case of the spindiode effect. The use of the spindiode rectification response of STNO as spintronic synapses was studied by Nathan Leroux during his PhD at the Unit é Mixte de Physique CNRS/ Thales [START_REF] Leroux | Artificial neural networks with radio-frequency spintronic nano-devices[END_REF]. The use of the spindiode effect for Multiply-and-Accumulate (MAC) operations was demonstrated through simulations using experimental parameters, showing that such a spintronic neural network could recognise handwritten digits with an accuracy of 99.6% -comparable to state-of-the-art software neural networks [START_REF] Leroux | Radio-frequency Multiply-and-Accumulate operations with spintronic synapses[END_REF].

Another type of computing paradigm that can be exploited using STNOs is stochastic computing. Stochastic behaviour during mutual synchronisation of STNOs has been studied during the PhD of Steffen Wittrock [START_REF] Wittrock | From noise & stability to synchronization & complex dynamics in spin torque nano-oscillators[END_REF] and is now being developed in the ongoing PhD of Katia Ho at the Unit é Mixte de Physique CNRS/ Thales. In addition to STNOs, other types of spintronic devices have proven interesting candidates for neuromorphic and stochastic computing architectures, an extensive review on such devices and applications can be found in [START_REF] Grollier | Neuromorphic spintronics[END_REF].

Magnetoresistive field sensors

One of the most developed applications for magnetoresistive devices (GMR and TMR) has been magnetic field sensing, with MR-based sensors already commercially available. State-of-the-art MR magnetic sensors are capable of detecting pT fields [START_REF] Valadeiro | Strategies for pTesla field detection using magnetoresistive sensors with a soft pinned sensing layer[END_REF][START_REF] Silva | Two-dimensional arrays of vertically packed spin-valves with picoTesla sensitivity at room temperature[END_REF]. In addition, sensing devices combining an MR sensor with (1) a superconducting flux-to-field transformer [START_REF] Pannetier | Femtotesla magnetic field measurement with magnetoresistive sensors[END_REF] and (2) a magnetic flux concentrator [START_REF] Oogane | Sub-pT magnetic field detection by tunnel magneto-resistive sensors[END_REF] have been shown to detect sub-pT fields.

MR sensors are used in a wide range of applications -for example, in the automotive industry [START_REF] Pelegrí | Vehicle detection and car speed monitoring system using GMR magnetic sensors[END_REF][START_REF] Hahn | Magneto-resistive angular sensors for space applications: Results of breadboard and EQM testing and lessons learned[END_REF][START_REF] Liu | TMR-sensor-array-based misalignment-tolerant wireless charging technique for roadway electric vehicles[END_REF],

navigation [START_REF] Caruso | Applications of magnetoresistive sensors in navigation systems[END_REF][START_REF] Yang | Vehicle detection and classification for low-speed congested traffic with anisotropic magnetoresistive sensor[END_REF], robotics [START_REF] Alfadhel | A magnetoresistive tactile sensor for harsh environment applications[END_REF][START_REF] Ribeiro | Highly sensitive bio-inspired sensor for fine surface exploration and characterization[END_REF], or smart city technologies such as power-grid monitoring [START_REF] Gao | Practical challenges of magnetic sensors based on magnetic tunnel junctions for power grid applications[END_REF].

Additionally, numerous developments have been made in using magnetoresistive sensors for biomedical applications [START_REF] Cardoso | Challenges and trends in magnetic sensor integration with microfluidics for biomedical applications[END_REF][START_REF] Peixoto | Magnetic nanostructures for emerging biomedical applications[END_REF], namely in the measurement of neural activity [START_REF] Amaral | Toward a system to measure action potential on mice brain slices with local magnetoresistive probes[END_REF][START_REF] Amaral | Measuring brain activity with magnetoresistive sensors integrated in micromachined probe needles[END_REF]. In 2017, Caruso et al. demonstrated in vivo magnetic recording of neural activity in a cat using GMR sensors placed on the tip of µm-sized probes [START_REF] Caruso | In-Vivo magnetic recording of neuronal activity[END_REF], see Figure 2.22 a). The probe is then placed near the primary visual cortex of the anaesthetised cat, which is activated by flashing a LED light at the cat, see Figure 2.22. The demodulated output signal shows the local magnetic activity triggered by the LED light. These experimental results show how magnetoresistive sensors can be used for neuroscience applications, providing certain advantages over current techniques for brain activity measurement, such as the possibility of being portable -unlike MRIs -and untethered -in contrast with electrodes.

Recently, the development of lab-on-a-chip systems based on magnetoresistive sensors has brought the pos- sibility of improving access to cheap and portable diagnostic/analytical tools. Magnetoresistive sensors have been successfully integrated into biochips providing mobile point-of-care testing tools to detect pathogens such as viruses [START_REF] Albuquerque | Combined detection of molecular and serological signatures of viral infections: The dual assay concept[END_REF], or bacteria [START_REF] Viveiros | Multiple bacteria identification in the point-of-care: an old method serving a new approach[END_REF][START_REF] Soares | Onsite magnetic screening tool for rapid detection of hospital bacterial infections: Clinical study with Klebsiella pneumoniae cells[END_REF]. Using arrays of MR sensors, multiplexed detection assays have been implemented

for different uses. Giving one example, to detect the presence of specific disease biomarkers, such as for ovarian cancer [START_REF] Klein | Development of a multiplexed giant magnetoresistive biosensor array prototype to quantify ovarian cancer biomarkers[END_REF], liver cancer [START_REF] Yao | An automated and mobile magnetoresistive biosensor system for early hepatocellular carcinoma diagnosis[END_REF], hospital-acquired infections [START_REF] Cunha | Rapid and multiplex detection of nosocomial pathogens on a phage-based magnetoresistive lab-on-chip platform[END_REF], and cirrhosis [START_REF] Ng | Early multiplexed detection of cirrhosis using giant magnetoresistive biosensors with protein biomarkers[END_REF]. Another example is in food quality control, detecting the presence of food allergens [START_REF] Ng | Giant magnetoresistive sensor array for sensitive and specific multiplexed food allergen detection[END_REF] or mycotoxins associated with fungal contamination [START_REF] Mak | Sensitive giant magnetoresistive-based immunoassay for multiplex mycotoxin detection[END_REF]. There is a wide range of interesting uses for lab-on-a-chip systems, more information on the operating principles and other applications can be found in these reviews [START_REF] Cardoso | Challenges and trends in magnetic sensor integration with microfluidics for biomedical applications[END_REF][START_REF] Graham | Magnetoresistive-based biosensors and biochips[END_REF][START_REF] Romao | Lab-on-chip devices: Gaining ground losing size[END_REF].

While uniformly magnetised sensors are more widely used, vortex-based sensors provide interesting properties for magnetic field sensing. Vortex-based sensors have large linear detection ranges compared to uniform devices [START_REF] Weitensfelder | Comparison of sensitivity and low-frequency noise contributions in giant-magnetoresistive and tunneling-magnetoresistive spin-valve sensors with a vortex-state free layer[END_REF][START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF], for which efforts have been made to linearise the detection range [START_REF] Silva | Linearization strategies for high sensitivity magnetoresistive sensors[END_REF][START_REF] Leitao | Magnetoresistive nanosensors: Controlling magnetism at the nanoscale[END_REF]. This makes vortex-based devices simpler to design [START_REF] Endo | Control of sensitivity in vortex-type magnetic tunnel junction magnetometer sensors by the pinned layer geometry[END_REF]. Furthermore, a reduced low-frequency noise has been demonstrated by Suess et al. in vortex-based GMR sensors compared to commercially available uniform GMR sensors due to their topological protection of the magnetisation distribution [START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF] 6 . This topological protection provides stability against temperature fluctuations and environmental disturbances, such as stray fields. In addition, vortex-based devices have virtually no hysteresis [START_REF] He | Nonhysteretic vortex magnetic tunnel junction sensor with high dynamic reserve[END_REF]. Given the advantages of using vortex-based devices for magnetic field sensing, in Chapter 3, we study the possible use of vortex-based STNOs as TMR magnetic sensors. We focus specifically on the lowfrequency noise of these devices -one of the main limitations in detectivity in TMR sensors.

Summary

In this chapter, we provide the theoretical background for the operation of spin-torque nano-oscillators, starting from the fundamental spintronics concepts of magnetoresistance and spin-transfer torque. Moreover, we describe the analytical description of the free layer magnetisation dynamics in uniform STNOs, provided by the LLGS equation. In this thesis, the studied STNOs have a vortex magnetisation distribution at the free layer. Its dynamics can be described by the Thiele formalism, i.e. by taking into account the dynamics of a single point -the vortex core.

Additionally, we provide an overview of the state-of-the-art in terms of relevant applications for which STNOs have an excellent use potential, such as in rf signal detection and energy harvesting, wireless communication and spectral analysis, and neuromorphic computing, but also applications for which STNOs are already commercially available, which is the case of magnetic field sensing.

Chapter 3

Low-frequency Noise in Vortex-based

STNOs

In this PhD work, the focus is on improving the sensing capabilities of vortex-based STNOs. Besides the rf sensing applications, namely signal detection and energy harvesting, we also investigate the magnetic field sensing capabilities of vortex-based STNOs. These types of spintronic devices in specific have characteristics that can be advantageous for magnetic sensing applications. We start this chapter by presenting these characteristics. However, their limitations must be studied as potential candidates for sensing applications. One of the main performance constraints of any sensor is its 1/f low-frequency noise, which hinders the sensor's detectivity. We first describe the different sources of low-frequency noise and the methodology used to study its 1/f component. We present the noise level measured in the different device states (parallel, anti-parallel and vortex) and the two different operation regimes (sub-critical and self-sustained oscillations regimes). Finally, we describe the strategy developed to successfully reduce the 1/f noise in vortex-based STNOs using an applied rf signal to force the vortex dynamics.

A patent has been filed for the noise reduction strategy [START_REF] Garcia | System and method for suppressing low-frequency magnetic noise from magneto-resistive sensors[END_REF]. In this work, we collaborated closely with Aur élie Solignac and Julien Moulin from the CEA/CNRS-SPEC laboratory, whose activities focus on TMR sensor optimisation.

Vortex-based STNOs for magnetic sensor applications

As introduced in Chapter 2, STNOs, based on MTJs, can sense magnetic fields and be used for such applications.

Thus, it is interesting to study their performance compared to typical state-of-the-art TMR sensors and their advantages (or disadvantages). To evaluate the performance of magnetic sensors, figures of merit like sensitivity and detectivity are widely used [START_REF] Leitao | Magnetoresistive nanosensors: Controlling magnetism at the nanoscale[END_REF][START_REF] Freitas | Spintronic sensors[END_REF]. These relate to the device's TMR value and low-frequency noise, respectively.

Nevertheless, other specifications also help evaluate if a sensor is appropriate for a particular application, such as its spatial resolution, linear detection range, hysteresis or power consumption. In the case of vortex-based STNOs, two characteristics that can be advantageous for certain sensor applications are identifiable from the start: their large linear detection range and their potential spatial resolution, owing to their size -smaller than typical TMR sensors. Interestingly, in work by D. Suess et al. [START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF], the authors showed that vortex-based GMR sensors have an up to 8 times larger field detection range than state-of-the-art elliptical uniform GMR sensors, see Figure 3.1. Moreover, its hysteresis is negligible -an asset for magnetic sensor applications.

However, one of the main limitations of field sensing devices' performance is their low-frequency noise, which hinders their detectivity [START_REF] Hardner | Fluctuation-dissipation relation for giant magnetoresistive 1/f noise[END_REF][START_REF] Mazumdar | Low frequency noise in highly sensitive magnetic tunnel junctions with (001) MgO tunnel barrier[END_REF]. As such, its study is of critical importance [START_REF] Egelhoff | Critical challenges for picoTesla magnetic tunnel junction sensors[END_REF].

As mentioned in the previous chapters, vortex-based STNOs are broadly studied for rf emission applications.

As such, the noise that relates to the dynamical modes of the vortex (in the hundreds of MHz range) -its amplitude and phase noise, has been previously described. Recently, the frequency stability of STNOs' rf signal emission has been extensively studied by Eva Grimaldi [START_REF] Grimaldi | Response to noise of a vortex based spin transfer nano-oscillator[END_REF][START_REF] Grimaldi | Étude des propri ét és non-lin éaires et de l'origine du bruit d'oscillateurs à transfert de spin à base de vortex : vers le d éveloppement de nano-dispositifs radiofr équences spintroniques[END_REF] and Steffen Wittrock [START_REF] Wittrock | From noise & stability to synchronization & complex dynamics in spin torque nano-oscillators[END_REF], during their PhD at the Unit é Mixte de Physique CNRS/ Thales. It was shown that the 1/f flicker noise is dominant for frequencies close to the carrier and is related to the characteristic nonlinearity of the STNOs [START_REF] Wittrock | Low offset frequency 1/f flicker noise in spin-torque vortex oscillators[END_REF] -the existing coupling between the phase and amplitude of the oscillations leads to the conversion of amplitude noise into phase noise. This type of noise is highly limiting for the oscillator's long-term stability. Moreover, it was also shown to influence the shape of the emissions' spectra [START_REF] Wittrock | Influence of flicker noise and nonlinearity on the frequency spectrum of spin torque nano-oscillators[END_REF]. Furthermore, the noise behaviour of the STNOs' oscillations depends on their dynamical mode -gyrotropic, transition and C-state [START_REF] Wittrock | Flicker and random telegraph noise between gyrotropic and dynamic C-state of a vortex based spin torque nano oscillator[END_REF]. Therefore, the objective of the present chapter on low-frequency noise is also to complete our understanding of the noise characteristics of STNOs, by studying their 1/f low-frequency noise, which is especially relevant to improve their performance in rf-based applications -increasing emission amplitude and frequency stability. Additionally, this study is also relevant for the optimisation of magnetic field sensing capabilities 

Description of low-frequency noise measurements

The different noise origins

The low-frequency noise in magnetoresistive devices has multiple sources, and, as such, they can be decomposed with regards to their frequency dependence or non-dependence [START_REF] Park | Noise properties of magnetic and nonmagnetic tunnel junctions[END_REF]. In Figure 3.3, the different types of noise that can be measured in STNOs are described.

Thermal and shot noise

The thermal electronic noise, also called Johnson-Nyquist Noise, is a type of white noise (frequency-independent), which is always present and is related to the temperature and resistance of the system [START_REF] Johnson | Thermal agitation of electricity in conductors[END_REF] through the Nyquist theorem (Equation 3.1) [START_REF] Nyquist | Thermal agitation of electric charge in conductors[END_REF].

S W N V = 4Rk B T (3.1)
where R is the resistance, k B = 1.3806 ⇥ 10 23 J K 1 is the Boltzmann constant and T is the temperature.

In magnetic tunnel junctions, it is also necessary to consider another type of white noise, called the shot noise, which arises from the discrete nature of the electrons' tunnelling through the oxide barrier [START_REF] Ziel | Noise in solid state devices and circuits[END_REF]. The shot noise S SN V is dependent on temperature, and taking it into account, it is added to the white thermal noise, following Equation 3.2 [START_REF] Steinbach | Observation of hot-electron shot noise in a metallic resistor[END_REF].

S SN V = 2eI coth( eV 2k B T )R 2 (3.2) 
where e = 1.602 ⇥ 10 19 C is the electron charge, I is the current and V the tension.

Additionally to the electronic thermal noise, there is also thermal noise of magnetic origin, which is similarly frequency-independent [START_REF] Smith | White-noise magnetization fluctuations in magnetoresistive heads[END_REF]. This noise originates from the thermally activated fluctuations of the free layer magnetisation and possible fluctuations of the synthetic anti-ferromagnetic (SAF) layer. It is inversely proportional to the free layer volume of the device. For sub-micronic devices, like STNOs, the magnetic thermal noise can become dominant at higher frequencies, f ' 10 kHz, at which it may surpass the 1/f noise [START_REF] Lei | Review of noise sources in magnetic tunnel junction sensors[END_REF].

Random Telegraph Noise

Another type of noise to consider is the Random Telegraph Noise (RTN) which arises from fluctuations between two distinct magnetic states in the free layer [START_REF] Arakawa | Low-frequency and shot noises in CoFeB/MgO/CoFeB magnetic tunneling junctions[END_REF][START_REF] Herranz | Low frequency noise due to magnetic inhomogeneities in submicron FeCoB/MgO/FeCoB magnetic tunnel junctions[END_REF], occurring with a certain characteristic time. This type of noise is highly dependent on the operating conditions of the sensor (applied magnetic field and bias current) as well as on temperature. RTN is especially present in the hysteresis loop, in which more than one state is accessible to the device. The RTN voltage spectrum is Lorentzian, following Equation 3.3 [START_REF] Lei | Review of noise sources in magnetic tunnel junction sensors[END_REF].

S RT N V = S 0 1 + (f /f 0 ) 2 (3.3)
where f is the frequency and f 0 is the characteristic frequency of the two-level fluctuations.

1/f Noise

At low frequencies, the dominant noise component is the 1/f term, also called flicker noise. It follows a power law 1/f , with typically of the order of 1. This type of noise arises from the resistance fluctuations of the device [START_REF] Voss | Flicker 1/f noise: Equilibrium temperature and resistance fluctuations[END_REF], which in the case of magnetoresistive sensors can have a magnetic or electrical origin. On the one hand, the electrical 1/f noise component is dependent on the number of open conduction channels [START_REF] Julli Ère | Tunneling between ferromagnetic films[END_REF], being minimal in the parallel state, in which a more significant number of channels are available through the barrier, and maximal in the antiparallel state [START_REF] Nowak | Noise properties of ferromagnetic tunnel junctions[END_REF]. On the other hand, the magnetic component originates in the fluctuations of the free layer magnetisation, increasing with the number of defects and inhomogeneities of this layer. Being dominant at low frequency, the 1/f noise limits sensors' detectivity, hindering their performance. As such, it is the object of an intense research effort that has the goal of reducing it. The most simple and used solution to decrease the 1/f noise is by multiplying the number of connected junctions in a sensor, effectively increasing the sensor area. However, other solutions have been investigated, for example, in [START_REF] Liou | Dependence of noise in magnetic tunnel junction sensors on annealing field and temperature[END_REF] it was shown that by applying a strong magnetic field and optimizing the temperature in the annealing phase of the sensor preparation, the low-frequency noise could be reduced, consequently improving the sensor detectivity. In the work by Huang et al. the authors show an improvement of the sensors' detectivity through the application of a bias field [START_REF] Huang | Noise suppression and sensitivity manipulation of magnetic tunnel junction sensors with soft magnetic Co¡sub¿70.5¡/sub¿ Fe¡sub¿4.5¡/sub¿Si¡sub¿15¡/sub¿ B ¡sub¿10¡/sub¿ layer[END_REF], and in the work by Moulin et al., the authors optimize the applied bias field, further improving detectivity with a limited sensitivity reduction of the sensor [START_REF] Moulin | Optimizing magnetoresistive sensor signal-to-noise via pinning field tuning[END_REF]. component, thermal white noise, and Lorentzian RTN [START_REF] Arakawa | Low-frequency and shot noises in CoFeB/MgO/CoFeB magnetic tunneling junctions[END_REF][START_REF] Nowak | Noise properties of ferromagnetic tunnel junctions[END_REF]. Each noise curve in this study was obtained from averaging over 20 acquisitions, and its analysis is done by fitting the different noise components, with Equation 3.4, in the range from 1 Hz to 5000 Hz.

1/f low-frequency noise measuring method

S V = S W N V + a f + b i 1+(f/f i 0 ) 2 (3.4) White Noise, S W N V 1/f Noise, S 1/f V Random Telegraph Noise, S RT N V
The measured STNOs described in this chapter have a diameter of 350 nm and were nanofabricated at the National Institute of Advanced Industrial Science and Technology-AIST, in Japan. Further details on these samples, AIST Sample 1 , can be found in Appendix A. NSD curves measured in an STNO can be seen in Figure 3.4 b), in which measurements made in each of the device's states and respective fitting functions, are shown: parallel (P), anti-parallel (AP) and vortex (V). The thermal shot noise component is not visible in these curves since it is non-dominant at the measured frequencies for the shown examples. Regarding the RTN, multiple Lorentzian peaks can be measured in a single acquisition at different frequencies f i 0 , making it necessary to fit each one to isolate it from the 1/f dominant noise. Taking, for example, the NSD curve measured for the AP state (green), there are two RTN peaks: one at (3 ± 1) Hz and another at (1759 ± 166) Hz. In this study, we focus on the 1/f noise component, which is dominant at low frequencies. The Hooge parameter ↵ H is calculated from the fitting parameter, a. This is a commonly used phenomenological parameter to compare the 1/f normalised noise level of different sensors with the same RA product [START_REF] Hooge | 1/f noise in continuous thin gold films[END_REF]. It is extracted from the fitting of the experimental 1/f noise spectral density component,

S 1/f V , using Equation 3.5. ↵ H = a A V 2 (3.5)
where A is the device's surface area.

1/f Low-frequency noise in vortex-based STNOs

Uniform vs. vortex state

The objective of this study is to measure the 1/f noise in the different magnetic configurations of the free layer magnetisation (parallel, antiparallel and vortex), as well as in the different vortex configurations, defined by the vortex chirality and polarity. The noise level comparison is made by extracting the Hooge parameter from the 1/f component of the Noise Spectral Density as defined in the previous section 3.2.2. The magnetic state of the device at a certain in-plane magnetic field is determined for each noise measure-ment through its resistance, see Figure 3.5 a), which is measured simultaneously to the noise. The vortex core is displaced from the nanodisk's centre perpendicularly to the in-plane field applied [69]. For a large enough field, the annihilation field H A , the vortex core is expelled from the disk and the free layer magnetisation becomes quasiuniform, aligning itself with the applied field. In the parallel (P) state, in which the free layer magnetisation follows the same direction as the SAF, the STNOs resistance is the lowest due to the TMR effect [START_REF] Baibich | Giant magnetoresistance of (001)Fe/(001)Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF], R P ⇡ 40 ⌦. Inversely, in the case the free and SAF layers' magnetisation directions oppose each other, the STNO is in its highest resistance configuration, the anti-parallel (AP) state, R AP ⇡ 74 ⌦. Decreasing H IP , the magnetic vortex is recovered at the nucleation field, H N . As can be seen in Figure 3.5 a), when the device is in the P (AP) state and the applied magnetic field increases (decreases), there is renucleation of the vortex core in the -C-P (-C+P) configuration. To compare the low-frequency noise in the different magnetic states, the Hooge parameter is determined experimentally for the positive (I dc = +2.0 mA), and negative (I dc = 2.0 mA) chirality configurations of the vortex, at different magnetic field values between the P and AP states, passing through the vortex state, and vice-versa (see Figure 3.5 b,c)). From the resistance-bias current curve, see Figure 3.6, we find that the STNO prepared in the +C+P configuration switches to a negative chirality for I dc ⇡ 1.0 mA. We determine this through the large resistance Regarding the uniform states' noise level, the Hooge parameter in the AP state is threefold that of the P state.

This difference is expected due to the 1/f electrical noise dependence on the number of open conduction channels in the tunnelling barrier, higher in the parallel state. This behaviour is typically found in TMR-based sensors [START_REF] Scola | Noise in MgO barrier magnetic tunnel junctions with CoFeB electrodes: Influence of annealing temperature[END_REF],

with similar-RA state-of-the-art sensors having ↵ H ⇡ 10 10 µm 2 In the uniform states, the magnetisation of the free layer is saturated, and as such, the resistance fluctuations of magnetic origin at the free layer are minimised.

Therefore, in the case of a pure electrical noise origin, the noise level in the vortex state would be limited between those measured in the P and AP states. However, we find that the vortex state has an average noise level at least one order of magnitude greater, O(↵ V H ) = 10 10 µm 2 , than the P and AP states, O(↵ P/AP H ) = 10 11 µm 2 , see Figure 3.5(b,c). The vortex state, in both chirality configurations, exhibits an increased noise level. Given this, the magnetic noise component is behind the increase of ↵ H in the vortex state. Additionally, there is a large dispersion of the measured Hooge parameters in the vortex state, with the evolution of H IP , more significant than the error bars calculated from the fit parameters' errors, which are of the order of 10 12 10 11 µm 2 . This is contrary to what is measured in the uniform states. This increased dispersion in the vortex state is most probably associated with the fact that in the displacement of the vortex core perpendicularly to the applied magnetic field lines [69], as H IP changes, the vortex core moves between pinning sites, and material grains [START_REF] Kuepferling | Vortex dynamics in CoFeB magnetic tunnel junctions in presence of defects[END_REF][START_REF] Dussaux | Large microwave generation from current-driven magnetic vortex oscillators in magnetic tunnel junctions[END_REF]. As such, there is a higher probability of pinning of the vortex core into the material defects. Indeed, in work by Holl et al. [START_REF] Holl | Probing the pinning strength of magnetic vortex cores with sub-nanometer resolution[END_REF], the authors demonstrated that the vortex core jumps between pinning sites separated by only a few nm with the applied in-plane magnetic field. The authors determined the topography and positioning of the vortex core in elliptical iron islands with a vortex-like magnetic distribution using spin-polarized scanning tunnelling microscopy (STM), see Figure 3.7 a). From these measurements, they performed micromagnetic simulations to simulate the energy landscape as the vortex core passes through a defect, see Figure 3.7 b). Finally, determining that the interaction of the vortex core with these defects exhibits a Mexican-hat-shaped potential -repulsive at short-range and attractive at long-range, see Figure 3.7 c). Due to this interaction, the vortex core is deflected from its trajectory, becoming pinned close to the defects, 1 2 nm from the defect position, as shown in [START_REF] Holl | Probing the pinning strength of magnetic vortex cores with sub-nanometer resolution[END_REF]. As the potential felt by the vortex core varies in the presence of grains, so does the resonant frequency of the vortex core oscillation: due to the steeper potentials when pinned, the vortex core exhibits damped oscillations at higher frequencies [START_REF] Kuepferling | Vortex dynamics in CoFeB magnetic tunnel junctions in presence of defects[END_REF][START_REF] Dussaux | Large microwave generation from current-driven magnetic vortex oscillators in magnetic tunnel junctions[END_REF]. In [START_REF] Dussaux | Large microwave generation from current-driven magnetic vortex oscillators in magnetic tunnel junctions[END_REF], the authors measured the frequency of the gyrotropic mode, in a vortex-based STNO, as a function of the in-plane magnetic field, showing this oscillation of the measured frequency, see Figure 3.8 a), comparing it with the topography of the free layer, see Figure 3.8 b). Indeed, there is an agreement with the frequency variation with the location of material defects. From this measurement, the authors estimated a grain size of 40 nm for the measured junction's free layer, in agreement with the atomic force microscopy (AFM) measurement.

This frequency variation follows the same pattern as the evolution of the Hooge parameter with H IP in the vortex state. We observe that, when defects are present, the measured low-frequency noise increases due to pinning, explaining the considerable noise level variation (↵ H ) with the applied magnetic field, see Table 3.1. Our results

suggest that if we had chosen a smaller field step, below 1 mT, the evolution of the 1/f low-frequency noise would

give us an insight into the free layer topography. In this study, we focused initially on determining the average noise level for each field. We chose a larger field step because to extract each ↵ H point, it is necessary to manually balance the Wheatstone bridge and then fit each NSD curve since the number of RTN peaks can change from one measurement to the next. These factors make this type of measurement very time-consuming. Given this, we opted for a reasonable field step which allowed us to reach our main objective of determining the average noise level of the device in the different vortex configurations.

To improve the feasibility of measuring a larger amount of points in future studies, we are working on replacing the potentiometer used to balance the Wheatstone bridge with one which may be computer-controlled so that the measurements may be fully automated. This solution has the added advantage of reducing direct touching of the measuring circuit and increasing the accuracy of the bridge re-balancing step. This leads to fewer damaged samples overall, a major problem during the noise measurements, as the STNOs are extremely sensitive. of the applied dc current, see Figure 3.9. At the same time, the power spectral density of the STNO's emission is measured to determine if the device is in the self-sustained oscillation regime under the operating conditions, see inset of Figure 3.9. In this case, an out-of-plane field µ 0 H OOP = 170 mT, sufficiently large to reach the self-sustained oscillation regime when a large enough bias current is injected, is applied. For a positive core polarity, a negative bias current acts as an extra-damping force; as such, there are no self-sustained oscillations. In these conditions, 3.9). To have a further understanding of the pinned/ unpinned vortex dynamics, the oscillation frequency has been measured for a bias current in the range between 10 mA and +10 mA, see Figure 3.10. The spectra of the damped oscillations of the vortex have a low emission power and large FWHM, which complicates the extraction of the resonance frequency. In the case of a negative bias current (extra-damping effect), as the current density increases (in absolute value), there is a substantial increase in the resonance frequency to reach 800-1000 MHz eventually and varying close to these values with the evolution of the bias function, see Figure 3.10. The higher frequency modes correspond to the pinning of the vortex core into defects of the free layer. The different frequencies suggest that the vortex switches between pinning sites. This frequency increase is in agreement with the behaviour of noise measured shown in Figure 3.9, in which we find a high 1/f noise level and with a large value dispersion in these conditions. On the contrary, in the case in which a positive bias current is injected, the resonance frequency of the damped oscillations, for I dc < I crit mA, remains close to those measured in the self-sustained oscillation regime.

Noise reduction in the self-sustained oscillation regime

I dc < 0 mA,
In conclusion, the large-amplitude spin-transfer torque induced gyrotropic motion of the vortex core prevents the pinning of the vortex core into material defects of the free layer, substantially decreasing the 1/f noise level of the device to values close to those measured in the AP state.

RF signal injection for further noise reduction

A second original approach developed during this PhD to drive the vortex dynamics and further decrease the noise level of the device is applying an rf signal into the STNO, generating spin-transfer torques acting on the vortex core dynamics. This can be achieved in two ways, either by applying an rf field generated in the rf line that sits above the MTJ or by using an rf current directly injected into the device. Both these options are investigated hereafter. The injection of an oscillating current into the inductive line generates an oscillating in-plane magnetic field at the free layer. In the studied case, the device is operating in the self-sustained oscillations regime, for the operating conditions I dc = 8.0 mA and µ 0 H OOP = 170 mT (see Figure 3.9). For an injection power of 1 mW, we calculate an rf current amplitude in the inductive line of I rf = 6.9 mA. For an STNO in the self-sustained operation regime and I dc = 8 mA, the measured Hooge parameter without any rf field is of (5.4 ± 0.1) ⇥ 10 11 µm 2 , slightly higher than the noise measured in the anti-parallel state -represented by the red dotted line in Figure 3.9. In Figure 3.11, we observe that by applying an rf field with a frequency between 200-280 MHz, the noise level at the studied operation conditions is reduced from 5.4 ⇥ 10 11 µm 2 to a third of this value. The Hooge parameter value measured without an applied rf field in these operating conditions is represented by a red dotted line in Figures 3.11 and 3.12.

The average Hooge parameter obtained in this case is ↵ H rf = 1.8 ⇥ 10 11 µm 2 . We chose to sweep a frequency range that includes the STNOs resonance frequency, 243 MHz, to determine whether the noise level reduction is a resonant effect. The noise reduction is similar whether the signal is off-resonance or in resonance. The dependence of ↵ H on the injected signal's power was also studied. We observe that when increasing the intensity of the rf field, the decrease of the 1/f noise level is more pronounced. As the vortex core movement is faster, with less probability of pinning, we find a reduction of the Hooge parameter, as shown in Figure 3.12. This noise reduction is limited by the noise level of the parallel state, which is the minimum achievable noise level of the device, represented by a green dotted line. With this strategy, the device's detectivity can be improved, which is fundamental for the performance of magnetic field sensors [START_REF] Garcia | Spin-torque dynamics for noise reduction in vortex-based sensors[END_REF]. Instead of applying an rf field, a second approach to drive the dynamics of the vortex system is by injecting an rf current, I rf , directly into the STNO. In this case, the device remains in the sub-critical regime, for I dc < I crit .

When a 3.2 µW rf current is injected we measure ↵ I rf = 1.8 ⇥ 10 10 µm 2 , while without an rf current we have ↵ V = 3.0 ⇥ 10 10 µm 2 , see Figure 3.13. Although there is a reduction in the noise level, in this case, the Hooge parameter is still an order of magnitude larger than ↵ P due to the absence of self-sustained oscillations of the vortex core. We observe this decrease for I rf with frequencies close to the nano-oscillators resonance frequency -around 290 MHz -but also below it, down to 500 kHz, which is the lower frequency limit of the rf source used in the experimental measurements. The noise reduction derived from the rf-driven vortex core motion is thus nonresonant. Compared to the situation in which an rf field is applied, much lower rf powers are necessary for the same relative noise level reduction, with a few µW being supplied in this case versus slightly below 0.1 mW in the rf field case. This is due to the increased efficiency of the rf current in driving the vortex core motion. However, it is worth mentioning that this efficiency is highly dependent on the characteristics of the sample's stack, namely how well insulated the rf line is from the magnetic tunnel junction (thickness and material of the insulation layer).

Further investigation into the effect of the sample's characteristics on the noise of the device in these conditions is necessary.

Note that we have filed a patent (N FR201004) describing these different strategies to improve the 1/f lowfrequency noise in vortex sensors. Applying an external rf signal into an oscillator functioning in the self-sustained oscillations regime makes it possible to substantially decrease the 1/f low-frequency noise, thus improving the sensor's detectivity. All the while, the specific advantages of using a vortex-based sensor remain accessible. Moreover, the extraction of the Hooge parameter and the damped oscillations' frequency is a proper technique to determine the level of inhomogeneity of the free layer since higher Hooge parameters indicate the presence of grains at the free layer. While these measurements are typical in the study of magnetoresistive sensors, they may also be helpful for rf-based applications. The presence of grains may decrease the performance and reproducibility of STNO devices in general. As seen in this work, for vortex-based STNOs, the defects can be especially detrimental due to the higher pinning probability of the vortex core. Performing these measurements when characterising the STNO samples makes it possible to compare the homogeneity and density of grains between samples. Such defects also play a role in the noise that relates to the large-amplitude self-sustained oscillations [START_REF] Diao | Nanoscale dissipation and magnetoresistive 1/f noise in spin valves[END_REF][START_REF] Eklund | Dependence of the colored frequency noise in spin torque oscillators on current and magnetic field[END_REF], and this characterisation may help in the samples' optimisation.

In Figure 3.14, we present examples of TMR-sensors' Hooge parameters as a function of the devices' RA product from selected literature on the topic alongside our results. The Hooge parameters we measured in vortex-based STNOs align with those measured in state-of-the-art TMR sensors. Compared with these, we find that applying an rf magnetic field into a device in the self-sustained oscillations regime brings its noise down to competitive levels in the magnetic sensor industry. Additionally, it is essential to note that, while critical, the 1/f low-frequency noise is not the only relevant specification in sensing devices.

Two important factors are the sensor's sensitivity, which relates the variation of the device output with the variation of the applied field, and the linear detection range. The sensitivity is defined as S = dR µ0dH and scales with the TMR [START_REF] Egelhoff | Critical challenges for picoTesla magnetic tunnel junction sensors[END_REF]. In vortex devices, the sensitivity also depends on the free layer aspect ratio [START_REF] Weitensfelder | Comparison of sensitivity and low-frequency noise contributions in giant-magnetoresistive and tunneling-magnetoresistive spin-valve sensors with a vortex-state free layer[END_REF]; a device with a smaller diameter has a lower sensitivity for the same layer thickness. Since STNOs have smaller diameters than typically used TMR sensors -hundreds of nanometres versus a few micrometres, their sensitivity can be lower. In turn, their smaller size can bring an advantage to applications in which spatial resolution is critical. In our STNO, for example, in the -C-P vortex configuration (blue curve in Figure 3.5(a)), we have measured a sensitivity of 0.95 ⌦/mT with a detection range of about 20 mT. For sensor performance optimisation, a typically used figure of merit is the detectivity, which relates the device's sensitivity and low-frequency noise at a certain detection frequency, following

D = p S V
SI dc , with S V the noise spectral density at that frequency. While the sensitivity and low-frequency noise increase with the TMR, the detectivity is independent of it [START_REF] Egelhoff | Critical challenges for picoTesla magnetic tunnel junction sensors[END_REF]. In our device, for the -C-P configuration with I dc = 2 mA, the detectivity is of 3.0 µT / p Hz@1Hz. This detectivity was calculated using the average Hooge parameter to determine p S V @1 Hz.

In [START_REF] Weitensfelder | Comparison of sensitivity and low-frequency noise contributions in giant-magnetoresistive and tunneling-magnetoresistive spin-valve sensors with a vortex-state free layer[END_REF] the authors report a detectivity, in single vortex TMR sensors, of the same order as that found in our devices, albeit slightly lower, possibly due to the larger diameter (1 2 µm) contributing to a better sensitivity. Note that there are commercially available TMR sensors with detectivity in the order of hundreds of pT. For example, the MultiDimension TMR9002 sensor has a detectivity of approximately 150 pT / p Hz@1Hz and a linear detection Multiple STNOs in the self-sustained oscillation regime can be synchronised as long as the operating conditions lead to a close resonance frequency and strong enough coupling between the STNOs outputs. The output from each STNO can be injected into the other either as an rf field or as an rf current, similarly to what we did in this work with an external rf source, see Figure 3.4. The coupling between the STNOs through the rf signals leads to their synchronisation, and, in this case, the output is characterised by having an enhanced power and spectral coherence [START_REF] Lebrun | Mutual synchronization of spin torque nano-oscillators through a long-range and tunable electrical coupling scheme[END_REF]. This would be expected to lead to a similar effect of reducing the low-frequency noise. It would be interesting to investigate whether the fact that the dynamics have an improved spectral coherence during the synchronisation could lead to a further decrease in this noise. These measurements could also prove helpful in pinpointing the relation between the 1/f low-frequency noise, which relates to the resistance variations of the device, and the noise close to the carrier, relating to the spectral coherence of the rf output. can be expressed in the polar coordinates ( , ⇢) defined by the vortex core position in the nanodisk as a function of the phase of the device ✓(t), which is the angle between the in-plane magnetisation of the free layer and the polariser. The phase ✓ is related to the angle between the vortex core position and the polariser by

✓ = + C⇡ 2 ,
in which C is the chirality of the vortex.

<

:
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with ⇤ SL and ⇤ F L the efficiency of the Slonczewski and Field-like torques, respectively, J = J dc + J rf cos(!t) the total current density, M S the saturation magnetisation, L the free layer's thickness, b the radius of the vortex core, a J the Slonczewski torque efficiency, ⇠ F L the Field-like torque efficiency relative to the Slonczewski efficiency, and p x,y (p z ) the in-plane (out-of-plane) spin-polarisation.

By introducing the expressions for these STT components in Thiele's equation, Eq. 2.25, we determine the evolution of the normalised vortex core oscillation radius ⇢, as well as the phase between the applied rf current and the resistance oscillations

✓ 0 : 8 > > > < > > > : ⇢ = J rf p ⇤ 2 SL + ⇤ 2 F L 2GR p (! ! 0 ) 2 + ( + ) 2 ✓ 0 = arcsin( C(! ! 0 ) p (! ! 0 ) 2 + ( + ) 2 ) arctan( ⇤ SL ⇤ F L ) (4.2)
, where G is the gyrovector, R the nanodisk radius, the anti-damping term and + the damping term. At strong rf powers (P rf ' 8 dBm in the case of the samples studied in this thesis), the expressions must consider the non-linearities of the conservative and dissipative forces acting on the vortex core [START_REF] Chen | Spin-torque driven ferromagnetic resonance in a nonlinear regime[END_REF], which complicate their solution.

From Ohm's law, we determine the rectification voltage originating from the spindiode effect:

V =< R(t)J rf (t) >= ⇢J rf cos(✓ 0 ) 2 (4.3)
In which ⇡ 2 3 is the conversion factor between the magnetisation oscillations and the resistance oscillations determined in [START_REF] Guslienko | Eigenfrequencies of vortex state excitations in magnetic submicron-size disks[END_REF]. Finally, inserting the expressions for ⇢ and ✓ 0 from Eq. 4.2, we obtain:

V = J rf 2GR  sign( ⇤ SL ⇤ F L )C⇤ F L (! ! 0 ) (! ! 0 ) 2 + ( + ) 2 ⇤ SL ( + ) (! ! 0 ) 2 + ( + ) 2 (4.4)
The spindiode voltage has two contributions: a Lorentzian one associated with the Slonczewski torque and an anti-Lorentzian one related to the Field-like torque. As such, the contribution from each spin-transfer torque acting on the vortex determines the shape of the spindiode response as a function of the rf signal's frequency. In uniform spin-torque nano-oscillators, it has been shown that it is possible to extract the contribution from each torque from the shape of experimental spindiode voltage curves [53,[START_REF] Matsumoto | Spin-torque diode measurements of MgO-based magnetic tunnel junctions with asymmetric electrodes[END_REF]. From the expressions of ⇤ SL and ⇤ F L , in Eq. 4.1, we determine that the ratio between the two components of the spin-transfer torque in vortex-based STNOs can be expressed as follows [50]:

⇤ F L ⇤ SL / ⇠ F L R b (4.5)
in which the vortex core radius b has an exponential dependence on the applied out-of-plane magnetic field b(H OOP ) = b(0)e 1.19H OOP /H S [50], where H S is the saturation field for which the magnetisation is fully out-of-plane, as described in Chapter 2. Due to the dependence of the relative efficiency of the torques on R/b, the application of an external out-of-plane magnetic field in the same direction as the vortex polarity magnifies the Slonzewski torque, leading to an increase in the anti-Lorentzian term of the spindiode curve.

From the expression in 4.5, the relative Field-like torque efficiency over the Slonczewski torque efficiency has been estimated to reach up to 40% [54] in magnetic tunnel junctions similar to the ones considered in this PhD, albeit with a uniform magnetisation. We can simulate the effect of changing the relative efficiency between both torques on the spindiode response using the Thiele equation, as presented in Figure 4.2. For the case when only the Slonczewski torque is present, ⇤ F L = 0, the spindiode voltage response exhibits a Lorentzian shape. When only the Field-like torque acts upon the vortex, ⇤ SL = 0, it shows an anti-Lorentzian frequency response. In practice, both torques act upon the vortex; thus, the spindiode voltage response exhibits a symmetrical and anti-symmetrical contribution to its shape.

In theory, it should be possible to estimate the contribution from each torque by analysing the experimental spindiode response as a function of the injected rf signal's frequency in vortex-based STNOs, as has been done

in STNOs with a uniform magnetisation distribution [53,[START_REF] Matsumoto | Spin-torque diode measurements of MgO-based magnetic tunnel junctions with asymmetric electrodes[END_REF]. However, this has been shown to be very hard to accomplish in vortex-based devices by Samh Menshawy during his PhD [START_REF] Menshawy | R éponse dynamique d'un nano-oscillateur spintronique à un signal rf pour le d éveloppement de nouveaux d étecteurs rf ultra-miniatures[END_REF]. First, at higher rf powers, the nonlinear behaviour of the device becomes apparent, distorting the shape of the spindiode response [START_REF] Guslienko | Nonlinear gyrotropic vortex dynamics in ferromagnetic dots[END_REF]. Additionally, applying a bias dc current also affects the form of the measured spindiode curves, as described further ahead in Section 4.1.4. These factors complicate the accurate estimation of ⇠ F L from spin-torque diode experimental data.

However, a similar value of ⇠ F L = 40% has been demonstrated in vortex-based STNO, determined through the frequency locking range of the STNO to an external rf source [START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF].

Experimental method

Experimental setup

By convention, we choose a positive current corresponding to an electron flux from the free layer to the polariser (SAF). The chip is placed on a gold plated sample holder with 8 SMA pin-outs, see between the bias tee and the current source to protect the STNOs -sensitive to large voltages. The box consists of a large resistance R 2 = 100 k⌦ placed parallel to the STNO to avoid charge accumulation and a smaller resistance R 1 = 1 k⌦ connected in series between the dc source and the bias tee, limiting the voltage applied to the sample.

On the ac port of the bias tee, an rf power source and a spectrum analyser are connected using a 6 dB power splitter. The different components are connected to a computer using a GPIB protocol. They are controlled through a Python script, which automates the measurements by controlling the operating conditions -applied magnetic field, dc current, rf power and stepper motor angle, and saving the results. 

Spindiode Measurements

As discussed in Chapter 2, there are 4 possible vortex configurations: +C+P, +C-P, -C-P, and -C+P. Before each measurement, the exact chirality/polarity configuration of the vortex is unknown, as such, it is necessary to prepare the vortex configuration. This is done through a preparation protocol:

• a strong preparation current, above the STNO's critical current, is injected into the device, with its sign imposing the chirality [START_REF] Urazhdin | Effects of current on the magnetic states of permalloy nanodiscs[END_REF];

• an out-of-plane magnetic field H OOP , strong enough to fix the vortex polarity is applied [START_REF] Okuno | MFM study of magnetic vortex cores in circular permalloy dots: Behavior in external field[END_REF]:

• H OOP is reduced to zero;

• the current I dc , used for the preparation, is set back to zero.

Typically we choose a preparation current I dc = 6.0 mA and a preparation field H OOP = ±800 mT. Finally, after the preparation step, we can perform a spindiode measurement by measuring the voltage evolution at the STNO's terminals as we sweep the frequency of the injected rf current.

Influence of an external magnetic field

As seen in Chapter 2, an out-of-plane applied magnetic field acts upon the vortex magnetisation, increasing its out-of-plane component m z = H OOP /H S , in which H S is the saturation field at which the vortex magnetisation is fully out-of-plane. The frequency tunability of STNOs is one of their most important features for rf signal detection.

In the gyrotropic mode, the resonance frequency of the device ! follows:

!(H OOP , J dc ) = k ms (H OOP ) + CJ dc k Oe (H OOP ) G(H OOP ) (4.6) with, 8 > > > > > < > > > > > : k ms (H OOP ) = k ms (0)sin 2 ✓ 0 k Oe (H OOP ) = k Oe (0)sin✓ 0 G(H OOP ) = G(0)(1 P cos✓ 0 ) (4.7)
where

cos✓ 0 = H OOP /H S , k ms (0) = 10 9 µ 0 M 2 s L 2
R and k Oe (0) = 0.85µ 0 M s LR are the vortex core confinement stiffness due to the magnetostatic and Oersted fields at H OOP = 0 mT, respectively, P is the vortex polarity and C the vortex chirality [50].

The resonance frequency of the device can be adjusted through several parameters:

• the radius of the device, since the frequency varies linearly with the aspect ratio = L R from the magnetostatic confinement term k ms and with the nanodisk radius from the Oersted field confinement term;

• the applied out-of-plane magnetic field from both confinement terms;

• the dc current through the Oersted field.

To better showcase how the spindiode voltage response depends on the external magnetic field, we have used We are particularly interested in optimising the maximum voltage achieved through the spindiode effect in this work. We see in Figure 4.5 b) that the applied out-of-plane magnetic field has an impact on the maximum measured voltage V max -increasing it for larger field values. We compare the results from the simulations with experimental measurements obtained at different out-of-plane magnetic field values, for the same operation conditions as those simulated (I dc = 0.0 mA and P rf = 0.1 mW), see Figure 4.6.

In the studied sample, the spindiode effect can be measured when no magnetic field is applied, similarly to what is predicted by the simulations, see Figure 4.5. However, we find that in the measured sample, there is a significant jump in V max from 0 mT to 50 mT. Compared with the simulations, the measurements show a much more significant difference between V max at its maximum and at zero-field, this is possibly due to the pinning of the vortex core which the simulations do not take into account. The measurements suggest that the vortex core is unpinned for a magnetic field H OOP ' 50 mT. For H OOP > 50 mT, V max increases similarly to what is found in the simulations, reaching a maximum of 5.1 mV at 350 mT. However, there is a decrease in V max as the magnetic field strength increases, see 4.6 b). Furthermore, there is an evolution of the shape of the spindiode curve. As H OOP increases, the magnetic vortex core radius b increases, leading to a change in the ratio between the spin-transfer torques according to Eq. 4.5. The spindiode adopts a further anti-symmetrical shape as the field increases due to the Field-like torque, see Eq. 4.4, which becomes dominant.

Due to this significant difference, to study the optimisation of the sensitivity, an out-of-plane magnetic field is applied when measuring the spindiode effect in AIST Sample 2 -, see Appendix A. Indeed, depending on the studied sample, the spindiode rectification voltage may be much lower at zero applied magnetic field, as presented in Figure 4.6. For instance, with INL Sample 1 -this difference is not so significant, and we study this sample extensively with zero applied field in Chapter 5.

Influence of a bias current

The application of a bias current can also be used to tune the STNO's resonance frequency, following a linear relation in the gyrotropic mode, as described in Eq. 4.6. The evolution of the frequency, for P rf = 0.1 mW, can be seen in the measured spindiode voltage curves obtained in a large range of I dc values, see Figure 4.7 a). To better visualise the voltage variation due only to the spindiode effect, the average non-resonant voltage for each bias current, V Ohm = RI dc is subtracted V SD = V mes V Ohm . Additionally, in Figure 4.7 a), we see that the shape of the spindiode curve changes with the bias current strength. At I dc = 0.0 mA, the spindiode curve exhibits both a Lorentzian and anti-Lorentzian component deriving from the relative efficiency between the Field-like torque and Slonczewski like-torque, see Eq. 4.5. The anti-Lorentzian term is evidenced by the negative part of V SD -with its minimum value reaching 0.5 mV at 244 MHz, for I dc = 0.0 mA. As the bias current increases, it can be noted that the minimum voltage approaches the baseline V SD = 0, and the spindiode curve becomes more Lorentzian. This evolution of V max with the bias current can be observed in more detail in Figure 4.7 b). We first observe a linear increase of V max up to I dc = 2.00 mA, for which the maximum is achieved. This increase can be explained by the increase of the oscillation radius, Eq. 4.2, due to the increase in the spin-transfer torques efficiencies, Eq. 4.1. However, for bias currents above 2.0 mA -which corresponds to V Ohm ⇠ 0.1 V, there is a decrease in V max from 5.3 mV to 3.6 mV at I dc = 5.25 mA. This is explained by the decrease in TMR with stronger bias currents which becomes preponderant at I dc > 2 mA. In this sample, we did not detect any self-sustained oscillations for the considered magnetic field H OOP = 240 mT.

For applications such as rf detection or energy harvesting, it is also essential to consider the total power conversion efficiency, taking both the rf power and the dc power into account, which may lead to a negligible or unexisting gain in the end. This type of input-output power consideration is done in Chapter 7 of this thesis, in which an STNObased energy harvester demo is proposed, and the conversion efficiency for the studied devices is calculated. In the following sections and chapters devoted to the rf energy harvesting application, we focus on the passive spindiode effect, in which no bias current is applied to the STNO.

Role of vortex magnetisation distribution and sample geometry on spindiode

While the spindiode effect is greatly influenced by external conditions, such as the applied magnetic field and bias current, intrinsic factors must also be considered. In this section, we study the influence of the configuration of the vortex magnetisation distribution -polarity and chirality-and the sample's diameter on the spin-torque diode effect response. Moreover, we look into what happens beyond the gyrotropic mode in the C-state of the device, which is a mode accessible at strong bias current values.

Influence of the vortex chirality and polarity on the spindiode response

The configuration of the vortex magnetisation distribution -chirality and polarity combination -strongly impacts the spin-torque diode effect response. This is why it is necessary to perform the preparation step before each measurement, as described in subsection 4. In the cases with negative chirality, see Figure 4.8 a,c), there is bistability of the polarity between 90 mT and 90 mT. In the bistable region, the rectification response depends simply on the direction of the magnetic field in the preparation protocol. When a strong enough magnetic field is applied in a direction opposite the preparation field, the polarity of the vortex switches. The black dotted line highlights the switching field in the figures. In this sample, to switch the polarity of the vortex core, a magnetic field stronger than 250 mT is needed. For example, in Figure 4.8 c), the vortex is initially in the -C+P configuration. In this configuration, we don't detect any spindiode rectification voltage for H OOP < 90 mT. When the applied field is strong enough to switch the vortex polarity from +P to -P, for H OOP < 250 mT, the vortex is then in the -C-P configuration, independently of the initial polarity preparation.

Furthermore, for H OOP < 250 mT, we measure a spindiode rectification voltage response, since for the -C-P configuration, there is spindiode in these field conditions, see Figure 4.8 a).The obtained results go accordingly with those described by Jenkins et al. [START_REF] Jenkins | Controlling the chirality and polarity of vortices in magnetic tunnel junctions[END_REF], except for the +C+P case, see Figure 4.8 d). In the latter case, we do not detect any rectification response approaching the bistable region, which may be due to some pinning of the vortex core in this configuration. The linear behaviour of the resonance frequency described in the previous section is valid for the +C configurations and the -C configurations if H OOP > 400 mT. In the latter, for stronger fields, H OOP < 400 mT, the frequency evolution is no longer linear, see Figure 4.8. Additionally, there is a shift in the resonance frequencies for different chiralities. In Figure 4.8, it is shown that, for a positive chirality, the resonance frequency at the same magnetic field is higher than for a negative chirality. For example, in the -C-P configuration f res (0) = 140 MHz, while in the opposite chirality, +C-P, f res (0) = 160 MHz. This is likely due to the remaining stray fields originating from the SAF layer; its magnetisation is not completely compensated, causing an asymmetry in response to the magnetic field. The change in chirality also results in a reversal of the rectification voltage -when the frequency is swept, starting at lower values, for a negative chirality of the vortex, there is a decrease in the voltage (represented by the dark blue regions in Figure 4.8), followed then by an increase (dark red regions). In contrast, the opposite happens for a positive chirality. This feature is also illustrated in Figure 4.9 where the spindiode curves for the +C-P and -C-P configurations, at H OOP = 150 mT and I dc = 0.0 mA, are plotted. It is also worth noticing that the +C-P curve has an almost symmetrical shape, which means a stronger influence of the Slonczewski torque. In contrast, the shape is anti-symmetrical for the -C-P vortex configuration, so the Field-like torque is the dominant term.

Spindiode response dependence on the sample diameter

In this section, the spindiode response in AIST vortex-STNOs with diameters between 300 and 600 nm is studied.

The objective is to investigate how the STNO diameter influences and even can increase the maximum voltage amplitude, V max . We also aim to optimise the detection sensitivity V max /P rf , since one of the objectives is to We record the evolution of V max as a function of the injected rf power for four STNO samples, with diameters between 300 nm and 600 nm, see Figure 4.10. The rf power is corrected for the impedance mismatch using P corr rf = P rf ( 12 ), with = Z L Z0 Z L +Z0 , Z L the load (STNO) impedance and Z 0 = 50 ⌦ the circuit impedance. In this case, we consider only the real part of the STNO's impedance -its resistance. Looking at the curves in Figure 4.10, we find the trend for the V max to be higher in samples with a smaller diameter, with the curves' slopes being more pronounced in the smaller diameter cases. However, there are cases in which the curves intercept each other. For example, the 500 nm STNO (pink curve) exhibits a lower rectification voltage than the measured 600 nm sample (blue curve) for P rf < 0.05 mW. However, the 500 nm curve has a more significant slope and eventually reaches higher V max values for larger injected P rf . Another parameter to consider is the threshold rf power -the minimum P rf to obtain a measurable rectification response. We do not find any clear trend, with the lower thresholds for the 400 nm and 600 nm samples at around 6 µW.

To isolate the effect of the sample diameter variation, it is necessary to consider that each sample's resistance depends on its diameter. Indeed, the rf current passing through the device, which is necessary for rectification, as described in Figure 4.1, depends on the device's resistance. To take this into account, we calculate the rf current For the +C+P configuration, two different STNO samples with 300 nm and 600 nm diameters were studied to verify the reproducibility of the measurements, see Figure 4.12 a). While their V max evolution goes in line with the observed trend, we can see how there is a degree of variability between results from similar STNOs. This variability can be due to intrinsic factors such as the presence of defects or minor changes in resistance/TMR or to experimental factors such as slight differences in the angle between the magnetic field lines and the samplejust a 0.1 can change the STNO's response. This is especially important for applications such as neuromorphic computing. As shown by Nathan Leroux during his PhD project [START_REF] Leroux | Artificial neural networks with radio-frequency spintronic nano-devices[END_REF] at the Unit é Mixte de Physique CNRS/Thales, the spin-torque diode effect can act as a tunable synapse used to perform Multiply-and-Accumulation operations [START_REF] Leroux | Hardware realization of the multiply and accumulate operation on radio-frequency signals with magnetic tunnel junctions[END_REF], and as part of hardware-based neural networks [START_REF] Leroux | Convolutional neural networks with radio-frequency spintronic nano-devices[END_REF]. A high degree of reproducibility of the spindiode response between samples is necessary for these applications. correspond to the experimental data, while the curves correspond to the fit. For the fitting, we consider that the real STNO diameter may differ from its nominal value by 10%. Regarding the error in the experimental V max values, the spindiode measurement was repeated 100 times to determine its error. We found that the standard deviation of V max is around 0.2%, in the case in which I dc = 0.0 mA and for the I rf range considered in this case, between 0.9 mA and 1.7 mA.

. We are interested in the fit parameter b, presented in Table 4.1, which can be used to compare the dependence on the STNOs diameter to the expected one. For the four considered rf current amplitude values, in both studied configurations (+C+P and -C-P), we find the fit parameter b -the power at which V max varies with the STNO's diameter to range from 2.1 to 3.1. These results are in agreement with the analytical dependence of V SD on the sample's diameter, which we expect to be proportional to the field-like torque dependant term in 1 D 2 and to the Slonczewski torque term in 1 D 3 . The proportionality constant for each of these terms depends on the spin-torque efficiency ratio ⇠ F L . However, note that from these results we cannot extract precisely this ratio since we used a simplified fitting function V max = |I rf | a D b , due to the small number of fitting points -four different diameter values. We show that vortex-based STNOs with smaller diameters exhibit higher rectification voltage for the same injected rf current. If comparing the injected power the same trend is observed, albeit with a less significant difference between devices with similar diameters, see Figure 4.10. From an experimental and application standpoint, the information we can immediately extract from this analysis is that it is beneficial to use smaller devices since the gain in V max is considerable for the same injected P rf -an advantage for rf detection and rf energy harvesting. In this case, we find that there is an advantage in using the samples with a diameter of 300 nm.

|I

RF detection beyond the gyrotropic mode

In addition to the gyrotropic mode, the fundamental mode of the vortex configuration, which has been the focus of previous sections in this Chapter, there are other regimes in vortex-based STNOs for which resonant effects which can be used for rf detection occur.

Vortex core expulsion

For a sufficiently strong P rf , the gyrotropic mode of the vortex is resonantly excited such that there is an increase in the oscillation radius of the vortex core until it surpasses the radius of the nanodisk and is finally expelled, causing an abrupt change in the voltage if a dc current is applied [START_REF] Menshawy | Spin transfer driven resonant expulsion of a magnetic vortex core for efficient rf detector[END_REF]. The free layer configuration changes from the vortex state to a quasi-uniform state -the C-state. The vortex core expulsion as a mechanism for rf signal detection was studied in detail during Samh Menshawy's PhD project, done at the Unit é Mixte de Physique CNRS/Thales [START_REF] Menshawy | R éponse dynamique d'un nano-oscillateur spintronique à un signal rf pour le d éveloppement de nouveaux d étecteurs rf ultra-miniatures[END_REF][START_REF] Menshawy | Spin transfer driven resonant expulsion of a magnetic vortex core for efficient rf detector[END_REF]. The critical rf power P crit rf , at which the core expulsion happens, can be reduced by compensating the damping through the application of an H OOP and an I dc . An applied out-of-plane magnetic field acts on the SAF magnetisation, tilting the polarization, which then induces an out-of-plane Slonczewski torque, as seen in Section 4.1.3. In the case of an out-of-plane Slonczewski torque -since its amplitude increases with the applied bias current, there is a compensation of the damping. As such, the oscillation radius of the vortex core in resonance conditions increases, Eq. 4.2, facilitating its expulsion. The evolution of the critical rf current I min rf = q P crit rf /R as a function of I dc for these two cases: µ 0 H OOP = 0 mT and µ 0 H OOP = 160 mT is shown in Figure 4.16 [START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF]. For H OOP = 0, I min rf is found to be almost constant, showing a small decrease when I dc increases, due to the Oersted field generated by I dc acting on the vortex confinement as well as the displacement of the vortex core from the centre of the junction [START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF]. The decrease of I min rf (blue curve) is much more pronounced in the case in which the application of µ 0 H OOP = 160 mT tilts the SAF polarisation. The schematics on the right, in Figure 4.16, exhibit this tilting. Furthermore, it was seen that P crit rf decreases linearly with the injected bias current, see Figure 4.15 b). Through this mechanism, in [START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF], a sensitivity of 40.000 V/W was reached for µ 0 H OOP = 160 mT and I dc = 6.0 mA. However, while the vortex core expulsion effect allows for much higher rf detection sensitivities, the main difference compared with the spindiode effect is that it requires the application of a bias current, as it depends on the change in resistance, which may not be envisaged for some specific applications e.g. sensitive rf threshold detector.

C-state

In this Section, we are interested in the spindiode effect voltage response for the self-sustained oscillation regime, namely in the difference between the different dynamical modes of the vortex. We measure the power spectra of the rf signal emitted by the STNO as a function of the dc current, for µ 0 H OOP = 390 mT, see Figure 4.17 a). For each I dc , we fit a Lorentzian function to the measured power spectrum, allowing us to extract its properties such as the oscillation frequency, linewidth and power spectral density. These are plotted in Figure 4.17 b), c) and d), respectively. For the experimental conditions, the device enters the self-sustained oscillations' regime for I crit = 7.7 mA. From I crit to around 9.4 mA (region in blue Figure 4.17), the STNO is in the gyrotropic mode. In the gyrotropic mode, the resonance frequency increases almost linearly with I dc and the linewidth is around 0.1 MHz. In contrast, the PSD in this mode exhibits a small positive gradient, see Figure 4.17 d). As the current increases, so does the vortex core oscillation radius [START_REF] Khvalkovskiy | Vortex oscillations induced by spinpolarized current in a magnetic nanopillar: Analytical versus micromagnetic calculations[END_REF], as described in Chapter 2. Beyond 9.4 mA, the vortex core oscillation radius approaches the nanodisk radius, at which point the border effects arise due to its interaction with the vortex core. In this transition, the vortex core is mostly constrained by the confinement potential due to the Oersted field and the border effects, but varies between the gyrotropic mode and the C-state [START_REF] Wittrock | Beyond the gyrotropic motion: Dynamic C-state in vortex spin torque oscillators[END_REF]. This transition region is identifiable by the significant increase in the oscillations' spectra linewidth, reaching a maximum of 1.0 MHz, see Figure 4.17 b), and by the reduction in the oscillation frequency, see Figure 4.17 b). When the dc current reaches around 10.5 mA, the device stabilises into the C-state (region in yellow in the figure). Since the vortex core oscillation is not symmetrical relative to the nanodisk centre, in one part of the oscillation period, the vortex core is present in the nanodisk and in the other, it is not. Suppose it is not present in the nanodisk. In that case, the free layer magnetisation exhibits a curved shape, and its dynamics can be described as if a virtual vortex core is oscillating outside the nanodisk. In [START_REF] Wittrock | Beyond the gyrotropic motion: Dynamic C-state in vortex spin torque oscillators[END_REF], we demonstrated the vortex dynamics in the transition and C-state modes through micromagnetic simulations. In this dynamical mode, the oscillation frequency shows a quasi-linear evolution with I dc and the linewidth values around 0.1 MHz. The PSD is slightly higher in this mode.Moreover, the PSD value dispersion is larger, showing a lower coherence of the oscillations, which may be attributed to the increased noise level in this regime [START_REF] Wittrock | Influence of flicker noise and nonlinearity on the frequency spectrum of spin torque nano-oscillators[END_REF][START_REF] Wittrock | Flicker and random telegraph noise between gyrotropic and dynamic C-state of a vortex based spin torque nano oscillator[END_REF]. The noise properties of the dynamical modes in vortex-STNO can be evaluated using the Hooge formalism, similarly to what is described in Chapter 3 to evaluate the low-frequency noise in magnetic sensors. However, while in the case of the low-frequency noise the entire area of the device is considered, for the oscillation-related noise the active magnetic area is defined by the vortex core gyration radius. As such, following the Hooge formula, the noise spectral density is inversely proportional to the active magnetic area. In the C-state, the active magnetic area remains constant with increasing I dc , for which reason there is an increase in the measured 1/f flicker noise and, consequently a larger dispersion of PSD values in this regime [START_REF] Wittrock | Influence of flicker noise and nonlinearity on the frequency spectrum of spin torque nano-oscillators[END_REF][START_REF] Wittrock | Flicker and random telegraph noise between gyrotropic and dynamic C-state of a vortex based spin torque nano oscillator[END_REF]. We measure the spindiode effect in these three dynamical modes, for P rf = 16 µW and µ 0 H OOP = 390 mT, see Figure 4.18. The objective is to observe the spindiode response when the frequency of the rf injected signal is close to the gyrotropic resonance frequency of the STNO, and its amplitude is large enough to have an injection locking behaviour [START_REF] Rippard | Injection locking and phase control of spin transfer nano-oscillators[END_REF][START_REF] Georges | Coupling efficiency for phase locking of a spin transfer nano-oscillator to a microwave current[END_REF][START_REF] Hamadeh | Origin of spectral purity and tuning sensitivity in a spin transfer vortex nano-oscillator[END_REF]. We find that there is a change in the rectification response shape in the different regimes.

Compared with the voltage evolution recorded for the gyrotropic mode, there is a significant increase in the spindiode voltage response linewidth in the transition and C-state modes. In the three cases presented, injection locking of the STNO's dynamical response to the injected rf source occurs. To further study the shape of the spin-torque diode response in each case, it may be interesting to compare the locking range, i.e. the frequency range at which the STNO's emission follows the same frequency as the external rf source, with the spindiode linewidth. Furthermore, as shown in [START_REF] Yamaguchi | Phase estimation of spin-torque oscillator by nonlinear spintorque diode effect[END_REF], in uniform STNOs, there is a relation between the phase of the device and the phase of the injected signal, and the spindiode rectification voltage, giving us the ability to probe the STNO's phase. This can be interesting for applications such as in neuromorphic computing or even in nano-radar technologies. In Chapter 6, we look into using vortex-based STNOs as phase detectors, albeit with a different technique, and further develop on the interest behind the phase-detection functionality of the studied devices. In terms of detection sensitivity, in the gyrotropic mode, for I dc = 8.50 mA, the spindiode voltage reaches a ✏ = 113 V/W. In the transition mode, for I dc = 9.75 mA, this sensitivity decreases to 38 V/W, whereas in the C-state, for I dc = 11.00 mA, it is 58 V/W. While the achieved sensitivity is higher in the C-state than in the transition regime, it is still lower than in the gyrotropic mode.

As such, we find that these regimes are not particularly interesting for energy harvesting, considering, in addition to the lower sensitivity, that a much higher I dc is necessary to reach these regimes, decreasing the total (rf+dc) power conversion efficiency. However, the fact that there is still a measurable spin-torque diode voltage response in the C-state can be interesting for other applications, such as neuromorphic computing, with the STNO being capable of acting as a receiver and emitter simultaneously.

Chapter 5

STNOs Array: a Solution for Higher

Sensitivities to RF Signals?

In this chapter, we explore the connection of multiple STNOs in series with the goal of increasing the rectification voltage and, consequently, the sensitivity of the system. We start by presenting the experimental measurements of the spin-torque diode rectification voltage for two similar nano-oscillators: STNO A and STNO B. These results are then compared with the measurements made for the case in which these two STNOs are connected in series, A+B.

We present the S-parameter measurements made for STNO A, STNO B and the A+B Array. From this data, the power loss values in each case can be extracted, as well as the impedance from the device. We then describe the spindiode measurement analysis corrected for the power losses and accurately compare the maximum achieved voltage V max , and sensitivity ✏, as a function of the corrected rf power -which effectively reaches each device.

Finally, we compare the experimental results obtained in this chapter with a simulation originating from an equivalent electrical model. The model was developed by our collaborators Imadeddine Bendjeddou and Florence Podevin, from the TIMA -Universit é Grenoble-Alpes laboratory, in the context of the French ANR SPINNET project.

Spin-torque diode in an array of STNOs

Experimental setup

We study two similar spin-torque nano-oscillators with a nominal diameter of 370 nm and an average resistance R 0 ⇡ 30 ⌦. The stack of the studied STNO devices, nanofabricated at the International Iberian Nanotechnology Laboratory (INL), is described in Appendix A. The devices, STNO A and STNO B, are initially connected on their own, as depicted in Figure 5. 1 a). For the measurement, we consider that the Device Under Testing (DUT) is composed of the sample holder, wire bonding, sample electrodes and STNO, as schematized in Figure 5.1. We perform spin-torque diode measurements, followed by S-parameter reflection measurements, for each STNO, using setup circuits like the ones schematized in Figure 5.1 c,d). Then, the two STNOs are connected to each other using a 2-mm long Al wire (using a bonding machine), as described in Figure 5.1 b). The same measurements are repeated in this case (A+B), for the same operating conditions. These measurements, as well as their comparison, are described in the following sections. 

Spin-torque diode effect in two STNOs connected in series

To compare the performance of the two spin-torque nano-oscillators connected in series, we compare them to the cases in which each is connected separately. We measure the spindiode voltage response as a function of the injected rf power in the cases in which STNO A and B are connected on their own to the experimental setup and in the case in which they are connected in series, see Figure 5 STNO A and STNO B have very similar spindiode responses, with very close resonance frequencies -within the spindiode response linewidth and comparable V max and sensitivity values. From the measurements shown in Figure 5.2, we find that the ideal operation point at which the detection sensitivity reaches its maximum is for an rf power of 25 µW with ✏ max = 28.7 V/W for STNO A, and for 20 µW with ✏ max = 27.1 V/W for STNO B. These sensitivity values aren't very large when compared with the record sensitivity values achieved in recent works, as detailed in Chapter 2. However the objective of the work described here is not to establish a sensitivity record but to demonstrate the principle of connecting multiple STNOs in series. The sensitivity evolution with P rf in these STNOs follows the pattern observed in Chapter 4, increasing fast until a maximum is reached and then decreasing until P rf = 140 µW.

However, in the case shown here, there is an uptick in ✏ at P rf = 160 µW, which is due to the expulsion of the vortex core from the STNO [START_REF] Jenkins | Spin-torque resonant expulsion of the vortex core for an 155 efficient radiofrequency detection scheme[END_REF][START_REF] Menshawy | Spin transfer driven resonant expulsion of a magnetic vortex core for efficient rf detector[END_REF], described in Chapter 4. This can be seen in the maps, Figure 5.2 a,b), on the top section, there is a significant drop in the voltage around 160 MHz, with the colour map passing from dark red (positive voltage) to dark blue (negative voltage) and then red again. While the resistance difference between the vortex state and the quasi-uniform state after expulsion cannot be measured, since a dc current is necessary as described in Chapter 4, the expulsion effect can still be seen, albeit less evident in the spindiode response.

In the case in which both STNOs are connected in series (A+B), the detection sensitivity has values close to those measured in each STNO, even reaching a slightly higher point with ✏ max = 29.8 V/W for P rf = 45 µW.

Additionally, in the A+B case, ✏ remains closer to this maximum value for a larger range of rf power values. However, the maximum sensitivity is reached for higher P rf values than in the case of a single STNO. Furthermore, in contrast with what is observed in the single STNOs, there is no increase in the detection sensitivity at P rf = 160 µW. This is due to the decrease in the rf current in the devices in the A+B case, considering that the resistance approximately doubles. We are interested in comparing the spindiode response in the considered cases for a fixed rf power value.

In Figure 5.3, the spindiode rectification voltage curves for P rf = 32 µW, in each case -STNO A, STNO B and STNOs A+B, are presented. They clearly show how the chosen samples have very similar spindiode response shapes -which is expected for these samples given that they have the same diameter, this can be generalised for larger arrays of STNOs. The curves exhibit a linewidth between ⇡ 145 165 MHz in STNO A and between ⇡ 140 160 MHz in STNO B. In the A+B case, the shape exhibits some differences compared to the latter cases, the linewidth of the voltage response is smaller ⇡ 142 157 MHz, and there is a kink in the shape around 152 MHz, for the same injected P rf -the reason for this is discussed ahead. In terms of detection performance, in these conditions, STNO A reaches a maximum voltage V max = 0.88 mV, corresponding to ✏ max = 27.5 V/W, while STNO B reaches V max = 0.79 mV and, thus, ✏ max = 24.7 V/W , whereas for the 2 connected STNOs, we find V max = 0.92 mV and ✏ max = 28.8 V/W. From these results, we gather that for a certain range of P rf it results that it might be advantageous to use two STNOs in series instead of a single one for rf detection and energy harvesting applications.

However, it must be considered that for the measurements presented in this section, the circuit is not impedance matched, as it would be in an actual "working" rf detection or energy harvesting device. Indeed, these devices have average resistances R 0 ⇡ 25 ⌦, so if two are connected in series, the load resistance is much closer to 50 ⌦, which is the system's impedance, Z 0 . In this case, we expect the reflected power to be greater in a single nano-oscillator than in two connected in series. This means that in order to attribute the observed output signal to a better detection performance, we have to determine the power losses in each case, A, B and A+B, through S-parameter reflection measurements.

Power losses in the system

To study the power losses in the system, we measure STNOs A and B separately and then connected in series, using a Vector Network Analyser (VNA). Measuring the S-parameter in reflection (1-port measurement) allows us to determine the part of the rf signal which is reflected and, thus, lost. Since this is a 1-port measurement, we measure a single S-parameter, S 11 . To perform these measurements, we must first calibrate the circuit with the SMA cable using the VNA, which will connect to the sample holder afterwards. As such, the Device Under Study (DUT) is everything connected: the sample holder, wire bonding, sample electrodes and STNO, see Figure 5. 1 a,b).

We perform the S-parameter measurements, obtaining the S 11 parameter for the same conditions as those in which the spindiode voltage response has been measured. In these measurements, the sample holder is placed in the electromagnet as in the previous experimental setups, but it is connected electrically solely to the VNA. However, it is still necessary to prepare the vortex configuration of the device. To do this, we first connect the sample to a dc current source and perform the preparation step described in Section 4.1.2. After this step, we disconnect the dc current source and connect the VNA to start the measurements. Since there may be a change in the vortex configuration with a high enough P rf [START_REF] Jenkins | Controlling the chirality and polarity of vortices in magnetic tunnel junctions[END_REF], we start measuring from low to high P rf until the value at which there is any switching of the configuration -which can be detected by a sudden dc resistance change, see Figure 5.4.

When switching occurs, the preparation step is repeated. With this method, we are guaranteed to know the vortex configuration in each measurement.

In this experimental work, the S 11 data measured with the VNA was saved in the LogMag (dB) / ✓ (rad) format.

The impedance Z, can be obtained by converting S 11 from the LogMag/Ang format to the Z Re + jZ Im ⌦ format, using the following expressions:

8 > > < > > : Z Re = Z 0 (1 Mag 2 ) 1+Mag 2 2Mag cos ✓ Z Im = Z 0 2Mag sin ✓ 1+Mag 2 2Mag cos ✓ (5.1)
with Mag = 10 LogM ag 20

.

These measurements were also performed to support the development of an electrical model of the system based on the experimental data, such that we may, for example, simulate the spin-torque diode effect in longer STNO arrays and determine the impedance matching circuit necessary. For this, we measure the S 11 parameter in different operation conditions -magnetic field, rf power and vortex configuration, so that the electrical model may account for these variables. We measured the S 11 parameter in each STNO as a function of the signal's frequency for different out-of-plane magnetic fields, for P rf = 32 µW. These measurements are presented alongside the spindiode voltage response curves -measured in the same conditions, see Figure 5.4 a,b). The impact of the rectification effect due to spindiode phenomena is visible in the S 11 magnitude, see Figure 5.4 c,d), with a decrease in its value within the frequency linewidth of the spindiode effect. There is a precise matching between the spindiode voltage response in each STNO and the corresponding S 11 magnitude, with the resonance frequency shifting to higher values as the applied field becomes stronger, as expected. 

Increasing detection sensitivity with an array of STNOs

The power losses determined for the devices, individually and in series, are used to determine the actual rf power We find that for a small range of lower rf power values, the sensitivity is slightly larger in a single STNO than with two connected in series. However, from a certain P corr rf the sensitivity achieved in the A+B array surpasses that of a single STNO, up to the rf power at which we measure the expulsion of the vortex core in a single STNO.

At such rf power level, in the case in which a single STNO is connected, the detection sensitivity becomes again larger than the one measured for STNOs A and B in series. The rf power range at which A+B's sensitivity surpasses For simplification purposes, we may assume that the STNOs have the exact same properties -which is a close approximation to the experimental results, namely the resistance R 1 and spindiode response. From the theoretical expression for the spin-torque diode voltage response in a single STNO, see Eq. 4.4, the spin-torque diode voltage for N identical oscillators connected in series at certain P rf can be expected as:

V 1 / r P rf R 1 =) V N / N r P rf NR 1 =) V N V 1 = p N (5.2)
If these are perfectly identical, a gain of p N can be expected in an array of N STNOs connected in series. In this work, we can compare the experimental data for the cases N=1 and N=2. Note that, however, in our case, the STNOs are not perfectly identical. We calculate the gain in V max for the A+B array, relative to V A max and to V B max , for the P rf range in which the voltage response is stronger in the 2-STNOs array than a single one. The V A+B max /V 1 max gain as a function of P rf , relative to each STNO, is detailed in Figure 5.9. We find that we are able to reach a gain in V max of up to 25% relative to STNO A on its own, see Figure 5.9. In Figure 5.10 a), we compare the average gains with the estimation that the gain is proportional to p N (pink curve).

These are the values used to determine the average gain in each case. The gain relative to V A max and V B max is lower than the estimation p 2. The evolution of the gain V N max /V 1 max with the number of connected oscillators, with zero dc bias, described in [START_REF] Sharma | Electrically connected spin-torque oscillators array for 2.4 GHz WiFi band transmission and energy harvesting[END_REF], follows a relation close to p N . This comparison is shown in Figure 5.11 c). For one batch of oscillators at P rf = 10 dBm, this gain is stronger than p N , while for the other batch at P rf = 35 dBm it is slightly lower.

These differences are expected since the oscillators studied in the article are not perfectly identical, and the gain is compared with the STNO measured for N=1. It could be that, for example, the other 3 STNOs -of which the individual response is not known, have an improved sensitivity relative to the first one, which would explain a higher gain compared to our estimation, for the results at P rf = 10 dBm. Moreover, other parameters, such as P rf must be considered. In our case, we find that the gain relative to STNO A has a certain dependence on the injected rf power, see Figure 5.9, reaching 1.25 for an rf power of 123 µW= 9.1 dBm. As seen in the previous Chapter, in vortex-based STNOs, at higher P rf the effects of the non-linear terms are no longer negligible and become apparent in the spindiode voltage response. Consequently, the expression for the spindiode voltage, Eq. 4.4, is no longer accurate in this regime, which may consequently invalidate the estimation in Eq. 5.2. While for a certain rf power range, we can anticipate achieving higher V max values and consequently ✏ values, as seen in the A+B case, for the same rf power, this is not the case at lower rf powers. Taking the power losses into account, we see that the highest achievable sensitivities ✏ max are obtained for the single STNOs. The maximum sensitivity and the power P corr rf at which it is measured, before and after correcting for the power losses, are presented in Table 5.1, alongside the respective power loss and impedance value, for each case: A, B and A+B.

After correcting for the power losses, when connected in series ✏ max = 30. after the correction for the power losses due to impedance mismatch, for the cases in which STNO A and B are each measured on their own, and in the case in which they are connected in series (A+B).

From an application standpoint, in our case, there is little to no advantage in connecting A and B in series, considering that a higher rf power is necessary in the A+B case to reach ✏ max . For comparison, we take the same rf power values in the A+B case at which each STNO on its own reaches the maximum sensitivity. For P corr rf = 22 µW the sensitivity is quite lower with ✏ = 14.9 V/W. Then, for P corr rf = 25 µW, the sensitivity increases to ✏ = 26.4 V/W; however, it remains below that found in STNO A or STNO B for these powers.

The voltage response of the two STNOs in series is the sum of the rectification voltage of each STNO, V A+B = V A + V B . However, it must be considered that for the same rf power, the rf current in the STNO is smaller for the case in which the load resistance is larger, I rf = q P corr rf /R. As seen in Chapter 4, the spindiode voltage response is proportional to I rf . This leads to V A+B (I A+B As an example, we present the A+B cases for P corr rf = 39 µW and P corr rf = 44 µW, corresponding respectively to an rf current amplitude of 0.91 mA and 0.96 mA, see Figure 5.12 b). We take the V A and V B measurements made for rf current amplitude values between the latter: 0.92 mA in STNO A, and 0.94 mA in STNO B. The correspondence between P corr rf and I rf for each of these spindiode measurements is presented in Table 5.2. In Figure 5.12 b), we compare the described A+B array spindiode voltage measurements (light blue and navy blue curves), as a function of the rf current frequency, to the sum V A (0.92 mA) + V B (0.94 mA) (dashed teal curve). From the

relation V A+B (I A+B rf ) = V A (I A+B rf )+V B (I A+B rf
), it would be expected that V A+B (0.91 mA) < V A (0.92 mA)+ V B (0.94 mA) < V A+B (0.96 mA). For the weaker I rf value, the voltage response of the 2 STNOs in series is approximately the same as the sum of those measured individually for each STNO, as expected. However, for V A+B (0.96 mA), there is a high degree of matching with the curve obtained for the sum. Although V Sum max = 1.35 mV is slightly higher than V A+B max = 1.33 mV, this is in accordance with the V max curves in Figure 5. 12 a), in which the Linear Fit of V A max + V B max is always higher than V A+B max . The high degree of matching between the curves shows that the connection of multiple STNOs in series for detection and energy harvesting purposes must always take into account the power losses due to impedance mismatch and, most importantly, due to the decrease in the rf current with the increase in the resistance. and corresponding rf current I rf , for the spindiode measurements in comparison. The first two rows correspond to the individual spindiode measurements for STNO A and STNO B which we sum up to then compare to the measurements for which both STNOs are connected in series (STNOs A+B). The selected P corr rf values for each case correspond to similar I rf values passing through each device, and take into account the power losses in the system.

P
To further test the hypothesis that the gain in an N-STNO scales with p N , further measurements are necessary for N > 2. However, for these same samples, the detection threshold is expected to be further shifted to higher rf power values as N increases. In this case, our focus is on ambient rf signal detection and energy harvesting applications, the challenge would be to decrease the power at which the device can operate. As such, from the obtained results, it is still more advantageous for the specific case of energy harvesting applications to harvest rf signals using a single STNO rather than multiple in series. However, this is the present case, in which the threshold power P thres rf of the devices in the study is high compared to the power of the ambient rf signals -typically around 60 dBm, reaching 30 dBm in the case of excellent signal emission (close to the emitter). This high threshold power is possibly due to the presence of defects and grains to which the vortex core becomes pinned, as described in Chapter 3, needing a strong rf current to become unpinned. It may be interesting to study vortex-based STNOs with a free layer that uses more amorphous materials with fewer grains. With further improvement of the STNO technology, when the goal P thres rf is achieved, it will become advantageous to have arrays of STNOs acting both as rf detectors and energy harvesters. For other types of applications such as wake-up radio receivers, it is of interest to achieve higher sensitivities for the detection of a specific frequency, but it may not necessarily need to detect ultra-low powers, making the connection of STNOs in series a solution for such devices [START_REF] Demirkol | Wake-up receivers for wireless sensor networks: Benefits and challenges[END_REF]. This analysis highlights the need for the performance optimisation of individual STNOs while showing that it is possible to scale the sensitivity through the connection in series of multiple STNOs.

Electrical modelling and simulation

The experimental results presented in the previous sections of this chapter also served the purpose of aiding in the development of an electrical model capable of simulating the spin-torque diode effect behaviour. This model [START_REF] Bendjeddou | Radio receivers based on spin-torque diodes as energy detectors; radio receivers based on spin-torque diodes as energy detectors[END_REF][START_REF] Bendjeddou | Electrical modeling of spin-torque diodes used as radiofrequency detectors: a step-by-step methodology for parameter extraction[END_REF] has been developed by our collaborators Imadeddine Bendjeddou and Florence Podevin, from the TIMA -Universit é Grenoble-Alpes laboratory, in the context of the ANR SPINNET project. This model is briefly described hereafter with an emphasis on the comparison between the model and the experimental results. The complete description has been described in a manuscript that is under evaluation.

Figure 5.13: Adapted from [START_REF] Bendjeddou | Electrical modeling of spin-torque diodes used as radiofrequency detectors: a step-by-step methodology for parameter extraction[END_REF]. Schematic of STNO in-chip and equivalent electrical elements used to create a model of its behaviour as an rf signal detector.

In the developed model, the junction is defined as a non-linear resistance, R j (V ), in which V = V dc + V rf is delivered by an ideal voltage source. For the equivalent model, the STNO device is considered together with the parasitic electrical components related to the substrate and its electrodes. These elements are represented in Figure 5.13, with C j and L j the junction capacitance and inductance, respectively. R p1 and R p2 are the resistances of the top and bottom electrodes, respectively, and C p is the capacitor representing coupling between both electrodes.

The indirect coupling between the electrodes through the Alumina (Al 2 O 3 ) insulating layer and the substrate is represented by the capacitors C sub1 and C sub2 , and by the indirect coupling resistances through the Alumina layer R sub1 and R sub2 , and the silicon (Si) substrate, R Si .

The parameters necessary for the modelling are extracted from the experimental measurements described in the previous section, spin-torque diode voltage measurements and S-parameter measurements, as well as from I(V ) measurements. The I(V ) curve measurement allows for extracting the non-linear parameters that describe the junction. The value of the equivalent electrical components represented in Figure 5.13 is determined from S-parameter measurements. The chip, from which the samples studied in this chapter are a part of, includes a testing open circuit, consisting of the circuit described in the schematics minus the magnetic tunnel junction.

Instead, an open circuit is left in its place. From the S-parameter measurements of this test open circuit and the regular STNO circuit measurements, it is possible to determine the equivalent circuit electrical components relating to the substrate, the electrodes and the junction itself. Furthermore, the S-parameters also define the impedance mismatch between the STNO and the source since, as seen in the experimental results in Section 5.2, the power losses have an impact on the rf to dc conversion. Taking the extracted equivalent circuit component values, the electrical model was simulated using the Keysight Advanced Design System (ADS) tool. The parameters were adjusted to match the experimental measurements using the ADS optimisation tool. To simulate the spin-torque diode effect, a Gaussian function was used to fit the spindiode experimental measurements. Although the spindiode response voltage is best described by a function with Lorentzian and anti-Lorentzian terms, in the conditions in which the Lorentzian term is dominant, a Gaussian function provides a good description of V max and of the bandwidth at which the spindiode occurs, as a function of the rf power.

Finally, with all the necessary simulation parameters extracted from the experimental measurements and optimised in ADS, the developed model was tested on the experimental results from STNO A and STNO B, for As in the experimental setup, the STNOs are connected using a bias tee, separating the rf feed, in which the rf signal is injected, from the dc feed, in which the rectification dc signal is measured. A good agreement is found between both curves, showing the validity of the developed model. This model can be of great interest to simulate the spin-torque diode response of an N-STNO array, taking into account the losses involved and all the parasitic components that influence it. In the case studied here, the STNOs are similar, with close resonance frequency values, since the goal is to increase the detection sensitivity for rf energy harvesting applications. Furthermore, this model type is also of great interest to simulate arrays of STNOs for multiband rf detection, communication [START_REF] Menshawy | R éponse dynamique d'un nano-oscillateur spintronique à un signal rf pour le d éveloppement de nouveaux d étecteurs rf ultra-miniatures[END_REF][START_REF] Artemchuk | Measurement of microwave signal frequency by a pair of spin-torque microwave diodes[END_REF], as well as for neuromorphic computing applications [START_REF] Leroux | Hardware realization of the multiply and accumulate operation on radio-frequency signals with magnetic tunnel junctions[END_REF]. In the short-term future, the objective is to use this model to simulate the response to an rf signal of four STNOs connected in series to compare the results with the theoretically predicted gain in V max and with experimental measurements.

P rf =

Chapter 6

Influence of RF Field on the Spindiode

Sensitivity of Vortex-based STNOs

In this chapter, the focus is on the study of the effect of an rf magnetic field on the spin-torque diode effect in vortexbased STNOs. Furthermore, we look into the use of an rf field with the goal of improving the spin-torque diode effect sensitivity in individual STNOs. In the previous chapters, we have presented the spindiode rectification curves that result from injecting directly an rf current that passes through the device. To have a spindiode effect rectification, it is indeed necessary to have an rf current mixing with the resistance oscillation, as presented in Chapter 4. Additionally, an rf magnetic field can be applied to the device, exciting the vortex magnetisation dynamics, thus increasing the oscillation radius. In principle, adding an rf magnetic field to the system while injecting the standard rf current can lead to larger resistance oscillations and, consequently, higher rectification voltages. The strategy developed in this study is to use this double excitation of the vortex dynamics to achieve the spindiode effect. There are three distinct goals for the work described hereafter. Firstly, we study the influence of an rf magnetic field on the vortex-based STNO's behaviour. Secondly, we are interested in the use of the spindiode effect as a means to probe the phase difference between two rf signals through a single voltage measurement. Thirdly we want to improve the device's detection sensitivity through the double excitation mechanism.

Experimental setup and measurement procedure

The samples used in this study were nanofabricated at the International Iberian Nanotechnology Laboratory -INL.

The stack and details on these samples, INL Sample 2 , are described in Appendix A. The studied STNO has a 500 nm diameter. It has a cross-shaped rf microstrip line, as schematised in Figure 6.1 a,b), with a width of 3 µm, that sits about 700 nm above the device, separated by an insulating layer. A current injected between two electrodes of the microstrip generates an in-plane magnetic field at the free layer, either in the direction of the reference layer (SAF) magnetisation, i.e. the easy axis, ! H X k ! M SAF , see Figure 6. 1 a), or perpendicularly to it ! H Y ? ! M SAF , see Figure 6.1 b). In the case of a dc current I F L being injected into one of the field line directions, the generated field acts upon the vortex magnetisation shifting the vortex core position from its equilibrium position near the centre of the nanodisk perpendicularly to the field's direction. The change in the vortex core position translates into a change in resistance due to the TMR effect, as described in Chapter 2. For an applied I F L 2 [START_REF] Dieny | Giant magnetoresistive in soft ferromagnetic multilayers[END_REF][START_REF] Dieny | Giant magnetoresistive in soft ferromagnetic multilayers[END_REF] mA, the resistance of the studied STNO varies linearly between 72.8 ⌦ and 69.1 ⌦ for the case in which ! H X k ! M SAF , see green curve in Figure 6.1 c). For the same applied current, using the other direction of the microstrip, for which ! H Y ? ! M SAF , the resistance varies slightly less, with values between 72.7 ⌦ and 69.5 ⌦ (red curve). This slight difference in resistance variation in the STNO can be attributed to a higher sensitivity to the changes in the free layer magnetisation along the reference magnetisation direction, ! e x . The resistance evolution curves with the applied in-plane magnetic field exhibit noise, which can be attributed to the presence of grains in the free layer to which the vortex gets pinned, see Chapter 3. In the studied sample, INL Sample 2 , the high level of linearity in the resistance versus H IP means that the free layer is rather homogenous. For this range in I F L , it is impossible to measure the entire transfer curve in which the vortex annihilation/renucleation, the transition to the quasi-parallel and anti-parallel states of the device, could be observed. However, this range is within the values of the amplitude of the rf current that we can pass through the microstrip, generating the rf magnetic field. In this study, we use the microstrip to generate an rf magnetic field by injecting an rf current into it instead of a dc current, see Figure 6.1. The power of the injected rf current is P Hx rf for the field generated along the easy axis, ! e x , and P Hy rf for the field along the hard axis, ! e y .

An arbitrary waveform generator (AWG) generates two signals with the same frequency: one injected directly into the STNO and another into the rf microstrip. Figure 6.2 shows a schematic of the measurement procedure and setup. The first step in the measurement procedure is to create the sinusoidal waveform files, which are then loaded to the AWG. The waveform files are made for the range of frequency at which the spindiode effect is observed, near the resonance frequency of the device, with phase values between 0 and 2⇡ rad, and for different peak-to-peak voltage V pp values. After loading the waveform files to the AWG, the measurements are controlled using a Python script that sweeps through the different parameters and saves the spindiode curves.

Figure 6.2: Schematics of the experimental procedure and setup circuit (not to scale) used to generate two rf signals V 1 rf and V 2 rf , which are injected into an rf line and the STNO, respectively. The rf current passing through the rf line generates an in-plane magnetic field at the STNO's free layer, which acts upon the vortex magnetisation. A nanovoltmeter measures the tension across the STNO terminals.

One of the AWG outputs is connected to the rf line V 1 rf , while the other is connected to the STNO V 2 rf , as schematised in Figure 6.2. Both signals have the same frequency, which is swept to obtain the standard spindiode measurements. To study the influence of the phase difference between both signals, we loop through the phase of the signal being injected into the rf line, ' 2 [0, 2⇡[ rad. Finally, this is done for different peak-to-peak voltage combinations, V 1 pp and V 2 pp . The AWG acts as a voltage source. However, we are more interested in comparing the evolution of the spindiode voltage with the injected power. As such, we convert the V pp values to P rf (dBm), using This result might already be surprising as, to have a spin-torque diode rectification voltage, it is necessary to have an rf current passing through the STNO, which mixes with the resistance oscillation. However, we observe the spindiode effect when only an rf field is applied for a strong enough current passing through the microstrip. In fact, this happens because the insulation between the rf line and the MTJ is not perfect, and there is some current leakage, which leads to a measurable rectification voltage if strong enough. Since such high powers are necessary, in this case, at least 0.3 mW, to get such a small voltage output, this doesn't seem to be an interesting way to feed the STNO for rf-to-dc conversion on its own.

Phase difference detection

We consider the case in which an rf current passes through the STNO simultaneously to the rf field in the antenna, assuring the conditions for the spindiode effect to be measurable are already met. Using the setup described in Figure 6.2, we inject the two rf signals generated by the AWG,

V 1 rf = V 1 pp 2 sin (2⇡f t + ') and V 2 rf = V 2 pp
2 sin (2⇡f t), sweeping the frequency range between 50 and 250 MHz. The rf microstrip direction used in this measurement is the one which generates a field ! H X along the easy axis, see Figure 6.1 a). We measure the spindiode voltage response for different phase values ' of the signal injected in the rf line V1 rf , ' 2 [0, 2⇡[ rad, see Figure 6.4. Since the phase for V 2 rf is zero, ' corresponds to the phase difference between the signals generated at the AWG output ports 1 . The reason for sweeping the phase of one of the rf signals is to find the point at which the impact of the magnetic field is maximal. This happens when the rf magnetic field is in phase with the oscillations of the in-plane magnetisation of the free layer. At this phase, it is fully aligned with the in-plane component of the free layer magnetisation ! M x,y F L , leading to an increase of the vortex core oscillation radius and, consequently, due to the TMR effect, the resistance variation in an oscillatory period R becomes larger. As detailed in Chapter 4, the spindiode rectification voltage is proportional to R. As such, a maximal gain in V max is expected when ! M x,y F L and ! H X are in phase. In Figure 6.4 a), the measured V max values are plotted as a function of '. In the presented measurements, the V 1 pp and V 2 pp correspond to P H X rf = 13.0 dBm and P ST N O rf = 10.4 dBm, respectively. The total power, given by the sum of both signals' power, is then P T otal rf = 8.5 dBm. We find that the V max evolution with ' fits a sinusoidal function

V max = V 0 + V G sin(' + ' 0 ) mV.
The fit parameters are presented in Table 6.1.

In this case, the rf magnetic field and the magnetisation oscillations of the free layer are in-phase for ' ⇡ ⇡ 2 rad, and in such case there is a gain in the maximum voltage V max = 3.55 mV, see Figure 6.4 b), whereas when they are out-of-phase, ' ⇡ 3⇡ 4 rad, it reaches a minimum of 2.66 mV, see Figure 6.4 c). We find that by using this type of double excitation of the vortex dynamics, the phase difference between two rf signals can be determined simply by measuring the voltage at the STNO's terminals.

V max = V 0 + V G sin(' + ' 0 ) Fit Parameter Value Error V G (
In this section, we have presented the evolution of V max with ' obtained when applying an rf field ! H X along the easy axis of the device. We are also interested in what happens in the case in which the applied rf field is in the direction perpendicular to the easy axis, ! H Y . In Figure 6.5, we compare the V max measurements obtained while Since the cross-shaped microstrip allows for the generation of rf fields in two directions perpendicular to each other, H X ? H Y , we expect a difference in phase between both fields of ⇡/2 if the cable and wire bonding length is the same when performing each measurement. In this experimental procedure, we used the same cable length between the output at the AWG and the SMA connection to each microstrip line direction. There may be small differences, below 0.5 cm, in the wire bonding length. However, considering the frequency range at which V max is measured in the studied samples of around 120 MHz, this difference in the wire bonding length is much smaller than the signal's wavelength and, as such negligible for the phase measurement. From the experimental results, presented in Figure 6.5, we extract the phase ' 0 , see Table 6.2, for both cases, using ! H X and ! H Y . We find a difference in phase between the two rf fields of (0.78 ± 0.06). This value is approximately half the expected value of ⇡/2. This discrepancy suggests that the trajectory of the vortex core as a function of ! H X and ! H Y is not completely perpendicular to one or both fields' directions, the reason for this is not clear from the obtained results. Furthermore, using ! H Y to excite the vortex dynamics results in a smaller gain in V max compared to using ! H X , as there is a larger amplitude in the evolution of V max with '. Considering that the MTJ has a larger sensitivity along the reference magnetisation direction, i.e. the easy axis, the more aligned the applied field is with this direction, the larger its effect on the resistance oscillations R that give rise to the spindiode effect. As such, since ! H X is aligned with the easy axis, there is a more significant effect in R and, consequently, on V max , than if an rf field is applied non-collinearly with the easy axis as is the case of ! H Y .

Due to the sinusoidal dependence of V max on ', a measured V max value has two ' solutions unless at its maximum or minimum. Indeed, as a phase detector, the STNO is not sensible as to which of the two waves is ahead, providing only the difference in phase between them. We can consider then that the STNO measures a phase difference ✓ 2 [0, ⇡[ rad. To visualise the operation of the STNO as a phase detector, we plot the measured V max as a function of the phase difference ✓ 2 [0, ⇡[ rad, with ✓ = 0 (✓ = ⇡) corresponding to the maximum (minimum) voltage gain point, i.e when ! M x,y F L and ! H X are in-phase (out-of-phase), see Figure 6.6. In this case, the maximum gain is achieved for ⇡ ⇡ 2 , so a translation of the curve is made such that ✓ = ' ⇡ 2 . Moreover, we are interested in the effect of the rf field strength, which is determined by the power of the rf current passing through the microstrip line, in V max . We compare the V max as a function of ✓, for a fixed P ST N O rf = 14.0 dBm, at three different P H X rf values, see Figure 6.6. A sinusoidal fit of the experimental V max points is done for each set of data points. The fit parameters are presented in Table 6.3. V 0 determines the value of V max when there is a ⇡/2 phase difference between the free layer in-plane magnetisation and the in-plane rf magnetic field. In Figure 6.5, we see the increase in the maximum voltage gain V G with the strength of the magnetic rf field. A stronger oscillating magnetic field increases the amplitude of displacement of the vortex core within the nanodisk and, consequently, the variation of the resistance in each oscillation period. For instance, considering P H X rf = 0.0 dBm V max reaches a peak of 2.98 mV, whereas for P H X rf = 13.0 dBm, the highest measured voltage is of 1.76 mV, see Figure 6.6. Furthermore, there is a slight rise in the extracted V 0 parameter with increasing P H X rf . As the dephasing occurs, instead of a gain, there is a decline in V max , which becomes more pronounced as the field strength increases. The increase in the V max (✓)

amplitude with the applied rf field's strength improves the phase-detection sensitivity of the device, increasing the range around ⇡ 2 for which the detection curve is quasi-linear. 6.3: INL Sample 2 -Fit parameters for the sinusoidal function fitted to V max as a function of ✓, using the rf line that generates a magnetic field H X along the easy axis.

From the experimental results, we demonstrate that it is possible to determine the phase difference between two incoming signals with a frequency close to the STNO's resonance frequency by measuring the voltage at the device's terminals. The phase detection sensitivity is dependent on the power of the signal injected into the microstrip line, with V max achieving a more considerable amplitude variation with the phase difference between the signals as the strength of the rf field increases. Note that the power necessary to generate a field with a certain strength at the free layer can be reduced by placing the microstrip closer to the STNO, leading to larger detection sensitivity values.

Furthermore, applying an rf magnetic field in the direction of the reference layer magnetisation is more beneficial, as there is an increased sensitivity of the device in this axis. More complex phase detectors can be designed by taking the STNO as a building block. For example, by connecting multiple STNOs in series, we anticipate that it should be possible to achieve higher V max values and increase the amplitude within the detection range, thus increasing the phase detection sensitivity. Additionally, a single microstrip line can be used to excite the vortex dynamics of the entire STNO array, minimising power losses. Interestingly, one of the devices in an STNO array can be used as a local oscillator (LO) by operating in the self-sustained oscillation regime. The rf current emitted by the LO STNO can then be injected into the phase-detecting device, allowing it to detect the phase of an incoming rf signal. The STNO in this type of architecture, with double excitation of the vortex dynamics, can form an interesting block for phase-detection-based devices.

Previously, spin-torque nano-oscillators have been used in the microwave phase, and amplitude detection systems based on interferometry systems [START_REF] Yao | Rapid microwave phase detection based on a solid state spintronic device[END_REF][START_REF] Fu | Microwave radar imaging using a solid state spintronic microwave sensor[END_REF][START_REF] Fu | Microwave holography using a magnetic tunnel junction based spintronic microwave sensor[END_REF]. Similarly to the method described in the present work, see Figure 6.2, in the interferometry systems, the rf signal is split between two paths: one leading to an antenna which generates a field detected by the STNO, and the other one injecting the rf current into the device. In the interferometry procedures, a horn antenna emits a field with P rf ⇠ 20 dBm. The second path, through which the rf current passes, is connected to an AWG producing a low-frequency signal that modulates the initially injected rf signal. The modulated signal mixes with the one produced by the MTJ as the rf field is detected. A lock-in amplifier measures the time-domain evolution of the voltage rectified at the MTJ by the mixed signal, which has a low-frequency component with phase ( 0 ). Compared to this system, the one we propose is much more compact consisting only of an STNO and a nanovoltmeter to perform the dc measurement, with a single measurement corresponding to the phase between the two signals. Since the phase detection is made by a single STNO, this system can easily adapt to more complex phase detection devices. Note that, using a single device in a one-shot measurement, it is possible to determine either the phase or the amplitude of the emitted signal. However, by using more complex architectures with multiple STNOs, it is possible to determine both properties of the received signal simultaneously.

Detection sensitivity optimization

As demonstrated in the previous section, applying an rf magnetic field in phase with the rf current acting on the vortex dynamics leads to a gain in the spindiode voltage. However, we must consider that by adding this rf magnetic field, there is more power in total P T otal rf = P H X rf + P ST N O rf being injected into the STNO. For the objective of optimising the detection sensitivity of the device, the total power must be considered. We investigate whether it is possible to achieve higher conversion efficiency by splitting the input power between an rf magnetic field and an rf current than by injecting an rf current in the STNO on its own. Taking the V max measurements shown in Figure 6.4, the sensitivity ✏ is calculated with regard to the total injected power ✏ = V max /P T otal rf , with P T otal rf = 8.5 dBm in this case, and plotted as a function of the phase difference ', see Figure 6.7. Note that the studied samples have not been optimised for this specific use, which means there is great potential for improving the detection sensitivity.

For the considered experimental conditions, the sensitivity reaches a maximum of 25.2 V/W when the rf magnetic field ! H X and the in-plane free layer magnetisation oscillations are in phase, for ' ⇡ ⇡ 2 . We compare it with the sensitivity achieved when only an rf current is injected into the STNO, for the same measurement conditions and the same total rf power, for which we find ✏ I rf ( 8.5 dBm) = (21.8 ± 0.01) V/W. This value is represented by the orange dotted line in Figure 6.7. Note that ✏ I rf ( 8.5 dBm) was determined by fitting a linear function to the sensitivity as a function of P ST N O rf in the range in which it reaches a plateau, 12.0 dBm> P ST N O rf > 7.0 dBm. The yellow bar in Figure 6.7 represents the error in ✏ I rf ( 8.5 dBm), obtained from the linear regression. In these conditions, we find that it is possible to increase the device sensitivity by 16%, by splitting the power between P H X rf = 10.4 dBm and P ST N O rf = 13.0 dBm. As such, generating the rf magnetic field is more energy-efficient than adding this power to the rf current in the STNO. The opposite is observed when the signals are out of phase, with the sensitivity being 13% lower than if no rf magnetic field is applied. In this case, in which a minimum is reached, the rf magnetic field acts to decrease the oscillation radius, being in phase opposition with ! M x,y F L .

These measurements have been repeated for other combinations of rf power values to understand the impact of each signal in the spindiode effect and, also, to find the conditions in which there is a gain in sensitivity, such as in the ones demonstrated in Figure 6.7.

Since the respective contribution between the power injected into the rf line and the STNO varies between the different measured conditions, we further analyse the data to look into the contribution of each excitation method, see Figure 6.8. For instance, considering a fixed P ST N O rf = 14 dBm, in yellow in Figure 6.8, there is a strong decrease in the measured sensitivity for P H X rf > 5.0 dBm, compared to P H X rf = 13.0 dBm. In the case of the . Measurements obtained for ' = ⇡ 2 , at which the gain in sensitivity is maximum, in the operating conditions of µ 0 H OOP = 320 mT and I dc = 0.0 mA. application of an rf magnetic field, the achieved gain in V max as a function of P H X rf grows slower than the injection power itself, leading to low sensitivity values at higher P H X rf levels. Indeed, it is for 14.0 dBm P H X rf  11.5 dBm that the sensitivity reaches higher values. Further data points are necessary to fully understand how the input power of each signal factors into the achieved sensitivity.

We observe the maximum sensitivity achieved in each measurement as a function of P T otal rf , for ' = ⇡ 2 , plotted alongside the sensitivity measured for the case in which no magnetic field is applied (blue curve), see Figure 6.9.

For P T otal rf ⇠ 9 dBm, there is a cluster of data points, from which a few surpass the sensitivity achieved in the rf current only case (in green), while the others have values close to it, albeit lower (in orange). However, we can conclude that it has a critical role in optimising the sensitivity. We suggest that fine-tuning this power ratio can lead to more considerable sensitivity gains than the maximum achieved increase of 16% which we observe with the existing devices.

Altogether, in this chapter, we show that by splitting the input power between two paths, one generating an inplane rf field at the STNO's free layer and another electrically connected to the device, it is possible to achieve higher sensitivity values using a single STNO as an energy harvester/ rf detector. For this, two factors must be considered.

Firstly, the paths must be designed such that the rf magnetic field is in-phase with the free layer magnetisation oscillations generated by the injected rf current. Secondly, the power splitting ratio must be optimised since the rf magnetic field and rf current do not have the same efficiency in exciting the magnetisation dynamics. We find that it is a necessary condition to have an rf current passing through the device that is strong enough to generate the spindiode effect. Then, the rf magnetic field will increase the spindiode rectification voltage by increasing the vortex Figure 6.9: INL Sample 2 -Detection sensitivity as a function of P T otal rf for the case in which an rf current and an rf magnetic field are applied in-phase (diamond-shaped points), in comparison with the case in which only an rf current is applied (blue curve). In green are the points for which a gain in sensitivity was achieved, compared with the case in which only an rf current is applied. core oscillation radius.

Finally, the improvement in the sensitivity achieved with the studied device, although limited up to now to 16%, encourages further study of the double excitation of the vortex dynamics. In this study, a limited number of measurements were made at different power ratios split between each path. By extending these measurements, an optimal ratio for which the rf current and rf field are the most efficient if applied together may be found. Furthermore, this may provide us further insight into the role of each excitation mechanism in the spindiode effect. Another type of possible optimisation concerns the fabrication of the rf microstrip line. In this case, the line sits approximately 700 nm away from the MTJ. By decreasing this distance, the strength of the applied rf field can be increased for the same rf power passing through the line, further improving the conversion efficiency. Similarly to what is suggested for designing phase detectors based on this double excitation of STNOs, in the previous section, an interesting prospect for an energy harvesting device is the connection of multiple STNOs in an array, with an rf microstrip line passing above them. The gain in sensitivity that can be achieved from the connection of multiple devices in series, as seen in Chapter 5, can be increased by splitting the input power, as demonstrated here. Furthermore, this type of architecture can be made in-chip using lithography, eliminating the need for wire bonding, a source of power losses in the system.

Chapter 7 Energy Harvesting with Vortex-based

STNOs: a Proof-of-concept

In this Chapter, we demonstrate a proof-of-concept for energy harvesting based on the vortex-STNOs studied in the previous chapters. We propose harvesting the energy from an rf signal using the generated rectification voltage due to the spindiode effect to power a TMR magnetic field sensor. The vortex-based STNO studied in this Chapter is a 300 nm device fabricated at AIST -National Institute of Advanced Industrial Science and Technology, in Japan, see Appendix A for more details on AIST Sample 2. Firstly, the power conversion efficiency of a single STNO is determined through experimental measurements. Secondly, we describe the experimental setup used in this proofof-concept and demonstrate the successful operation of the TMR sensor. This demonstration of proof-of-concept has been realized together with D édalo Sanz, a postdoc at the Unit é Mixte de Physique.

Power conversion efficiency of a single vortex-based STNO

To evaluate the power we can extract from the STNO when there is rectification, i.e. when there is an input rf current near the resonance frequency of the STNO, we treat the magnetic tunnel junction as a Norton equivalent circuit.

The MTJ is modelled as an equivalent resistance R N and current source I N , see Figure 7. 1 a). To extract these parameters, we perform spindiode measurements under different load resistances R 1 connected in parallel with the STNO, see Figure 7.1 b). The load resistances used are in the range between 20 ⌦ and 1 k⌦. The voltage V 1 at the load is given by the expression:

V 1 = I N ⇥ 1 1 R N + 1 R1 , 1 V 1 = 1 I N x + 1 I N R N (7.1)
To extract the Norton equivalent parameters we determine the maximum rectified voltage from the spindiode measurements and perform a linear fit of

1 V max as a function of 1 R 1
, using the right-hand side expression in Eq. 7.1, see Figure 7.1 c). We verify that there is a linear relationship between the experimentally obtained 1

V max and 1 R 1 confirming that the MTJ can be treated as a Norton equivalent circuit. where the internal resistance R N is the same as the STNO's resistance measured using a dc bias current and I N is the current emitted by the STNO.

Similarly to the detection sensitivity, the power conversion efficiency depends on the input rf power ⌘ = P output /P rf , with P output = V 2 max /R. According to the maximum power transfer law theorem, the maximum power is extracted From these measurements, we are able to calculate the maximum power extracted from the STNO to the load as a function of P rf . The internal dissipation power should be 4 four times larger than the power in the maximum transfer case P Open :

P Load = I N 2 2 R N = 1 4 P Open (7.3)
The power conversion efficiency as a function of the injection power P rf is calculated for the internal power dissipation case ⌘ ST N O = P Open /P rf , see Figure 7. 3 a), as well as for the maximum power transfer case ⌘ Load = P Load /P rf . We confirm that, as expected, ⌘ Load ⇡ 1 4 ⌘ Open . Taking P rf = 200 µW we have ⌘ Load = 0.20% and ⌘ Open = 0.78%. In the recent work by Sharma et al., it is reported an achieved conversion efficiency for a uniformly magnetised STNO at zero dc bias of 0.26%, for P rf = 30 dBm = 1 µW -accounting for impedance mismatch losses [START_REF] Sharma | Electrically connected spin-torque oscillators array for 2.4 GHz WiFi band transmission and energy harvesting[END_REF]. In our case, if we consider the power losses related to the resistance mismatch, the achieved conversion efficiency for a single STNO reaches ⌘ corr ST N O = 0.84%, for P corr rf = 186 µW . The STNO studied in this Chapter thus achieves larger conversion efficiencies than those reported in [START_REF] Sharma | Electrically connected spin-torque oscillators array for 2.4 GHz WiFi band transmission and energy harvesting[END_REF] for a single device (based on uniform STNOs), albeit for much larger input power values. 

Powering a magnetic field sensor using the spindiode effect

The objective of this section is to demonstrate that a commercial TMR sensor can be powered using the studied STNO. The TMR sensor was fabricated in Portugal at the INL -International Iberian Nanotechnology Laboratory.

The sensor consists of 6902 MTJs connected in series with a T MR = 175%, where each MTJ has an area of 5 ⇥ 100 µm 2 . We integrate the TMR sensor into a Wheatstone bridge to balance the output of the sensor, such that the middle of the detection range, i.e. when no magnetic field is present, is at V out = 0 V. The Wheatstone bridge consists of 3 identical resistors with resistance R = 68 k⌦ and the TMR sensor, which has a resistance R 0 ⇡ 60 k⌦.

Due to this difference between R 0 and R, there is a slight imbalance in the Wheatstone bridge which means there is an offset voltage V 0 at zero magnetic field. In this first proof-of-concept, the harvested rf signal is generated by an external rf source. The rf current is in-jected into the STNO, which is connected to a bias T -the rf source is connected to the ac port of the bias T, while the STNO is connected to the ac+dc port. The dc port of the bias T connects with the Wheatstone bridge, where the TMR sensor is integrated. Finally, we measure the output of the magnetic field sensor using a nanovoltmeter. We use a small magnet to test that the magnetic field sensor is operating while an rf current with a frequency close to the resonance frequency of the device is injected into the STNO. In Figure 7.5 a), we show the small magnet placed next to the TMR sensor integrated into the Wheatstone bridge. We test the setup by measuring the output voltage of the sensor using a nanovoltmeter measuring in real-time for three discrete cases: (1) as we place the magnet near the sensor in one direction, (2) then in the opposite direction and (3) finally remove it, see Figure 7.5 b). The sensor output, visible in Figure 7.5 b), shows a positive voltage step as the magnet is placed in the direction (+) shown in Figure 7.5 a). This is followed by a negative voltage step corresponding to the time range for which the magnet is placed near the sensor in the opposite direction (-). The baseline measured by the nanovoltmeter V 0 corresponds to the time during which the sensor does not detect any magnetic field since the magnet is not close to the sensor.

To verify that the STNO in resonance is indeed powering the sensor, we measure the TMR sensor output as a function of the frequency of the rf signal being injected into the STNO. The measurement is done in the three cases described above: with the magnet placed close to the device in each direction and without the magnet, see Figure For f = 310 MHz, in these measurement conditions, the STNO generates a voltage V max = 6.3 mV, exhibiting a sensitivity of 75 V/W and an internal power conversion efficiency ⌘ ST N O = 0.55%. In the case the magnet is close to the device in the positive direction (+), for f = 310 MHz, the sensor exhibits an output voltage of 0.94 mV. When the magnet is turned in the opposite direction, a negative voltage of 0.39 mV is measured. Finally, if the magnet is too far away to be detected, the sensor has an output V of f set = 0.12 mV. This offset output is due to the fact that the bridge is not fully balanced, as explained above. Using this experimental setup, we show that the sensor is operational when the STNO is in resonance conditions and capable of distinguishing between the three discrete testing cases. In a next step, various improvements can be made to design a working compact demonstrator -many of them which have been proposed in previous Chapters of this thesis. In Chapter 8 -Conclusions and Perspectives, we reflect on these improvements considering the full body of work developed in this thesis.

Chapter 8

Conclusion and Perspectives

The work presented in this thesis focuses on the use of vortex-based spin-torque nano-oscillators (STNOs) for sensing applications, specifically for rf signals detection and energy harvesting. The goal has been to demonstrate the different ways the detection capabilities, in particular the sensitivity, of vortex-based STNOs can be improved.

Different properties of the device have been considered, namely their material and geometric properties or different circuit architectures. Some key results found during this thesis are highlighted here, as well as some hints into future directions which may be taken to.

We have studied the low-frequency 1/f noise in vortex-based STNOs in Chapter 3, showing that the vortex state exhibits a noise level more than one order of magnitude larger than the uniform states -similar to state-of-the-art TMR sensors. This is due to the high probability of pinning of the vortex core into defects: grain boundaries or material inhomogeneities. The 1/f low-frequency noise is one of the main limitations in the detectivity of magnetoresistive sensors and is related to the homogeneity level of the free layer. In fact, vortex-STNOs can operate as magnetic field sensors since ultimately they are nanoscale TMR junctions and, more importantly, they have a very large linear detection range, which is a key advantage for certain sensor applications [START_REF] Suess | Topologically protected vortex structures for low-noise magnetic sensors with high linear range[END_REF]. Typically, in STNOs, the main concern is the noise related to the spectral purity of the self-sustained oscillations [START_REF] Grimaldi | Étude des propri ét és non-lin éaires et de l'origine du bruit d'oscillateurs à transfert de spin à base de vortex : vers le d éveloppement de nano-dispositifs radiofr équences spintroniques[END_REF][START_REF] Wittrock | From noise & stability to synchronization & complex dynamics in spin torque nano-oscillators[END_REF]. However, low-frequency noise measurements can be interesting tools to determine the prevalence of grains in the free layer -which impact not only the functioning of the devices as magnetic field sensors but also their rf operation. One of the important results obtained during this PhD is that the spin-transfer torque induced dynamics of the vortex core, either through a dc bias current or an rf signal, can greatly reduce the low-frequency magnetic noise of the devices by preventing pinning of the vortex core. This is especially interesting for magnetic sensing applications requiring low-noise levels and highly linear detection ranges found in vortex-based sensors. These results push us to consider other ways to couple the devices to rf signals. An interesting possibility is in the mutual synchronisation of STNOs, which we expect to be interesting for two reasons: (1) the noise reduction due to the mutual coupling through the emitted rf signals of each device, and (2) due to the connection of multiple devices [START_REF] Guerrero | Low frequency noise in arrays of magnetic tunnel junctions connected in series and parallel[END_REF].

One of the primary objectives of this thesis has been to determine through which mechanisms it is possible to increase the detection sensitivity in vortex-based STNOs. One of the main results in this direction, reported in Chapter 4, is the increase in the detection sensitivity with the decrease of the sample's diameter, in 300 nm and 600 nm diameter samples. This result is taken into account when choosing a 300 nm sample for the energy harvesting proof-of-concept presented in Chapter 7, as it has the largest rectification voltage. Similar results have been found

in perpendicularly magnetised STNOs [START_REF] Valli | Size-dependent enhancement of passive microwave rectification in magnetic tunnel junctions with perpendicular magnetic anisotropy[END_REF]. To gain further insight into the importance of the sample's geometry in the spindiode rectification effect, it may be interesting to perform micromagnetic simulations with varying nanodisk diameters and thicknesses.

Another interesting result concerning the detection sensitivity is the possibility of increasing it by connecting multiple STNOs in series, studied in Chapter 5. We find that the sensitivity increases up to 25% when we connect two similar STNOs in series. This is lower than the p N theoretically predicted gain corresponding to a ⇡ 40% increase for N = 2, in the case in which the spindiode response of both devices is perfectly identical. In terms of power conversion, connecting multiple devices in series leads to a decrease in the available current equivalent to the gain in V max . As such, we expect that the output power remains the same, independently of the number of devices. Even so, the increase in V max with an array of STNOs can be useful to power devices that need very small currents, e.g. in the nA range, but larger voltages. Additionally, it may also be interesting to consider the parallel connection of STNO chains. In this case, the maximum achieved voltage is not expected to increase compared to a single chain, however, as reported in [START_REF] Sharma | Electrically connected spin-torque oscillators array for 2.4 GHz WiFi band transmission and energy harvesting[END_REF], STNOs connected in parallel reach higher power conversion efficiencies due to the lower equivalent resistance of the circuit.

With the same purpose of increasing the detection sensitivity using vortex-based STNOs, the simultaneous excitation of the vortex core resonant dynamics through an rf current and an rf field are investigated in Chapter 6.

By splitting the input rf signal, at an optimised ratio, between an rf current injected into the STNO and an rf field generated in an rf line passing above the MTJ, we demonstrate an increase of 16% in the detection sensitivity of a single STNO. Interestingly, this gain can be increased by optimising the placement of the antenna -the rf field strength increases as the distance between the rf line and the MTJ's free layer decreases. An important factor in achieving this sensitivity gain is the phase between the generated rf field and the magnetisation oscillations -the sensitivity reaches a maximum when these are in phase, decreasing to a minimum when out-of-phase. Indeed, this

shows that the vortex-based STNO rectification response is sensitive to the phase difference between two signals,

demonstrating a new phase-detection function performed integrally in a single STNO. More complex architectures can be imagined for more complex detection of rf signals. Additionally, this functionality provides a new variable for spintronic-based computing architectures, e.g. neuromorphic computing, with the possibility of using the spindiode effect to demodulate phase-encoded information.

Some of the limitations encountered during this thesis are related to the detection properties of a single STNO. In the studied samples, we found that the threshold power -for which an rf signal is detected -is relatively high, between 20 dBm and 25 dBm, depending on the sample and the measuring conditions. This is particularly important for the energy harvesting of ambient rf signals, typically between 30 dBm, for example, a WiFi signal right next to the emitter, and 60 dBm, if further away from the source. To work towards decreasing the threshold power, it is relevant to consider the material properties of the MTJ's free layer. In Chapter 3, in the study of the low-frequency 1/f noise in vortex-based STNOs, we demonstrated that the vortex core has a high probability of pinning into material defects, which can be decreased by exciting the vortex core dynamics. Indeed, to "kickstart" the resonant dynamics of the vortex core a strong enough rf current is necessary to counter the damping but also to prevent pinning of the vortex core into grains and material defects. For example, the use of more amorphous materials for the free layer, with fewer grains, may be an interesting choice in trying to reduce the threshold power for the spindiode effect. These considerations highlight the importance of the nanofabrication step in optimising the STNOs for specific applications.

The proof-of-concept presented in Chapter 7 demonstrates that an rf signal energy harvesting device based on vortex-based STNOs has the potential to power small devices, in the presented case, a TMR magnetic field sensor.

The next step in the development of an efficient and application-ready STNO-based energy harvester is to design a compact demonstrator capable of harvesting the energy of ambient rf signals. Additionally, various improvements can be made to achieve higher detection sensitivities and power conversion efficiency levels. A few notable ones include:

• Use antennas to harvest ambient rf signals. For the moment, amplifiers will be necessary to achieve the device's threshold power, which is relatively high compared to typical ambient rf signals, as described in Chapter 5.

• A small permanent magnet can be used instead of an electromagnet. As seen in Chapter 7, in the proofof-concept an out-of-plane magnetic field of around 100 mT was applied, which can easily be done with a permanent magnet. Ideally, no magnet is used, which is possible using samples with a good spindiode response at zero applied magnetic field.

• The STNO-based energy harvester can be integrated into a small chip with an impedance matching circuit to minimise power loss as well as the demo's footprint. An impedance matching circuit can be designed using software such as Keysight ADS, with S-parameter measurements to determine the losses of the energy harvesting device.

• Implement the techniques found in this thesis to increase the detection sensitivity:

-As described in Chapter 5, connecting multiple STNOs in series can lead to an increase in the generated voltage, which can reach theoretically a gain of p N with N the number of devices in series. The equivalent circuit model for STNOs, presented in Chapter 5, and developed in collaboration with the TIMA -Universit é Grenoble-Alpes laboratory, is a useful tool to model the spindiode rectification effect of multiple STNOs connected in series, which can already take into account an impedance matching circuit.

-Taking advantage of the sensitivity improvement by splitting the input rf signal between an rf line passing above the STNO (or STNOs) that generates an rf field at the free layer and the direct rf current injection through the device.

Overall, the results presented in this thesis illustrate the potential of STNOs in a wide range of applications, from magnetic field sensing, to rf signal detection and energy harvesting and even as phase-detectors. In the years to come, as the intrinsic properties of the STNOs are improved, and optimisation of the devices for specific applications are made, STNOs have the potential to replace their conventional CMOS counterparts bringing advantages such as low energy and size footprints. As the number of connected devices continues to increase with the advent of the Internet of Things (IoT), the reduction of their energy consumption using low-power spintronic devices, together with spintronic energy harvesters, can amount to a considerable reduction in their carbon footprint. The STNO can be connected through two contact pads, the 'Top electrode' and the 'Bottom electrode'. Above each device, there is an inductive line allowing the generation of an in-plane dc or rf magnetic field at the free layer, which can be connected through two contact pads.

A.2 AIST Sample 2

This sample has a stack composed of (Si/SiO 2 ) substrate/buffer layer /synthetic antiferromagnet (SAF)/ MgO (1)/ FeB (5)/ capping layers (thickness in nanometers), with an RA⇠ 4 ⌦ µm 2 . The FeB layer is the free layer exhibiting a vortex magnetisation distribution. The SAF is a multilayer composed of IrMn (5)/CoFe(2.5)/Ru(0.85)/CoFeB (2.5).

We have used samples with this stack with four different diameters between 300 nm and 600 nm. The average TMR ratio and junction resistance R 0 , for each diameter, is presented in Table A Similarly to the previous samples, an inductive line passes above each MTJ, allowing for the generation of an in-plane dc or rf magnetic field, depending on the nature of the injected current through the line, acting on the free layer. (2) multilayer. The free layer with a magnetic vortex as the ground state is the permalloy (NiFe 30 ) layer. The buffer layer is a 2 x [Ta (5 nm)/CuN (50 nm)]/Ta (5)/Ru (5) multilayer, while the capping layer is composed of Ta (10)/Ru (7). The samples studied from this chip have a diameter of 370 nm and an average resistance R 0 ⇡ 30 ⌦. In addition, an inductive line passes 600 nm above each magnetic tunnel junction, similarly to the previously described samples. 

A.3 INL Sample 1

A.4 INL Sample 2

The sample studied in Chapter 6 has a stack composed of SiO 

B.2 Bruit bas fr équence dans des STNO à base de vortex

Les caract éristiques mat érielles des STNO sont directement li ées à leurs performances dans les applications énum ér ées pr éc édemment. L'une de ces caract éristiques est la qualit é du mat ériau de la couche libre, qui est li ée à la pr ésence de grains et d'inhomog én éit és. Le bruit 1/f à basse fr équence est l'une des propri ét és les plus importantes des capteurs de champs magn étiques, limitant leur sensibilit é. 
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 21 Figure 2.1: Adapted from[START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF]. Schematic describing the basic operation of an STNO device. A spin-polarised current exerts a spin-transfer torque acting upon the free layer magnetisation, which leads to sustained magnetisation oscillations at the device's oscillation frequency. Due to the TMR effect, there is a resistance variation that translates into an rf current's emission.
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 22 Figure 2.2: (a) Schematics of the band structure for the 3d and 4s shells in a transition metal. E F indicates the Fermi energy level. (b) Schematic of the transition metal transport properties equivalent circuit for the two-current model, with resistivity ⇢ " for the majority spins and ⇢ # for the minority spins.
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 223 Figure 2.3: Schematic of the conduction mechanism in a spin-valve and the equivalent resistance circuit according to Mott's two-current model, in the (a) parallel and (b) anti-parallel configurations.

Figure 2 .

 2 Figure 2.4: (a) Schematic representation of a current flowing through an FM/NM/FM structure. The current is spin-polarised by the fixed layer and crosses the non-magnetic layer, where we assume the spin polarisation is conserved. In the second ferromagnetic layer, which has a free magnetisation, the transverse component of the angular momentum is transferred to the local magnetisation -this is the spin-transfer torque (STT). (b) Relative orientation of each layer's magnetisation and the transferred STT.
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 25 Figure 2.5: Schematic of the free layer magnetisation precession around H ef f in the presence of a spin-transfer torque due to the injection of a positive dc current.
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 2 Figure 2.7: Schematic representation of the four possible magnetic configurations of the vortex, defined by its chirality C and polarity P : +C+P, +C-P, -C+P and -C-P.
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 28 Figure 2.8: Adapted from [66]. Schematic of the vortex magnetisation distribution. The grey lines represent the in-plane magnetisation, while the blue arrows represent the mean magnetisation on each side of the nanodisk. (a) In the equilibrium state, the vortex core is centred, and the in-plane magnetisation is orthoradial. (b) Off-centred rigid vortex model. c) Off-centred vortex in the TVA framework.
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 2210 Figure 2.10 a), where m body z
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 211 Figure 2.11: Adapted from [71]. Representation of the forces acting on the vortex core according to the Thiele formalism: gyroforce, confinement force, damping force and spin-transfer forces.
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 212 Figure 2.12: Adapted from [72]. Evolution of the vortex gyrotropic mode as a function of the applied out-of-plane magnetic field for a nanodisk with radius a) R 1 = 130 nm, and (b) R 2 = 520 nm. The dots correspond to experimental points, while the full lines correspond to the theoretical prediction.
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 213 Figure 2.13: Adapted from [9]. Voltage rectification response as a function of the injected rf current's frequency due to the spindiode effect for different values of an applied magnetic field.
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 214 Figure 2.14: Adapted from [81]. Measured detection sensitivity as a function of P rf for different values of the dc bias current. The dashed line represents the sensitivity of a typical Schottky diode.
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 215 Figure 2.15: Adapted from [10]. Rectification voltage as a function of the applied dc bias current. The rectification voltage reaches a maximum for I dc ⇠ 0.25 mA, for which value there is locking to the external rf source. The inset shows the resonance linewidth as a function of I dc and the locking range highlighted in orange.
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 89 and Tomasello et al.[START_REF] Tomasello | Low-frequency nonresonant rectification in spin diodes[END_REF]. The second type of realisation was demonstrated in 2019, by Fang et al., through a proof-of-concept circuit that broadband STNO detectors could effectively power a nanoscale photosensor by harvesting energy from a radiophone[START_REF] Fang | Experimental demonstration of spintronic broadband microwave detectors and their capability for powering nanodevices[END_REF]. The broadband non-resonant detection occurs at frequencies lower than the typical eigenfrequency of uniform in-plane precession modes (f < 3 GHz). For energy harvesting applications, this type of broadband non-resonant detection mode can be interesting for situations where the frequency of the ambient rf signals is unknown or multiple sources may exist.
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 216 Figure 2.16: (a) Adapted from [90]. Tail-like broadband rectification voltage as a function of the rf signal's frequency for different input P rf values. (b) Adapted from [91]. Flat broadband rectification voltage as a function of the rf signal's frequency for P rf = 10 µW.
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 2182 Figure 2.18: Adapted from [124]. (a) Emission spectra for the vortex-based STNO with and without the PLL. (b) Phase noise measurement with and without the PLL.

Figure 2 . 19 :

 219 Figure 2.19: Adapted from [129]. (a) Schematic representation of the setup used for wireless voice transmission using an STNO. (b) Frequency-time spectrogram of the voice transmission received by the SDR.
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 220 Figure 2.20: (a) Adapted from[START_REF] Grollier | Neuromorphic spintronics[END_REF]. Schematic of the spoken digit recognition experimental procedure. (b) Adapted from[START_REF] Torrejon | Neuromorphic computing with nanoscale spintronic oscillators[END_REF]. Input V in that encodes the audio file information (top) and measured output V osc from the STNO as a function of time (bottom). The blue circles represent the periodically sampled points.
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 221 Figure 2.21: Adapted from [139]. (a) Schematic representation of the neural network. (b) Schematic of the experimental setup with four electrically connected STNOs and the two input rf signals passing through an rf line generating an rf field acting on the devices (top). Total microwave output of the four STNOs In light blue is the microwave output of the STNOs without the rf input signals and in dark blue with both input signals.
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 222 Figure 2.22: Adapted from [160]. (a) Scanning electron microscopy (SEM) image of the probe used in the experiment with two GMR sensing elements. (b) Schematic of the experimental procedure used to measure the magnetic neural activity triggered in the anaesthetised cat's primary visual cortex.
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 31 Figure 3.1: Adapted from [173]. Comparison of an (a) elliptical GMR sensor and a (b) vortex-based GMR sensor. (c) Normalized RH curve, showing the linear field detection ranges of both sensors.
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 32 Figure 3.2: Adapted from [124]. (a) Schematics of the vortex dynamics noise, with s and the amplitude and phase fluctuations, respectively. (b) Typical experimental NSD of the amplitude and phase noise in a vortex-based STNO as a function of the offset frequency. The inset shows an analytical representation of the phase and amplitude noise, as well as the phase noise for a linear oscillator, with non-linearity parameter ⌫ = 0 (dashed curve).
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 33 Figure 3.3: Illustration of the Noise Spectral Density and the different types of noise: 1/f Noise, Random Telegraph Noise (RTN) and White Noise.
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 34 Figure 3.4: AIST Sample 1 -(a) Schematic of the measurement setup (not to scale). (b) Noise Power Spectral Density measured in the parallel (blue), anti-parallel (green) and vortex (orange) states, for I dc = 2 mA
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 351031 Figure 3.5: AIST Sample 1 -(a) Evolution of the STNO device's resistance with the applied field in-plane component, for a 2.0 mA bias current, in the negative chirality configuration of the vortex. (b,c) Noise level at low frequency (1 Hz-5 kHz), represented by the Hooge Parameter, as a function of the applied field in-plane component, swept from the anti-parallel (AP) state to the parallel state (P) (in orange) and vice-versa (in blue), for the (b) negative and (c) positive chirality.

variation R( 1 .

 1 0 mA) R( 1.0 mA) ⇡ 6 ⌦. The applied current value of 2.0 mA ( 2.0 mA) is high enough to set a positive (negative) chirality of the vortex. The ↵ H error bars, in Figure 3.5 b,c), are determined by error propagating the fitting parameter obtained for S 1/f V . For these I dc values, the STNOs are still in the subcritical regime since I crit = 6 mA, meaning that the spin-transfer torques are not sufficiently large to generate sustained oscillations of the magnetisation. To compare the noise levels between each magnetic state, an average of the extracted Hooge parameter values in each state is calculated, as well as their dispersion. These values are presented in Table 3.1.
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 36 Figure 3.6: AIST Sample 1 -Resistance of the STNO as a function of the bias current. The STNO was initially prepared in the +C+P state. The area shaded in orange corresponds to the values for which there is a negative chirality, with the switching occurring at I dc ⇡ 1 mA (red dashed line). Measurement made for µ 0 H OOP = 170 mT.
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 37 Figure 3.7: Adapted from [202]. (a) STM topography of an Fe island (grayscale) overlaid with the vortex core center positions (blue circles) for 44 different in-plane magnetic fields represented in the lower scale and connected by lines with respective vortex core position. 5 selected dI/dV images of the vortex core are shown overlaid with the topography image (red-blue scale on the right). (b) Color map of calculated pinning potential with simulated (red circles) and experimental vortex core center positions (blue circles). Defects' positions are determined from (a). (c) Pinning potential of a single defect.
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 3 Figure 3.8: Figure adapted from [204].(a) Evolution of the frequency (in blue) and integrated power (in green) of the damped oscillations of the vortex core with the appliend in-plane magnetic field. (b) Atomic force microscopy (AFM) topography image (top) and scan of the thickness as a function of the trajectory (bottom).
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 39 Figure 3.9: AIST Sample 1 -Evolution of the Hooge parameter with the applied bias current. The inset shows the oscillation power of the rf emission due to the emerging vortex dynamics. The red dotted line represents the Hooge parameter measured in the AP state.
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 310 Figure 3.10: AIST Sample 1 -Evolution of the gyrotropic mode frequency as a function of the applied bias current. Below the critical current I crit , there are only damped oscillations, while for I dc I crit there are self-sustained oscillations. Measurements made for µ 0 H OOP = 350 mT.
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 311 Figure 3.11: AIST Sample 1 -Hooge parameter as a function of the frequency of the applied oscillating field, with fixed P rf = 1 mW. The red line indicates the value measured in the absence of this field. The green dotted line represents the Hooge parameter measured in the P state.
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 312 Figure 3.12: AIST Sample 1 -Hooge parameter as a function of the power amplitude of the field at a fixed frequency, f = f res = 243.1 MHz. The red line indicates the value measured in the absence of this field. The green dotted line represents the Hooge parameter measured in the P state.
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 313 Figure 3.13: AIST Sample 1 -Hooge parameter as a function of the injected rf current frequency, for the operating conditions: µ 0 H IP = 400 mT, I dc = 1.0 mA and P rf = 3.2 µW.

Figure 3 .

 3 Figure 3.14: Hooge parameter for different TMR-based sensors found in literature [144, 172, 208, 209, 210] as a function of their RA product and those found in this work (in blue) for the different study cases: sub-critical regime and self-sustained oscillation regime with and without the application of an rf magnetic field. The vortex-based sensors are indicated in the figure, the other sensors have a uniform magnetisation distribution of the free layer.
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 16 mT [211], "sacrificing" the detection range for ultra-low noise. Meanwhile, the MultiDimension TMR2501 has a detectivity of about 50 nT / p Hz@1Hz but its linear range is 40 mT [211]. However, to make a fair comparison, it should be noted that commercial TMR sensors are composed of thousands of TMR components arranged in an array to improve their performance since the low-frequency 1/f noise decreases with the number of components N[212], due to the increasing active sensor area, following p S V / 1/ p N . It should be noted that using such a large array of MTJs has both a financial cost but also a large wafer surface footprint.
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 315 Figure 3.15: Schematic presenting the 1/f noise reduction due to the spin-transfer torque dynamics in vortex-based sensors.

From a broader

  perspective, an interesting output from this collaboration with the CEA-SPEC laboratory was creating a stronger link between two fields in spintronics -sensors and spin-torque oscillators, which had until now been relatively isolated from each other. The results from this work have shown that both domains can gain from working together. Recently, at the Unit é Mixte de Physique CNRS/ Thales different projects have been proposed, together with other key institutes in the field, joining these communities.The spin-torque diode effect, or spindiode for short, is a rectification phenomenon first demonstrated in uniform MTJs, in 2005[9]. As seen in Chapter 2, the application of an rf current with density J(t) = J rf sin(!t) and frequency ! close to the free layer's resonance frequency ! 0 into an STNO can generate a dc voltage output across the device. In uniformly magnetised devices, as the rf current passes through its positive and negative half periods, the spin-transfer torque acting upon the free-layer magnetisation induces a tilt towards and away from the SAF's magnetisation direction[9]. In vortex-based devices, such as the ones studied during this thesis, the spin-torques originated by the rf current induce an oscillation of the vortex core and, simultaneously, of the average free layer magnetisation, as depicted in Figure4.1. Due to the TMR, the device oscillates between low and high resistance configurations, leading to a periodic R(t). The spindiode effect originates in the mixing between the R(t) and the rf current injected into the device, as represented in Figure4.1.The analytical study of the spindiode effect in vortex-based STNOs was done by Romain Lebrun during his PhD[START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF] at the Unit é Mixte de Physique CNRS/Thales, by taking the Thiele equation -described in Chapter 2, as a starting point. Using the Thiele formalism, it is possible to describe the dynamics of the vortex core as a function of the rf current-induced spin-transfer torques (STT), as well as of the MTJ material properties and other external stimuli (dc current, magnetic field). If a resonant alternating current is applied, the in-plane damping-like (also namedSlonczewski), ! F SL , and Field-like, ! F F L , torques have a non-zero average after an oscillation period. These torques

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of the basic spin-torque diode principle in a vortex-based STNO. An rf current near the resonance frequency of the device induces the oscillation of the vortex core. Due to the TMR effect, the oscillation of the average free layer magnetisation corresponds to a resistance oscillation R(t). The mixing of R(t) with I rf generates a rectification voltage.

Figure 4 . 2 :

 42 Figure 4.2: Simulation of the spindiode rectification response in a 400 nm vortex-based STNO comparing the effect of the field-like torque efficiency ⇤ F L and damping-like torque efficiency ⇤ SL on the shape of the rectification response, for µ 0 H OOP = 0 mT, I dc = 0.0 mA and P rf = 14 dBm.

  Figure 4.3 a). A wire-bonding machine is used to connect the electrodes using aluminium wires. The bottom electrode of the tunnel junction is connected to a 50 ⌦ adapted line, while the top electrode is connected to the sample holder -itself connected to the circuit ground, see Figure 4.3 b). The sample holder is then placed in a support between the electromagnet coils, see Figure 4.3 c). The electromagnet applies a magnetic field between 800 mT and 800 mT. The sample holder support is connected to a stepper motor which allows us to control the angle between the sample surface and the applied magnetic field direction. The measurement circuit is represented in Figure 4.4.The STNO's SMA pin-out is connected to a bias tee that separates the dc and ac signal components. The dc current source and nanovoltmeter are connected in parallel to the dc port of the bias tee. A resistance box is placed

Figure 4 . 3 :

 43 Figure 4.3: (a) Sample holder with 8 SMA pin-outs. The sample in the chip is connected through wire bonding between the MTJ electrode pads and the 50 ⌦ adapted lines. (b) Wire bonds connecting the sample. (c) Sample holder placed in the electromagnet, connected to the measurement instruments through SMA cables.

Figure 4 . 4 :

 44 Figure 4.4: Schematic of the experimental setup used to measure the spin-torque diode effect.

  the MATLAB code developed by Philippe Talatchian during his PhD at the Unit é Mixte de Physique CNRS/ Thales[START_REF] Talatchian | Bio-inspired computing leveraging the synchronization of magnetic nano-oscillators[END_REF] to simulate the spindiode effect in vortex-based STNO using Thiele's model. In Figure4.5 a), we see the linear increase in the resonance frequency as the applied H OOP increases in the case of I dc = 0.
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 45 Figure 4.5: Simulation -(a) STNO resonance frequency and (b) maximum achieved rectification voltage as a function of the applied H OOP , obtained from the simulation of the spindiode effect in a 400 nm diameter STNO in the +C+P vortex configuration for different out-of-plane applied magnetic fields, for I dc = 0.0 mA and P rf = 0.1 mW.
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 46 Figure 4.6: AIST Sample 2 -Experimental measurements of the spindiode rectification voltage as a function of the injected rf current frequency, in a 400 nm diameter STNO in the +C+P vortex configuration for different out-of-plane applied magnetic fields, for I dc = 0.0 mA and P rf = 0.1 mW.

Figure 4 . 7 :

 47 Figure 4.7: AIST Sample 2 -(a) Experimental measurements of the spindiode rectification voltage as a function of the injected rf current frequency for different bias currents. (b) Maximum voltage amplitude obtained with the spindiode effect as a function of the bias current. Measurements of a 400 nm diameter STNO in the +C+P vortex configuration, for H OOP = 240 mT and P rf = 0.1 mW.
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 12 We map the spindiode rectification voltage as a function of the rf current's frequency for a range of applied magnetic field values between 600 mT and 600 mT, with I dc = 0.0 mA, in the four different vortex configurations, see Figure 4.8.
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 48 Figure 4.8: INL Sample 1 -Map of spindiode rectification voltage measurements with an applied perpendicular magnetic field between 600 mT and 600 mT, for I dc = 0.0 mA and P rf = 16 µW. Each map corresponds to a different preparation of the configuration of the vortex: (a) -C-P, (b) +C-P, (c) -C+P, and (d) +C+P.
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 49 Figure 4.9: INL Sample 1 -Spindiode voltage response as a function of the rf current's frequency for the (a) +C-P and (b) -C-P configurations of the vortex, for µ 0 H OOP = 150mT, I dc = 0 mA and P rf = 16 µW.

  minimise the threshold input power and reach ambient rf signals levels in the long-term. For example, typically, ambient WiFi signals have a power between P rf = 60 dBm= 1 nW [219], and 30 dBm= 1 µW [220] in the case of an excellent signal -obtained only if close to the wifi transmitter.
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 410 Figure 4.10: AIST Sample 2 -Maximum rectification voltage V max as a function of the injected rf power P rf measured in 6 STNOs in the +C+P vortex configuration with diameters of 300, 400, 500 and 600 nm. The operating conditions for the measurements were I dc = 0.0 mA and µ 0 H OOP = +450 mT.
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 411 Figure 4.11: AIST Samples 2 -Maximum rectification voltage V max as a function of the injected rf current amplitude I rf measured in (a) 6 STNOs in the +C+P vortex configuration and (b) in 4 STNO's in the -C-P configuration, with diameters of 300, 400, 500 and 600 nm. The operating conditions for the measurements were I dc = 0.0 mA and µ 0 H OOP = +450 mT (µ 0 H OOP = 450 mT) for the positive (negative) polarity.
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 412 Figure 4.12: AIST Samples 2 -Maximum rectification voltage V max as a function of the injected rf power P rf measured in 4 STNOs in the +C+P vortex configuration, two of them with a diameter of 300 nm (yellow curves), and the other two of 600 nm (blue curves). The operating conditions for the measurements were I dc = 0.0 mA and µ 0 H OOP = +450 mT.
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 4133 Figure 4.13: AIST Sample 2 -Maximum rectification voltage V max as a function of the STNO's nominal diameter for 4 values of fixed injected rf current amplitude I rf measured in the (a) +C+P and (b) -C-P configurations of the vortex. The operating conditions for the measurements were I dc = 0.0 mA and µ 0 H OOP = +450 mT (µ 0 H OOP = 450 mT) for the positive (negative) polarity.
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 414 Figure 4.14: Schematic representation of the vortex core expulsion working principle.
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 415 Figure 4.15: Adapted from [93]. (a) Evolution of the voltage difference as a function of P rf for different bias currents. The region in blue highlights the conditions at which there is expulsion of the vortex core. (b) P crit rf as a function of the bias current.

Figure 4 . 16 :

 416 Figure 4.16: Adapted from [92]. I crit rf as a function of the bias current for µ 0 H OOP = 0 mT, in blue, and µ 0 H OOP = 160 mT. The schematics on the right illustrate the tilting of the SAF polarisation when an out-of-plane magnetic field is applied.
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 417 Figure 4.17: INL Sample 1 -(a) Map of the rf power spectra as a function of the dc current. (b) Oscillation linewidth, (c) frequency and (d) power spectral density extracted from the Lorentzian fit of the spectra at each I dc value. Measurements made for µ 0 H OOP = 390 mT.
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 418 Figure 4.18: INL Sample 1 -Spindiode rectification voltage as a function of the rf signal's frequency in the three dynamical modes: (a) gyrotropic (I dc = 8.50 mA), (b) transition (I dc = 10.00 mA) and (c) C-state (I dc = 11.00 mA) modes. The injected rf signal has P rf = 16 µW= 18 dBm.
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 51 Figure 5.1: Schematic of the measurement circuit of the device under testing (DUT) in the case of (a) a single STNO and (b) 2 STNOs connected in series. Schematics of the setup circuit used in the (a) spin-torque diode measurements and the (b) S-parameter measurements. The S-parameter measurements were made in reflection, using a 1-port system, with a Vector Network Analyser (VNA) The schematics are not made to scale.
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  2 a), b) and c) for each case, respectively. In STNO A, we find P thres rf = 7.1 µW, while in STNO B P thres rf = 12.6 µW. Moreover, when these are connected in series, the spindiode voltage is measurable from P thres rf = 11.2 µW, a value in-between that found in each STNO. For each P rf point -from P thres rf up to 160 µW -we determine the maximum voltage achieved V max to calculate the detection sensitivity ✏, in the three cases referred (STNO A, STNO B and STNOs A+B), see Figure 5.3 d,e,f).

Figure 5 . 2 :

 52 Figure 5.2: INL Samples 1 -Map of the spindiode voltage response as a function of the rf power, for the cases in which STNO (a) A and (b) B are each measured separately, and (c) connected in series. Detection sensitivity as a function of the injected rf power, for the cases in which STNO (d) A and (e) B are each measured separately, and (f) connected in series. Measurements made for µ 0 H OOP = 0 mT and I dc = 0 mA. The STNOs were measured in the +C+P configuration of the vortex.

Figure 5 . 3 :

 53 Figure 5.3: INL Samples 1 -Spindiode voltage response as a function of the rf current frequency, for the cases in which STNO (a) A and (b) B are each measured separately and (c) connected in series. Measurement made for P rf = 32 µW= 15 dBm, µ 0 H OOP = 0 mT and I dc = 0 mA, in the +C+P vortex configuration.
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 54 Figure 5.4: INL Samples 1 -(a,b) Spindiode voltage response and, (c,d) S 11 parameter as a function of the rf current frequency, for different µ 0 H OOP values. Measurements correspond to STNO (a,c) A and (b,d) B. Measurements made for P rf = 15 dBm= 32 µW and I dc = 0.0 mA, in the +C+P vortex configuration.
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 56 Figure 5.6: INL Samples 1 -S 11 parameter logarithmic magnitude for the cases in which STNO a) A and b) B are each measured separately, and c) connected in series. Measurement made for P rf = 32 µW= 15.0 dBm, µ 0 H OOP = 0 mT and I dc = 0.0 mA, in the +C+P vortex configuration. The power losses and complex impedance are extracted from S 11 in each case.

  them. The curves for the sensitivity as a function of P rf , presented in Figure 5.2 d,e,f) are recalculated so that the power losses in each case are accounted for, see Figure 5.7. We compare the evolution of the detection sensitivity measured in the case in which the STNOs are connected in series (A+B) with the one measured in STNO A and STNO B on their own, in Figure 5.7 a) and b), respectively.

Figure 5.7: INL Samples 1 -

 1 Figure 5.7: INL Samples 1 -Detection sensitivity as a function of the injected rf power corrected for the power losses due to the impedance mismatch of the system, for the case in which STNOs A and B are connected in series (in blue), compared with (a) STNO A and (b) STNO B individual responses. The blue dotted areas represent the power range at which ✏ is higher in the serial connection than in the individual STNO, and the star-shaped points correspond to the values at which there is the expulsion of the vortex core. The vertical lines highlight the sensitivity comparison for three P rf described in the text. Measurements obtained for µ 0 H OOP = 0 mT and I dc = 0.0 mA, in the +C+P vortex configuration.

  the one measured in STNO A is 35 µW< P corr rf < 138 µW, see the blue dotted region in Figure 5.7 a). The gain averaged from the results in this range obtained at different P rf and relative to STNO A is 1.15 ± 0.06, while the one relative to STNO B is 1.14 ± 0.02. If compared to STNO B, the range at which A+B's sensitivity is larger is for 28 µW< P corr rf < 137 µW, see the blue dotted region in Figure 5.7 b). For the same operation conditions, we look in more detail at the spindiode voltage response in the A, B and A+B cases for three different rf power values. The chosen P rf values are highlighted in Figure 5.7 by the dashed gray lines. For P corr rf = 28 µW, we are in the limit in which V A+B max has a similar value to V B max , see Figure 5.8 a). Then, for P corr rf = 35 µW, we are in the limit of the range at which V A+B max ⇡ V A max , see Figure 5.8 b). For higher rf power values than the latter, V A+B max surpasses both V A max and V B max . This is the case, for example, for P corr rf = 56 µW, see Figure 5.8 c).
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 581 Figure 5.8: INL Samples 1 -Spindiode voltage response of STNO A (yellow curves), STNO B (orange curves) and both in series (blue curves), for 3 increasing rf power values, highlighted by the gray dashed lines in Figure 5.7, (a) P corr rf = 28 µW, (b) P corr rf = 35 µW and, (c) P corr rf = 56 µW. The small differences in power between each case are due to the different power loss values in each case. Measurements made for µ 0 H OOP = 0 mT and I dc = 0.0 mA, in the +C+P vortex configuration.
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 591 Figure 5.9: INL Samples 1 -Evolution of the V max gain relative to STNO A and B as a function of the rf power.
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 510 Figure 5.10: INL Samples 1 -(a) Gain in rectification voltage for N nano-oscillators connected in series compared to a single one. The pink curve is the estimation made in Eq. 5.2 that the gain is proportional to p N . The triangles represent the average experimental gain measured for the A+B array relative to STNO A (yellow) and B (orange). (b) Estimation of V max for an array of N STNOs identical to STNO A (yellow) and STNO B (orange), at P rf = 88 µW, assuming V N = p NV 1 . The blue point corresponds to the corresponding experimental measurement for the A+B array.

Figure 5 . 11 :

 511 Figure 5.11: Adapted from [122]. (a) V max as a function of the number of oscillators, for P rf = 10 dBm. (b) Detection sensitivity as a function of the number of oscillators, for P rf = 35 dBm. (c) Gain in rectification voltage for an N-array of nano-oscillators compared to a single one, with N the number of STNOs connected in series. The pink curve is the estimation made in Eq. 5.2 that the gain is proportional to p N .
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 512 Figure 5.12: INL Samples 1 -(a) V max as a function of I rf , measured in STNO A, STNO B and the A+B array. The sum of the linear fits to V A max and V B max is represented by the teal dashed curve. (b) Spindiode voltage response, for the case in which STNOs A and B are connected in series, for I rf = 0.91 mA (navy) and I rf = 0.91 mA (blue). The dashed teal curve is the sum between the STNO A (in yellow) and STNO B (in orange) responses, for similar I rf values.
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 514 Figure 5.14: Adapted from [229]. Spin-torque diode effect rectification voltage as a function of the rf signal's frequency, measured experimentally (black curve) and obtained from the simulation (red curves), of (a) STNO A and (a) STNO B, for P rf = 15 dBm.

  15 dBm, presented in Figure 5.3. Firstly, the model was used to simulate the individual voltage response of the two different STNOs, see Figure 5.14 a) for STNO A and b) for STNO B. As can be observed, the model provides a good description of the maximum achieved voltage and bandwidth. The differences in shape are related to using a Gaussian function, as described. Secondly, the model was used to simulate the connection in series of STNO A and STNO B. The electrical connection considered is schematised in Figure 5.15 a), in which each STNO block (in red) consists of the developed model with the equivalent electrical components presented in Figure 5.13.
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 515 Figure 5.15: Adapted from [229]. (a) Electrical schematic of the characterization setup to measure a 2-STNO in series rf detector. (b) Spin-torque diode voltage response for the 2-STNO in series rf detector, measured experimentally (black curve) and obtained from the simulation (red curve), for P rf = 15 dBm.
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 61 Figure 6.1: INL Sample 2 -(a,b) Schematic of the magnetic field generated by the cross-shaped microstrip when a current I F L is injected (a) in the ! e y direction, generating a field ! H X = H X ! e x , and (b) in the ! e x direction, generating a field ! H Y = H Y ! e y . (c) Resistance variation of the STNO as a function of the applied I F L in each of the rf microstrip directions, measured at room temperature and µ 0 H OOP = 320 mT.
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 63 Figure 6.3: INL Sample 2 -(a,b) Spindiode voltage measurement colour map and, (c,d) detection sensitivity as a function of the injected rf power, corrected for the impedance mismatch losses, calculated from the load resistance, for (a,c) an rf current injected directly into the STNO and, (b,d) an rf in-plane magnetic field along the MTJ's easy axis. Measurements made for zero dc bias and µ 0 H OOP = 320 mT.

Figure 6 . 4 :

 64 Figure 6.4: INL Sample 2 -(a) Maximum achieved spindiode rectification voltage as a function of the phase difference between V 1 rf and V 2 rf , fitted by a sinusoidal function (dashed curve). (b,c) Spindiode rectification voltage as a function of the rf signals' frequency for the case in which the two signals are (b) in-phase and (c) out-of-phase. The total input power to the STNO is of 8.5 dBm, split between P H X rf = 13.0 dBm and P ST N O rf = 10.4 dBm. Measurements made for zero dc bias and µ 0 H OOP = 320 mT.

1 :Sample 2 -

 12 INL Fit parameters for the sinusoidal function fitted to the V max values as a function of the phase difference between the two signals '. The fit curve is represented by the dashed line in Figure 6.4 a).

  applying ! H X or ! H Y , for the same operating conditions, with P ST N O rf = 14.0 dBm and P H X rf = P H Y rf = 0.0 dBm.
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 65622 Figure 6.5: INL Sample 2 -Maximum achieved spindiode rectification voltage as a function of the phase difference between V 1 rf and V 2 rf comparing the cases when a 0.0 dBm rf current is injected into each of the two rf lines above the MTJ, while P ST N O rf

Figure 6 . 6 :

 66 Figure 6.6: INL Sample 2 -Maximum achieved spindiode rectification voltage as a function of the phase difference✓ between ! M x,yF L and ! H rf at three different power values for the current injected into the microstrip line, fitted by sinusoidal functions (dashed curves), for the case in which the rf field is applied along the easy axis. Measurements obtained for µ 0 H OOP = 320 mT and I dc = 0.0 mA.
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 67 Figure 6.7: INL Sample 2 -Detection sensitivity as a function of the phase difference between V 1 rf and V 2 rf , fitted by a sinusoidal function (dashed curve). The total input power to the STNO is of 8.5 dBm, split between P H X rf = 13.0 dBm and P ST N O rf = 10.4 dBm. The dotted orange line corresponds to the sensitivity achieved in the case in which the excitation relies only on the direct injection of an rf current, for the same total power P T otal rf
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 68 Figure 6.8: INL Sample 2 -Detection sensitivity as a function of the rf power injected into the rf microstrip line, which generates an rf magnetic field H X , for 3 fixed values of P ST N O rf
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 711 Figure 7.1: AIST Sample 2 -(a) Circuit schematics of a Norton equivalent circuit, used to model the MTJ in study as a current source I N and a resistor R N . (b) Schematic of the measuring circuit with a load resistor R 1 connected in parallel with the MTJ, used to determine the Norton equivalent parameters. (c) Linear fit of the inverse of the maximum achieved voltage 1/V max for the spindiode voltage measurements performed for different load resistors, as a function of the inverse of the load resistor 1/R 1 . Measurements made with zero dc bias current, for P rf = 0.25 mW and µ 0 H OOP = 130 mT.

for a load resistance

  equal to the internal resistance R N , i.e. R ST N O . We perform spindiode measurements for different P rf , for two different circuit cases: (1) without any load to determine the internal power dissipation P Open , see Figure 7.2 a), and (2) with a load R 1 ⇠ R ST N O to determine the maximum power transfer from the STNO to the load, see Figure 7.2 c). From the spindiode voltage measurements, we extract the maximum achieved voltage V max for cases (1) and (2), see Figure 7.2 c) and d), respectively. To determine the power conversion in the case of maximum power transfer, we choose the available load resistance closer to R N , R 1 = 76 ⌦ and measure the maximum rectified voltage as a function of the rf powers P rf , see Figure 7.2 d).

Figure 7 . 2 :

 72 Figure 7.2: AIST Sample 2 -(a,b) Schematic of the measurement circuit used to measure (a) the internal power dissipation of the STNO, and (b) the maximum power transfer to a load resistor R 1 ⇠ R N . (c,d) V max as a function of P rf of (c) the internal power dissipation of the STNO, and (d) for the maximum power transfer case. Measurements made with zero dc bias current and µ 0 H OOP = 130 mT.
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 73 Figure 7.3: AIST Sample 2 -Power conversion efficiency as a function of the injected power P rf for (a) the STNO on its own, and (b) for the case of maximum power transfer to the load resistor R 1 ⇠ R ST N O . Measurements made with zero dc bias current and µ 0 H OOP = 130 mT.
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 74 Figure 7.4: Schematic of the circuit used for the energy harvesting proof-of-concept. The STNO rectifies the input rf signal with f ⇠ f res , generating a dc current used to power the TMR sensor integrated into the Wheatstone bridge (R = 68 k⌦).

Figure 7 .

 7 Figure 7.4 presents a schematic of the measuring circuit.
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 75 Figure 7.5: (a) TMR sensor integrated into the Wheatstone bridge with the testing magnet in the positive direction. (b) TMR sensor voltage output as a function of time, measured while the magnet was in the positive direction, then turned to the negative direction and finally removed.

7. 6

 6 a), b), and c), respectively for each case.
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 76 Figure 7.6: AIST Sample 2 -TMR sensor output as a function of the frequency of the harvested rf signal for the case in which the magnet (a) generates a field in the positive direction, (b) generates a field in the negative direction, and (c) is not present.

Figure A. 1 :

 1 Figure A.1: (a) Schematic representation of the MTJ stack of the vortex-based STNO with an MgO tunnel barrier between a synthetic antiferromagnetic (SAF) polariser and an FeB free layer (not to scale). (b)The STNO can be connected through two contact pads, the 'Top electrode' and the 'Bottom electrode'. Above each device, there is an inductive line allowing the generation of an in-plane dc or rf magnetic field at the free layer, which can be connected through two contact pads.

Figure A. 2 :

 2 Figure A.2: Schematic of the INL Sample 1 STNO stack (not to scale), with a permalloy vortex-based free layer and a synthetic antiferromagnetic pinned layer, separated by an MgO tunnel barrier.

  Fe 40 B 20 (2) / Ta (0.5) / NiFe (7)] can be considered a single layer. This sample has the particularity of having a cross-shaped inductive line passing 700 nm above the MTJ. As such, a dc or rf magnetic field can be generated in two directions normal to each other, one along the easy axis and 125 another along the hard axis, depending on the direction of the injected current through the cross-shaped inductive line, see Figure A.3.

Figure A. 3 :

 3 Figure A.3: Reproduced from Chapter 6. Schematic of the magnetic field generated by the cross-shaped inductive line when a current I F L is injected (a) in the ! e y direction, generating a field ! H X = H X ! e x , and (b) in the ! e x direction, generating a field ! H Y = H Y ! e y .
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 1 Figure B.1: Adapt é de[START_REF] Lebrun | Coupled vortex dynamics in spin-torque oscillators: From resonant excitation to mutual synchronization[END_REF]. Sch éma d écrivant le fonctionnement de base d'un dispositif STNO. Un courant polaris é en spin exerce un couple de transfert de spin agissant sur l'aimantation de la couche libre, qui entra 2ne des oscillations d'aimantation à la fr équence de r ésonance du dispositif. En raison de l'effet TMR, il existe une variation de r ésistance qui se traduit par émission d'un courant rf.
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 23 Figure B.2: Sch éma pr ésentant la r éduction du bruit en 1/f due à la dynamique du couple de transfert de spin dans les capteurs à base de vortex.

Figure B. 3 :

 3 Figure B.3: Repr ésentation sch ématique du principe de base de l'effet spin-diode dans un STNO à base de vortex.Un courant rf proche de la fr équence de r ésonance du syst ème induit l'oscillation du coeur du vortex. En raison de l'effet TMR, l'oscillation de l'aimantation moyenne de la couche libre correspond à une oscillation de la r ésistance R(t). Le m élange de R(t) avec I rf g én ère une tension de rectification.
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 4 Figure B.4: Échantillon AIST 2 -Tension de rectification maximale V max en fonction du diam ètre nominal des STNOs pour 4 valeurs fix ées I rf mesur és dans la configuration (a) +C+P et (b) -C-P configurations du vortex. Mesures faites pour I dc = 0.0 mA et µ 0 H OOP = +450 mT (µ 0 H OOP = 450 mT) pour la polarit é positive (negative).
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 5 Figure B.5: Échantillons INL 1 -Sensibilit é de d étection en fonction de la puissance rf inject ée corrig ée des pertes de puissance dues à la non-adaptation d'imp édance du syst ème, pour le cas o ù les STNO A et B sont connect és en s érie (en bleu), compar ée aux r éponses individuelles (a) STNO A et (b) STNO B. Les zones en pointill é bleu repr ésentent la gamme de puissance à laquelle ✏ est plus élev ée dans la connexion en s érie que dans un STNO isol é, et les points en forme d' étoile correspondent aux valeurs auxquelles il y a expulsion du coeur du vortex. Les lignes verticales mettent en évidence la comparaison de sensibilit é pour trois P rf . Mesures faites avec µ 0 H OOP = 0 mT et I dc = 0.0 mA, dans la configuration +C+P du vortex.
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 6 Figure B.6: INL Sample 2 -Sensibilit é de d étection en fonction de P T otal rf dans le cas o ù un courant rf et un champ magn étique rf sont appliqu és en phase (points en forme de losange), par rapport au cas o ù seulement un courant rf est appliqu é (courbe bleue). En vert, les points pour lesquels un gain de sensibilit é a ét é obtenu, par rapport au cas o ù seul un courant rf est appliqu é.

Figure B. 7 :

 7 Figure B.7: INL Sample 2 -Tension maximale de rectification de l'effet spin-diode obtenue en fonction de la diff érence de phase ✓ entre ! M x,y F L et ! H rf à trois valeurs de puissance diff érentes pour le courant inject é dans la ligne inductive, ajust ées par des fonctions sinuso 2dales (courbes en pointill é), dans le cas o ù le champ rf est appliqu é le long de l'axe facile. Mesures obtenues pour µ 0 H OOP = 320 mT et I dc = 0.0 mA.

Figure B. 8 : 133 3. 7 3 . 10 AIST Sample 1 - 3 . 11 AIST Sample 1 - 3 . 13 AIST Sample 1 -4. 12 AIST Samples 2 -4. 13 AIST Sample 2 -4. 18 INL Sample 1 - 2 INL Samples 1 -5. 3 INL Samples 1 - 104 6. 6 INL Sample 2 - 105 6.7 INL Sample 2 - 107 6.8 INL Sample 2 -B. 6 INL Sample 2 - 145 B.7 INL Sample 2 -

 8133731013111313112213218121311046210521072621452 Figure B.8: (a)Capteur TMR int égr é dans un pont de Wheatstone avec un aimant de test plac é dans le sens positif. (b) Sortie de tension du capteur TMR en fonction du temps, mesur ée alors que l'aimant se trouvait dans le sens positif, puis tourn é dans le sens n égatif et enfin retir é.

  

  

  

  

  

  

  Tulapurkar et al. the achieved sensitivity was about 50 mV/mW, which is relatively weak compared to state-of-the-art

	Schottky diodes, which reach sensitivities from 500 mV/mW to 4, 000 mV/mW [10]. However, calculations performed
	by Wang et al. predicted detection sensitivities in STNOs of up to 10 4 mV/mW, which could be achieved by optimising
	the magnetic tunnel junction properties, e.g. tunnel barrier thickness, perpendicular magnetic anisotropy (PMA), and
	others [77]. In 2010, Ishibashi et al. reported that by tweaking the free layer material -in this case, using Fe enriched

  Since the spindiode and vortex core expulsion are resonant effects, the detection frequency is highly tunable. The vortex core expulsion is further described in Chapter 4 of this thesis. The first proof-of-concept for a multi-band rf detector based on the vortex core expulsion effect was demonstrated by Menshawy et al. using multiple vortex-based STNOs with different diameters, i.e. different resonance frequencies, connected in parallel [95], see Figure 4.14.Figure 2.17: Adapted from [95]. Voltage response of the vortex core expulsion in two STNOs with diameters 400 nm and 200 nm connected in parallel. Measurements obtained with a dc bias current (I dc = 13 mA for the 400 nm device and I dc = 3 mA for the 200 nm device) and µ 0 H IP = 6 mT.

	Other types of magnetic configurations for STNOs have been used or proposed through simulations to detect or
	harvest rf signals. For example, Ahmed S. El Valli has been focusing on using perpendicularly magnetised (pMTJ)
	STNOs for such applications during his PhD at the SP IN T EC CEA laboratory and recently demonstrated that
	these device's detection sensitivity increases as the MTJ diameter decreases [97]. Another type of configuration
	by Jenkins et al. in 2016. Later, which has been proposed for such applications is with skyrmion-based [98, 99] STNOs [100, 101, 102, 103].
	in 2018, the achieved sensitivity was doubled by Tsunegi et al. to 80, 000 mV/mW, with the use of a device with
	TMR> 100% [94]. This is a threshold effect, meaning it can only occur above a certain power, and a bias current is
	necessary since this effect is based on the large resistance change in the transition between the vortex and quasi-
	uniform states. Below the threshold power, vortex-based devices exhibit the spindiode rectification effect, which
	makes these devices highly adaptable. The vortex core expulsion can be interesting for rf detection applications in which the available rf signals are
	not very low in power and biasing is available for the devices. For other applications, such as energy harvesting
	from ambient signals, in which the application of external stimuli (current or field) is undesirable, and the available
	signals have very low powers P rf < 30 dBm [96], the spindiode effect is a more interesting solution. This thesis
	investigates the use of the spindiode effect in the passive mode, i.e. at zero dc bias, in vortex-based STNOs.

  we measure an average Hooge parameter ↵ sub H = 1.7 ⇥ 10 10 µm 2 which is comparable to what is found in the sub-critical regime. Moreover, we observe a similarly high dispersion 0.8 ⇥ 10 10 µm 2 of the values.For I dc ⇡ 1 mA, there is a switching of the vortex chirality from +C to C, which may explain the higher noise level around this I dc value compared to the symmetrical one. On the other hand, when a positive bias current above the critical value I crit ⇡ 6 mA is injected, there is a significant reduction of the noise level, with ↵ osc H = 3.6 ⇥ 10 11 µm

2 

, as well as a reduction of the dispersion to 1.2 ⇥ 10 11 µm 2 . The vortex magnetisation dynamics strongly influence the low-frequency noise of the device, leading to a reduction of the 1/f noise of the STNO. Finally, the measured Hooge parameter in this regime is comparable to that measured in the AP state in the sub-critical regime (see red dotted line in Figure

Table 5 .
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		Nominal Values ✏ max (V/W) P rf (µW)	Power Loss (%)	Impedance (⌦)	Corrected Values ✏ max (V/W) P corr rf (µW)
	STNO A	28.7	25	12.8	26.1 + j13.5	32.9	22
	STNO B	27.1	20	13.4	24.6 + j8.5	31.2	17
	STNOs A+B	29.8	45	1.3	47.8 + j4.3	30.2	44

2 V/W for P corr rf = 44 µW, while STNO A reaches ✏ max = 32.9 V/W for P corr rf = 22 µW and, STNO B reaches ✏ max = 31.2 V/W for P corr rf = 17 µW. 1: INL Samples 1 -Maximum detection sensitivity ✏ max and corresponding P rf before (nominal values) and

Table 5 .
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		corr rf	(dBm) P corr rf	(µW) I rf (mA) V max (mV)
	STNO A STNO B	16.6 16.6	22 22	0.92 0.94	1.35
	STNOs A+B	14.1 13.6	39 44	0.91 0.96	1.18 1.33

2: INL Samples 1 -Corrected rf power P corr rf

Table A .

 A 1: TMR ratio and average junction resistance R 0 for each AIST Sample 2 diameter studied.

			.1.
	D (nm) TMR (%) R 0 (⌦)
	300	150	85
	400	140	45
	500	136	30
	600	122	21

  This sample stack consists of substrate / buffer layer/ SAF /MgO (1)/CoFe 40 B 20 (2) / Ta (0.2)/ NiFe 30 (7)/ capping layer, see Figure A.2. The pinned SAF is a [IrMn (6)/CoFe 30 (2)/Ru (0.7)/CoFe 40 B 20

Beyond 3d transition metals there is a lot of fundamental research into spintronic devices that don't use them, e.g. spin-orbitronics.

There is also the part of the transverse spin current that is not absorbed, which might occur when the thickness of the FM is thinner compared to the absorption length.

Different experimental techniques have been used to image the static magnetic vortex, such as Lorentz microscopy and magnetic force microscopy (MFM)[59,[START_REF] Okuno | MFM study of magnetic vortex cores in circular permalloy dots: Behavior in external field[END_REF] or scanning transmission x-ray microscopy[START_REF] Chou | Direct observation of the vortex core magnetization and its dynamics[END_REF].

A video provided byLitvinenko et al. showcasing the received voice transmission can be found following this link: https://mycore. core-cloud.net/index.php/s/EcWulF9GacwI29t/download

Interestingly, the opposite may also be true: it has been shown that the behaviour of spintronic devices could be predicted by using neural networks with a high degree of accuracy[START_REF] Chen | Forecasting the outcome of spintronic experiments with neural ordinary differential equations[END_REF].

Vortex-based sensors are now commercially used by Infineon AG for ABS systems in vehicles[START_REF]Christian doppler laboratory Dieter S üss: Magnets for the future -Medienportal Uni Wien[END_REF].

Note that ' is not the phase difference between the signals at the STNO, but at the AWG output, since the length of the cables and wire bonding between the output and the microstrip/ STNO is not the same, affecting the phase of each signal.

net (SAF)/MgO (1)/ FeB (6)/MgO (1)/capping layers (thickness in nanometers), see Figure A.1 a). The pinned SAF layer is a PtMn (15)/CoFe 29 (2.5)/Ru (0.86)/CoFeB (1.6)/CoFe 30 (2.5) multilayer. The free layer with a magnetic vortex as the ground state is the FeB layer. The MTJ stack's design optimises the characteristics essential to the operation of STNOs. In particular, using FeB for the free layer has been shown to improve the sample's rf properties, namely its emission power and Q factor[START_REF] Tsunegi | High emission power and Q factor in spin torque vortex oscillator consisting of FeB free layer[END_REF]. In addition, the use of MgO for the capping layer leads to a decrease in the sample's Gilbert damping. In this thesis, we studied a sample with a diameter of 350 nm with TMR ⇡ 85% and an average resistance R 0 = 60 Ohm. An inductive line, used to generate an in-plane magnetic field at the free layer, sits 300 nm above the magnetic tunnel junction. The connection of the devices with the experimental setup is similar in all the samples studied. Since, by convention, a positive current corresponds to an electron flux from the free layer to the SAF layer, we connect the top electrode to the ground and the bottom electrode to the 50 ⌦ strip line of the sample holder. The connection pads in AIST Sample 1 are represented in Figure A.1 b).
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Summary

In this chapter, we have studied the 1/f low-frequency noise in vortex-based spin-torque nano-oscillators by determining the Hooge parameter, ↵ H , in different conditions. Firstly, we find that in the uniform states, the ↵ H of the studied device is comparable to that of typical state-of-the-art TMR sensors. In the vortex state, it is over one order of magnitude larger due to the increased probability of pinning of the vortex core into defects or inhomogeneities of the free layer. Secondly, we find that the dynamics of the vortex core strongly influence the noise level of the device. In the self-sustained oscillations regime, the noise decreases to a level close to that of the AP state.

Furthermore, we present a strategy to reduce the 1/f low-frequency magnetic noise by applying an rf signal.

Using this approach while the device operates in the self-sustained regime, we can further decrease the measured noise level to values close to the minimum attainable. We can have a vortex-based STNO with relevant noise properties comparable to state-of-the-art TMR field sensors. At the same time, we profit from the advantages of vortex-based STNOs for sensing applications: large linear detection range and large spatial resolution.

Summary

This chapter presents the two resonant rf-to-dc conversion mechanisms in vortex-based spin-torque nanooscillators: the spindiode effect and the vortex core expulsion. These effects are frequency adaptablethe resonance frequency of the device can be adjusted through intrinsic properties of the STNO, such as its diameter, or through the external stimuli -magnetic field and bias current. Furthermore, the detection sensitivity can also be increased by optimising these properties/ conditions. In the case of the spindiode effect, there is an optimal value of H OOP and I dc at which the rectification response is maximal. These values depend on the STNOs properties -layer materials and geometry.

In this thesis, we focus on the spindiode effect as it can occur for I dc = 0.0 mA and µ 0 H OOP = 0 mT, which is more interesting for rf energy harvesting applications. To understand which samples are the most appropriate for these applications, we studied the dependence of V max on the STNO's diameter. For the studied samples, with diameters D between 300 nm and 600 nm, the higher rectification response was achieved for the 300 nm diameter STNO, and we found that according to the experimental data V max / 1/D 2 3 . We conclude that it is beneficial for rf detection and energy harvesting applications to use smaller vortex-based STNOs as they exhibit higher detection sensitivity values. In this chapter we pinpoint the essential parameters to be studied for the development of vortex STNO-based energy harvesting application: V max , P thresh rf and ✏. In the following chapters, we investigate techniques to improve these parameters, with the goal of developing a prototype for an rf energy harvester based on vortex-STNOs. This change in S 11 due to the vortex expulsion can also be observed when STNO A and B are connected in series, under certain conditions. In Figure 5.5, we present the S 11 magnitude and the resistance Z Re , measured at different P rf values for the A+B case for µ 0 H OOP = 0 mT, in the -C-P vortex configuration. For P rf = 11 dBm= 79 µW (orange curve), the spindiode effect occurs, and its signature shape can be seen in the measured S 11 curve, see Figure 5.5 b). As P rf increases to 10.0 dBm= 100 µW (pink curve), there is vortex expulsion in one of the STNOs. There is an increase in the S 11 magnitude, which means an increase in the reflected power. As such, the load impedance is further away from Z 0 , which in this case corresponds to a lower resistance (quasi-uniform parallel state) after the vortex core expulsion. Finally, increasing the rf power further to 9.0 dBm = 126 µW (purple curve), means enough power is injected to expel the vortex core in the other STNO. In this case, we can distinguish two resistance drops, with both STNOs passing from the vortex to the quasi-parallel state. From the S 11 measurements, we can determine the power losses and load impedance near the resonance frequency. From the S 11 parameter, measured at P rf = 32 µW= 15.0 dBm, we determine these factors for each of the cases, A, B and A+B for 150 MHz, see Figure 5.6. This frequency was chosen as it is within the range at which there is a spindiode rectification voltage in all the cases. As expected, due to their impedance, STNO A and B connected by themselves have higher power losses -12.8% and 13.4%, respectively, than in the case in which they are both connected in series, with only 1.3% being reflected. Moreover, we find that the STNOs have an inductive component, as evidenced by the positive reactance value (imaginary part of impedance), see Figure 5.6.

Summary

In this chapter, we measure and analyse the spin-torque diode effect sensitivity in a circuit of 2 similar STNOs connected in series. The results obtained for the 2 STNOs in series were compared with the experimental measurements made for a single STNO. We have found that at lower rf power values for the studied samples, the maximum achieved sensitivity is slightly higher for a single STNO. However, we find that from a certain P rf , in our case around 14 dBm, and up to the point at which there is expulsion of the vortex core, there is a gain in V max /sensitivity in the 2 STNOs in series compared to a single one of up to 25%. We calculate this gain, averaged over the P rf values, to be around 1. [START_REF] Stearns | Simple explanation of tunneling spin-polarization of Fe, Co, Ni and its alloys[END_REF] Some points should be addressed to successfully scale the use of STNOs as rf energy harvesting devices in an N-array. Firstly, decreasing the variability between each STNO is highly important, as the V max achieved in an N-array will be maximal if every single STNO has an identical resonance frequency and spindiode behaviour so that they all reach V max at the same frequency. Moreover, the individual performance of the STNOs is crucial to achieving higher sensitivities. This is why, in the next chapter of this thesis, we expand on possible techniques to improve the detection sensitivity in a single STNO. Lastly, one of the critical points is that the rf power detection threshold in the studied samples is relatively high, P thres rf = 21.5 dBm in the best performing STNO studied. By decreasing the threshold power, we may start to see an improvement in the gain and sensitivity of an N-array, but also the ambient rf signals, with powers below 40 dBm can come into reach of the STNO-based energy harvester device.

Eq. 6.1:

where R is the load resistance. Depending on the waveform signal considered, the load can be the STNO, with

In this experimental work, for each parameter, i.e. frequency, V pp , and phase, a waveform file must be created and loaded to the AWG. This can be easily done using a LabView program designed for this purpose. However, this is done for an extensive range of parameter values: for each V pp value, 4000 sinusoidal waveform files are generated. Moreover, due to the difference in resistance between the rf lines (R

and the STNO (R ST N O = 70 ⌦), the chosen V pp must take this into account so that the rf power of the AWG output current has reasonable values. Additionally, during the measurement, controlled through a Python script, it is necessary to select each of the intended waveform files for the port 1 and port 2 outputs before turning on the output. Due to the large volume of parameter values, each frequency range sweep can take a relatively long time compared to the standard spindiode measurements done using an rf power source. In the measurements presented, it was necessary to sweep all these parameters to determine the phase ' at which the sensitivity is maximal and to analyse the spindiode curves comprehensively. However, to study the detection sensitivity using this double excitation mechanism, future measurements can have a higher throughput by determining the phase for optimal sensitivity in a first measurement and then fixing the phase '.

Influence of each signal on the spindiode effect

Initially, we start by measuring the spin-torque diode effect in the studied sample for the case in which only an rf current is directly injected into the device and in the case in which only an rf field is applied along the easy axis, see Figure 6.3. These measurements are done with zero bias dc current. For the studied samples, an out-of-plane magnetic field is necessary to obtain a measurable spindiode effect. We find that the sensitivity is maximal for µ 0 H OOP = 320 mT, under which we perform the measurements.

The spindiode rectification response evolution with the applied P rf , injected directly into the STNO, is the typical one we have observed in vortex-based STNOs for an H OOP in the order of 300 mT, as described in Chapter 4, see Figure 6. 3 a). In these conditions, the studied device reaches a maximum sensitivity ✏ max = 22.0 V/W for P rf = 0.19 mW= 7.2 dBm, and has a threshold power of 0.02 mW= 17.0 dBm, see Figure 6.3 c). The result is quite different if we apply only an in-plane magnetic field instead of an rf current. From the voltage response colour map and the sensitivity as a function of P rf curve in Figure 6.3 b) and d), respectively, we can see that the threshold rf power value for an rf magnetic field on its own, is over 10 times larger than in the direct injection case, with P thres rf = 0.3 mW= 5.2 dBm. In this case, the maximum sensitivity achieved is 0.36 V/W.

Summary

In this chapter, we propose an original technique to excite the vortex dynamics that originate the spindiode effect in two ways simultaneously: with an rf current injected directly into the spin-torque nano-oscillator and with an in-plane rf magnetic field acting on the free layer magnetisation. The rf magnetic field is generated by an rf current applied to the microstrip line that sits above the MTJ. The maximum spindiode rectification voltage V max varies with the applied rf field for a fixed rf current in the device. Depending on the phase between the field and the free layer magnetisation oscillation, the rf field can lead to a gain or a reduction in V max . For the case in which they are in phase, the rf field acts by increasing the oscillation radius of the vortex core, consequently increasing the resistance variation during an oscillatory period. Finally, the higher resistance variation leads to a gain in V max . When the field and free layer magnetisation are in quadrature,

V max decreases. Between these two points, as the phase between the signals changes, V max follows a sinusoidal function, with increasing amplitude with the rf field's strength. This type of double excitation of the STNO can form a basis for a spintronic phase detector. This new phase-detection functionality adds another degree of freedom in using spin-torque nano-oscillators for rf communication purposes. Moreover, for certain power values of the rf current and field, the gain in V max also translates into an increase in the detection sensitivity since higher V max values are achieved for the same total power P T otal rf

. We achieve a maximum gain of 16% in the detection sensitivity by splitting the power between the two described paths. These results show how promising the double excitation of the vortex dynamics in a single STNO can be. On the one hand, it brings up a novel phase-detection functionality. On the other hand, it can also be used to improve the detection sensitivity, crucial for energy harvesting applications, by splitting the harvested signal. Namely, the gain in the detection sensitivity can potentially be improved by further optimising the ratio of rf power split between the two described paths, encouraging the development of energy harvesting applications with STNOs.

Summary

In this Chapter, we determined that the internal power conversion efficiency of the vortex-based STNO used in this study is ⌘ corr ST N O = 0.84% for P corr rf = 186 µW . This value is relatively high compared to other conversion efficiency values recently found in the literature, however, a larger power is required. Furthermore, we propose a proof-of-concept to demonstrate the potential of using the spindiode effect to power small devices.

In this proof-of-concept, we demonstrate an operational TMR sensor powered by the vortex-based STNO in resonance.
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Appendix A

STNO Sample specifications

During this thesis, four different vortex-based spin-torque nano-oscillator samples have been studied. The sample used for each measurement presented in the thesis is marked in each chapter. In this appendix, we provide further details on each sample, such as on the magnetic tunnel junction stacks, TMR ratios and RA product. 

A.1 AIST Sample 1

The studied magnetic tunnel junction stack is composed of (Si/SiO 2 ) substrate / buffer layer /synthetic antiferromag- 

Appendix

B.1 Principe de fonctionnement et applications des nano-oscillateurs à transfert de spin

Les STNO sont des dispositifs spintroniques, g én éralement des jonctions tunnel magn étiques (MTJ), qui sont capables de, à partir d'un courant continu, g én ér ér une émission radiofr équence, et vice-versa. Ils op èrent à des fr équences de r ésonance allant de la centaine de MHz à quelques GHz, en fonction de leur configuration magn étique et/ou de la forme du dispositif. Les STNOs ont une structure standard à trois couches ferromagn étique/nonmagn étique/ferromagn étique. L'une des couches ferromagn étiques a une aimantation fixe tandis que l'autre a une aimantation libre, qui s'aligne avec un champ magn étique externe. Lors de l'injection d'un courant continu dans un STNO, un courant polaris é en spin est g én ér é par la couche fixe et exerce ensuite un couple sur la aimantation de la couche libre. Au dessus d'un seuil de courant, l'aimantation de la couche libre entre en pr écession à sa 
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2.6

Adapted from [58]. Phase diagram for the magnetisation distribution in a ferromagnetic nanodisk as a function of its geometry, R being its radius and L its thickness, and the material exchange length L E . Three magnetic configurations are accessible: vortex, in-plane uniform and out-of-plane uniform.

The red delimited zone corresponds to the region where the nanodisk configuration is metastable. . .