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Introduccion general Los avances en nanotecnología durante las últimas décadas, entre los cuales se encuentran el crecimiento de películas ultra-delgadas (unas pocas monocapas) y estructuras multicapa así como su nanoestructuración lateral usando técnicas de litografía óptica y electrónica, y más recientemente estructuras auto-organizadas, han llevado a un enorme progreso en el conociemiento de las propiedades estáticas en este tipo de nuevos dispositivos. Entre los ejemplos se incluyen el descubrimiento de la Magnetoresistencia Gigante (GMR, del inglés Giant Magnetoresistance), el cual ha sido considerado como la primera implementación real de la nanotecnología y ha sido galardonada con el premio Nobel de Física en el año 2007, y un efecto relacionado, la Magnetoresistencia Túnel (TMR, del inglés Tunnel Magnetoresistance), recientemente incorporado en la industria de cebezas lectoras de última generación. Otra de las direcciones en la investigación esta puesta en la creación de medios magnéticos con ciertos patrones o motivos laterales usando técnicas de litografía de alta resolución, lo cual permite explorar nuevos tipos de dispositivos de almacenamiento magnético como son por ejemplo los nanopuntos magnéticos y películas delgadas superconductoras con y sin efectos de anclaje de vórtices superconductores. Hasta el momento, el principal conocimiento en estas nanoestructuras ha estado relacionado con sus propiedades estáticas, como curvas de imanación, estructura de dominios magnéticos, formación de vórtices, anclaje de vórtices, etc, pero no es mucho lo que se conoce sobre sus propiedades dinámicas. Esta tesis está dedicada a la investigación de la dinámica de la imanación en dos tipos de nanoestructuras: nanoestructuras magnéticas con y sin nanoestructuración lateral y peliculas delgadas superconductoras con y sin nanoestructuración lateral. El principal objetivo de esta tesis es investigar y comprender el comportamiento dinámico de la imanación en nanoestructuras magnéticas y superconductoras, lo cual es importante desde el punto de vista teórico, y muy crucial para posibles aplicaciones tecnológicas. En el primer tipo de nanoestructuras, entre las que se incluyen uniones túnel magéticas y nanopuntos magnéticos, principalmente usamos un nuevo tipo de magnetómetro basado en la excitacion y detección de la respuesta dinamica magnetica usando un analizador de redes vectorial. xi
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En el segundo tipo de nanoestructuras, se han usado medidas de transporte electrónico con la corrierte alterna para estudiar la dinámica de los vórtices superconductores en películas superconductoras nanoestructuradas y sin una aparente (creada a propósito) nanoestructuración o asimetria. Una de las ideas principales de esta tesis que une el estudio de properdades dinamicas de las nanoestructuras superconductoras y magnéticas es que, en ambas estamos especialmente interesados en el estudio de la dinámica de la imanación en la presencia de anomalías topológicas de tipo magnético (vórtices). La tesis esta organizada de la siguiente forma: El Capitulo 1 presenta un marco teórico básico sobre las propiedades estáticas y dinámicas de la imanación en sistemas magnéticos y superconductores. El Capitulo 2 describe las principales técnicas experimentales de detección de la dinámica de imanación en sistemas magnéticos. Se presenta también el sistema experimantal desarrollado durante la elaboración de esta tesis, el cual nos permite investigar propiedades dinámicas en un amplio rango de frecuencias (de kHz hasta GHz) y de temperaturas (de temperatura ambiente hasta 2 K). Por último, el capitulo presenta el método experimental desarrollado para la detección de la dinámica de vórtices en películas superconductoras. El Capitulo 3 muestra los resultados experimatales de la dinámica a alta frecuencia (hasta 147 MHz) de vórtices superconductores en peliculas delgadas superconductoras con una geometría restringida, como son peliculas superconductoras con y sin nanoestructuración. Los estudios consisten en la detección de la señal de voltaje continuo (DC) generado por la dinámica de los vórtices cuando se hace pasar una corriente alterna (AC) a lo largo de la película en presencia de un campo magnético perpendicular a la super…ce de la muestra. Hemos observado el efecto de recti…cación a alta frecuencia inducido por la barrera de super…cie. El Capítulo 4 presenta el estudio a temperatura ambiente de la dinámica de la imanación en redes rectangulares de puntos magnéticos de Permalloy (Fe20 Ni80 ), donde se varía la distancia entre puntos. Estos puntos magnéticos muestran un estado de vórtice magnético en estado remanente. El estudio incluye la dinámica de la imanación en ambos estados; estado vórtice y estado saturado. Por otro lado, se presenta un estudio de posibles acoplos dipolares, los cuales pueden aparacer cuando la distancia entre puntos se reduce, y la posible anisotropía magnética presente en estos sistemas. Se ha investigado la dependencia de los modos azimutales en el estado vórtice en función de la orientación en el plano del campo magnético de excitación y la respuesta dinámica durante la transición entre el estado vórtice y el estado de vórtice meta-estable. Finalmente, el Capitulo 5 describe la dinamica de la imanación en un amplio rango de frecuencias (hasta 20 GHz) en películas delgadas de Permalloy incorporadas como electrodo magnético en uniones tunel magnéticas. El estudio incluye la



xiii dependencia de la dinámica con condiciones de recocido, procesos de oxidación y con la temperatura. Se ha observado una variación anómala de la resonancia ferromagnética in las películas de Permalloy en y fuera de uniones túnel magnéticas. Esta variación en la respuesta dinámica puede estar relacionado con una transición en la orientacion de la imanación en las capas de Permalloy.
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General introduction The advances in nanotechnology during the last decades, which include both, the growth of ultra thin …lms (few monolayers) and multilayer structures as well as their lateral nanostructuring using optical and electronic lithography techniques, and very recently self-organised structures, have lead in enormous progress in understanding of the static properties of these new devices. The examples include the discovery of the Giant Magnetoresistance (GMR) e¤ect, which is being considered as the …rst real implementation of the nanotechnology in the industry and has been awarded with the Physic Nobel Prize in 2007, and a related novel e¤ect, the tunneling magnetoresistance (TMR), recently incorporated into read-heads technology of the last generation of hard disk drives. Creation of laterally patterned magnetic media using high resolution lithography techniques and study of its dynamic response is another research direction pushed forward recently. It permits to explore dynamics not only in novel types of magnetic storage devices such as magnetic nanodots but also in superconducting thin …lms without or with nanostructuring leading to superconducting vortex matching e¤ects. Up to now, the main knowledge about these new nanostructures has been related to their static properties, such as magnetization curves, domain wall structure, vortex formation, vortex matching, etc., and little is known on their dynamic properties. This thesis is devoted to investigate the magnetization dynamics in two types of nanostructures: magnetic nanostructures with and without lateral nanostructuring and superconducting thin …lms with and without lateral nanostructuring. The main objective of this thesis is to investigate and to understand further magnetization dynamics in superconducting and magnetic nanostructures, which is important from the fundamental point of view and is crucial for their technological applications. To get inside the magnetization dynamics in the …rst type of nanostructures, which include magnetic tunnel junctions and arrays of magnetic dots, we mainly used a newly created broadband magnetometer based on vector network analyzer detection. In the second type of nanostructures, we mainly used electron transport meaxv
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surements to investigate the superconducting vortex dynamics in plain and nanostructured thin …lms. One of the main ideas which unites investigation of superconducting and magnetic nanostructures is that in both systems we are interested in magnetization dynamics in the presence of topological magnetic anomalies (vortices). The thesis is organized as follows: Chapter 1 presents a theoretical background of the static and dynamics properties of magnetic and superconducting nanostructures . Chapter 2 describes the main experimental methods used to investigate the magnetization dynamics in magnetic nanostructures. We also describe the new experimental set-up developed during this thesis which permits to investigate magnetization dynamics in a high frequency (from kHz to GHz) and temperature (from room temperature to 2 K) range. Finally, the chapter presents the experimental method developed for investigate superconducting vortex dynamics through current recti…cation in superconducting thin …lms. Chapter 3 presents the high frequency dynamics (up to 147 MHz) of the superconducting vortices in restricted geometries, such as plain and nanostructured superconducting …lms studied via DC response voltage generated by an in-plane AC current in presence of a magnetic …eld perpendicular to the …lm plane. We have observed novel surface barrier induced high frequency recti…cation e¤ect. Chapter 4 presents room temperature studies of the magnetization dynamics in arrays of Permalloy (Fe20 Ni80 ) magnetic dots, with varying center-to-center distance. These magnetic dots present a magnetic vortex state in the remanent state. The investigation includes both, the magnetically saturated state and the non-uniform state, where a magnetic vortex structure is formed in the dots. We have investigated the magnetic …eld dependence of azimuthal modes in the vortex state as a function of the orientation of the in-plane pumping …eld and the dynamic response during the transition between stable and metastable vortex states. Finally, Chapter 5 presents the magnetization dynamics in a wide range of frequencies (up to 20 GHz) in Permalloy …lms incorporated such as free magnetic layer in magnetic tunnel junctions, and its dependence on annealing conditions, preoxidation process and sample temperature. We have observed anomalous variation of the ferromagnetic resonance in Permalloy …lms in and out of magnetic tunnel junction stacks which could be related with a magnetization reorientation transition in Permalloy layers



Chapter 1 Theoretical background 1.1



Introduction



Understanding of magnetization dynamics in magnetic and superconducting nanostructures such as spin valves, magnetic tunnel junctions, superconducting and magnetic thin …lms and arrays of magnetic dots including those covered by superconducting …lms have been of special importance during last decades. As to the magnetic nanostructures, the …eld got strong momentum in late 1980s when a new research direction in fundamental and applied science -spintronics- appeared. Spintronics exploits the intrinsic spin of electrons and associated magnetic moment in addition to its fundamental electronic charge. The study of the magnetization dynamics in di¤erent types of magnetic nanostructures is not only an e¤ective tool to determine their quality but also to answer important question such as how the magnetization responds to an abrupt change of the external magnetic …eld or applied electric (spin) currents. In this sense, measurements of spin waves in magnetic nanostructures may provide information both on the quality of magnetic devices and on fundamental physical phenomena. As to the superconducting devices, currently they have important applications as transformers, power storage devices, electric power transmission, electric motors, magnetic levitation devices and Superconducting Quantum Interference Devices (SQUIDs)- magnetometer capable of measure extremely small magnetic …elds. However, superconductivity is sensitive to the presence of magnetic …elds and currents. Understanding and controlling the vortex motion is of fundamental importance and has important applied aspects because of need to improve applications of superconducting devices in the industry. This chapter introduces reader to magnetization dynamics in magnetic and superconducting nanostructures in the presence of permanent (DC) and time dependent (AC) magnetic …elds and electric currents. 1



2



1.2



Theoretical background



Magnetization dynamics in ferromagnetic systems



If one considers the simple experience of applying an external magnetic …eld H in a region where there are present isolated magnetic moments m, one may observe an alignment of m with H. When one treats a magnetic structure, it is convenient to de…ne the P magnetization vector as the total magnetic moment per unit of volume (M = (mi )=Unit Vol). Magnetization dynamics describes the time evolution of the magnetization M out of equilibrium. The application of the magnetic …eld H out of the direction of M will produce a torque on this T = 0 (M H). This torque is equal to the change of the angular momentum, i.e. T = dL=dt. Relationship M = L describes the evolution of the magnetization dM = H , (1.1) 0 M dt where = g(e=2me ) is the gyromagnetic ratio which is proportional to the ratio between the charge e (1; 602 10 19 C) and the mass me (9:109 10 31 kg) of the electron. The constant g represents the spectroscopic splitting factor that for a free electron its value is g = 2 1:001159657. Equation 1.1 de…nes the Larmor precession, with the frequency ! L = H the called Larmor precession frequency. This equation does not take into account any possible damping term in the system. However, in a real ferromagnetic (FM) system the magnetization dynamics may be expected to have a damping term.



1.3 1.3.1



Bulk ferromagnetic systems Magnetization dynamics equations



Equation 1.1 does not describe a real FM system correctly, it is necessary to de…ne a new term that adds the damping to the system. The …rst approach in this direction was given by Landau and Lifshitz (LL) [1] with the following expression dM = dt
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where Ms is the saturation magnetization and the constant is the LL damping parameter, whose value will give information about the dissipation mechanisms. The LL equation describes the magnetization dynamics in bulk ferromagnets with two terms; the …rst one describes the precession of the magnetization around the …eld He , the e¤ective magnetic …eld inside the material that in general will be di¤erent from the external magnetic …eld applied. One can obtain this e¤ective magnetic …eld such as the negative gradient of the free energy of the system with respect to
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Figure 1.1: Sketch showing the magnetization dynamics in a ferromagnet with (a) and without (b) damping term.



the magnetization He = rM U . This …rst term conserves the energy of the system. On the other hand, the second term introduces the energy dissipation or damping and describes the motion of M towards He . Several alternatives dynamic equations have been proposed by changing the form of the damping term. In this thesis the Landau-Lifshitz-Gilbert (LLG) equation [2] will be used: dM = dt
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dM dt
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(1.3)



where is the dimensionless Gilbert damping parameter. This term describes viscous damping in which damping is proportional to the magnetization velocity. Figure 1.1 shows how the magnetization moves without taking into account the Gilbert damping parameter and consider it. In the limit of 1 both equations, LL and LLG, are identical de…ning such as = = MS . In the other extreme, when 1;LL equation predicts the magnetic moments will loose energy quickly and rapidly reach its low energy state, whereas the LLG equation predicts that dissipation of the energy and the approach to the low energy state will become increasingly slow. The observed damping constant in magnetic materials is typically small, in the range between 0.01 and 0.1, therefore one does not need to distinguish between LL and LLG equations.
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Figure 1.2: Scheme of a typical FMR experiment. An external magnetic …eld is applied along the magnetization direction of the sample. Simultaneously, the pumping …eld transverse to the external …eld produces the precession of the magnetization M around its equilibrium position.



1.3.2



Ferromagnetic resonance



Ferromagnetic resonance (FMR) experiment is a typical and easy technique to observe the resonance condition in the magnetization and evaluate the damping parameter. In a typical FMR experiment a sample is placed in an uniform external magnetic …eld large enough to magnetize it parallel to the …eld direction. If the magnetization is slightly disturbed from its equilibrium position, for example using a transverse oscillating magnetic …eld called pumping …eld, magnetization will precess about the …eld direction. The scheme of magnetic …elds con…guration in a FMR experiment is sketched in Fig. 1.2. The magnetization motion will cause the precession to be damped, or undergo relaxation. Unless the frequency ! = 2 f of the pumping …eld is nearly equal to the precessional frequency ! 0 of the magnetization, the energy coupled into the precessing magnetization will be small. When ! ! 0 ; the coupling is large and the amplitude of precession is limited only by the damping of the system. One needs to obtain the resonance frequency and the linewidth 1 of this resonance. This last parameter is of special interest to obtain the damping value . Solving the LLG 1



De…ned as the full width at half maximum of the response.
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Figure 1.3: Representative ferromagnetic resonance curve and the corresponding resonance frequency (f0 ) and linewidth value ( f0 ).



equation (Eq. 1.3) in spherical coordinates [3], the two parameters of the FMR are given by [4] [5]; s @2U @2U @2U f0 = (1.4) 2 M s sin @ @ @ 2 @ 2 f0 =



2 Ms



@2U @2U 1 + @ 2 @ 2 sin2



(1.5)



where the two angles and are the polar and the azimuthal angle in spherical coordinates and U is the free energy of the system. Figure 1.3 shows an example of a typical FMR curve and the corresponding f0 and f0 values.



1.3.3



Magnetic damping



Due to the technological relevance in spintronics, in the past several years there has been a revival of interest in the theory of magnetization damping [6] [7] [8]. The knowledge of the typical magnetization relaxation times is one of the most important parameters of interest for FM systems. Measurements of the resonance linewidth is one of the main techniques used to investigate these phenomena. In a FMR experiment, the linewidth of the resonance H, measured in units of magnetic …eld, consists of intrinsic and extrinsic contributions. The intrinsic contribution is always present in a particular material and cannot be suppressed. It is present even
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in a perfect crystal and originates from interactions of free electrons with phonons and magnons. The extrinsic contributions can vary from one sample to another, depending on preparation. They arise from microstructural imperfections or from …nite geometry. They could, in principle, be suppressed. Intrinsic damping mechanism The mobile electrons, combined with spin-orbit coupling, are the agents which …rst transfer energy out of the spin system. Formal treatments [9] [10] agree that spinorbit coupling enables relaxation in ordinary spin conserved scattering (con…ned to electronic states within either spin-up (") and spin-down (#) sub-bands) and in spin-‡ip scattering (when crossing from one sub-band to the other). Since the 1970s the intrinsic magnetic relaxation in metals has been shown that is caused by incoherent scattering of electron-hole pair excitations [9] by phonons and magnons. The electron-hole interactions involve three particle scattering. The excitations are either accompanied by electron spin-‡ip or the spin remains unchanged. Spin-‡ip excitations can be caused by the exchange interaction between magnons and itinerant electrons (s-d exchange interaction), during which the total angular momentum is conserved. The spin conserving scattering is caused by spin-orbit interaction which leads to a dynamic redistribution of electrons in the electron k-momentum space. Other possible contributions to the intrinsic damping may be caused by eddy currents [11] and by direct magnon-phonon scattering [6]. In a metallic ferromagnetic system any change in the magnetization induces eddy currents which tend to compensate this change, and thus provides a damping mechanism. On the other hand in the magnon-phonon scattering, Suhl [6] analyzed the case for samples smaller than a domain wall thickness, in which the coupling to the lattice is by direct relaxation via magnetostriction into a lattice of known elastic constant. Extrinsic damping mechanism Surface defects, surface roughness, grain boundaries and atomic disorder are potentially important sources of the two-magnon scattering [12], that is one of the most important sources of relaxation in materials with inhomogeneities. The basic idea is that such inhomogeneties result in a coupling between the otherwise orthogonal uniform precession and degenerate SW modes and that the energy transfer out of the uniform precession to the degenerate modes is important in the initial stages of relaxation. The total number of magnons remains unchanged since one magnon is annihilated and another is created. The interaction is sensitive to the nature of the inhomogenity. As a general rule, the coupling is large for SW wavelengths greater than the dimensions of the inhomogenity. In the idealized FMR experiment, an uniform precession mode is excited whose wave vector kk parallel to the surface is zero. Arias and Mills reported [13] a detailed theory of the two-magnon processes
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in the FMR response of ultra thin …lms when the magnetization and the applied magnetic …eld were in-plane. In the presence of dipolar couplings between spins, there will be short wavelength spin waves degenerate with the FMR mode. The SW frequency is given by [13] ! 2 (kk ) = ! 20
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(1.6)



where ! 0 is the resonance of the uniform mode, d is the …lm thickness, kk is the in-plane angle of the magnon wave vector kk , A is the exchange sti¤ness and MS and H are the magnetization of the sample and the applied in-plane magnetic …eld respectively.



1.4



Ferromagnetic thin …lms



Magnetization dynamics in magnetic thin …lms has been intensively studied since the late 1950s when magnetic thin …lm memories were proposed as a replacement for ferrite core memory. Magnetoelectronic devices which are subject of this thesis are composed of …lms with thickness below 1 m. Understanding and controlling the magnetization dynamics in the GHz range has been the target during the last few decades. The importance of these devices is related to the very fast switching time, i.e. the time required for magnetization reversal. Nowadays, the application of thin …lms such as MRAM and the need to improve and develop faster devices is one of the most important motivation for engineers and physicists of this …eld. Switching time in these systems is very close to 1 ns as long as the available magnetic …eld is at most a few Oe [14]. Magnetization reversal by a sequential process of domain wall motion is time consuming, which can be avoided in thin …lms. The key for the fast switching time requirement is obtained by introducing an internal uniaxial anisotropy by magnetic annealing, i.e. a preference direction for the magnetization inside the …lm. Under these conditions the …lm becomes a single domain oriented in the annealing …eld direction.



1.4.1



Ferromagnetic resonance in thin …lms



The …rst observation of FMR in magnetic …lms was reported by Gri¢ ths in 1946 [15]. He noticed that the resonance conditions took place for values of the static external …eld much lower than the one expected for the usual resonance relation for electrons. This discrepancy was explained assigning large values to the spectroscopic splitting factor g. However, depending on the sample shape and relative orientation between H and M, the resonant magnetic …eld changed its values. It was in 1948 when Kittel developed the theory of the FMR [16]. He pointed out the importance of
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the demagnetizing …eld to de…ne the resonant condition. Due to the demagnetizing …eld, the internal magnetic …eld inside the sample is quite di¤erent from the applied external magnetic …eld.



Hxi = Hx Hyi = Hy
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(1.7)



here Hi denotes the internal magnetic …eld, H the applied magnetic …eld and N = (Nx ; Ny ; Nz ) the demagnetizing factor of the sample. In order to obtain the resonance frequency one supposes the applied magnetic …eld to be along the z axis. = 0 and Mz = M . Solving the LLG To …rst order approximation one has dM dt equation (Eq. 1.3), one obtains
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The time dependence of the magnetization can be supposed to be proportional to exp( i!t) with ! = 2 f . By introducing this dependence and by solving the system of coupled equations 1.8, one obtains the resonance condition f0 =
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In the special case of the applied magnetic …eld H is in the xz-plane of a thin …lm (see Fig. 1.2), with Nx = Nz = 0 and Ny = 1 , the resonance frequency of the uniform mode will be f0 =



0
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H 2 + HM .



(1.10)



As we have explained previously, usually an uniaxial anisotropy …eld HK is created during the sample growth. By taking into account this anisotropy the resonance frequency in thin …lms with an uniaxial anisotropy is given by the following expression [16] f0 =



0
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p (H + HK )(MS + HK + H) :



(1.11)
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Figure 1.4: Dependence of the FMR linewidth on temperature in 150 Å thick Permalloy …lm at measured with 2, 4 and 6 Gc/s [ GHz]. Picture taken from [19].



1.4.2



Magnetic damping in thin …lms



Since the 1960s the magnetic losses mechanism in thin …lms have been intensively studied. In ultra thin magnetic …lms the FMR linewidth in the microwave range shows the following linear dependence on the excitation frequency [17]



H=



H(0) + 1:16



!G . 2M S



(1.12)



H(0) is the frequency independent linewidth which comes from the …lm inhomogeneties and is called the extrinsic damping contribution. The second term, through the intrinsic Gilbert damping parameter G = MS depends on , is the intrinsic damping contribution. It is seen that the second term varies linearly with frequency of the RF drive. The linewidth dependence on …lm thickness was studied in [18] demonstrating a linear dependence with thickness. It is interesting remark the strong dependence of the linewidth on temperature reported by Patton et al. [19]. Figure 1.4 shows the experimental data. The linewidth exhibits a clear maximum at low temperatures ( 0 one speaks of a type-I superconductor. However for > 1= 2 =) ns < 0 the superconductor is called type-II. The difference between both superconducting states results in their di¤erent H T phase diagrams, both shown in Fig. 1.13.



Figure 1.13: Schematic phase diagram drawn for type-I (a) and type-II (b) superconductors.
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The properties of type-I superconductor (see Fig. 1.13a) are related to the value of the critical …eld, Hc . If the magnetic …eld is below Hc -the sample is in the Meissner state, i.e. the magnetic …eld is expelled. Superconducting screening currents will create an equal but opposite magnetic …eld and as a result the total ‡ux inside will be zero. In this region of the phase diagram the superconductor corresponds to a perfect diamagnet. Above Hc the material returns into the normal state. TypeII superconductors (see Fig. 1.13b) show a much richer phase diagram. One can distinguish between four di¤erent phases. Below the …rst critical …eld, HC1 , the superconductor is in the Meissner state. Between HC1 and the second critical …eld, HC2 , the superconductor is in the mixed state or Schubnikov phase. The mixed state is characterized by magnetic ‡ux quanta, named vortices, penetrating in the superconductor. If the applied magnetic …eld is between HC2 and the third critical …eld, HC3 , the superconductivity remains only in a small sheet (thickness ), parallel to the magnetic …eld at the surface of the sample. Finally, above HC3 superconductivity is completely destroyed.



1.7.3



Vortices in type-II superconductors



As we have already seen, the mixed state appears between the magnetic …elds HC1 and HC2 . Abrikosov predicted theoretically this part of the phase diagram and noticed that the ‡ux should penetrate not as laminar domains but in a regular arrays of ‡ux "tubes". Each "tube" is carrying a quantum of magnetic ‡ux with the following constant value hc = 2:07 10 7 Wb . 2e Within each unit cell of these ‡ux lines there is a vortex of supercurrent concentrating the ‡ux towards the center. Firstly, Abrikosov predicted a square vortex array to be formed. Later, however, it was shown that he had a numerical error in his predictions and the real geometry minimizing the free energy of the system corresponds to a triangular array of vortices (see Fig. 1.14). A schematic drawing of a vortex consisting of a normal core encircled by superconducting screening currents is given in Fig. 1.15. The three graphs show the radial distribution of the local magnetic …eld, B, the current density, J and the local density of superconducting electrons, nsc . 0



=



In the triangular lattice the distance a between vortices is given by the expression p s 3 0 . (1.23) a= 2 B The mixed state persists until the external magnetic …eld reaches the second critical magnetic …eld value HC2 ; which is dependent on the coherence length (T ).
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Figure 1.14: The Abrikosov vortex lattice. In (a) the square vortex lattice predicted by A. Abrikosov is sketched. In (b) the real triangular vortex lattice with a slightly lower energy is shown.
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Vortex dynamics and vortex pinning



One of the main characteristics of the superconducting state is the possibility of electric current transport without energy dissipation. However, in type-II superconductors in the mixed state where vortices are present, the electric current transport may be dissipative. This is due to the interaction between the applied density of current J and the magnetic ‡ux quanta 0 trapped in the vortex. The vortex is subject to a Lorentz force FL = J



0n



,



(1.25)



where n is a unit vector in the magnetic …eld direction. This force could move the vortex providing the vortex velocity v and therefore creating an electric …eld E = B v. The superconductor will therefore show a …nite longitudinal resistivity = E=J because a …nite voltage appears along the current direction. This e¤ect will make current transport in the superconductor to be dissipative. In general, the dissipation is an undesirable e¤ect because it may destroy the superconducting state or at least cause noise in some superconducting devices as Superconducting Quantum Interferometer Devices (SQUIDs). The ability to counteract the Lorentz force over the vortex structure may minimize the dissipation problem. The so-called pinning forces are responsible for this counteracting which impedes the movement. When
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Figure 1.15: Magnetic induction B, current distribution J, and the local density of the superconducting order parameter nsc close to the superconducting vortex.



being pinned, the vortices interact with a well potential to minimize the free energy of the system. This potential wells could have di¤erent origins. In real systems, natural centers of pinning center are defects and impurities in the superconducting sample. Defects can locally suppress the order parameter and create therefore a potential well in the site. In the case of magnetic impurities or magnetic particles interaction with the vortex magnetic …eld can also create a pinning center. In the …rst case, the dimension of the impurities and defects must be in the order of magnitude of : In the case of magnetic impurities or particles, their dimension must be comparable with the other characteristic length scale . During the last years, the development and improvement of lithographic techniques has made possible the fabrication of superconducting …lms with periodic arrays of arti…cial pinning centers with controlled dimensions and shapes. The nature of this pinning lattice can have di¤erent origins. Vortices can be pinned by a hole or "antidot" lattice. This kind of periodic vortex pinning has been intensely studied by di¤erent groups [69] [70] [71] [72] [73] [74]. Another possibility of controlled pinning is the creation of a patterned lattice of magnetic nanostructures, such as magnetic points, lines, triangles or other type of geometries covered by a superconducting …lm. The presence of the arti…cial pinning centers not only a¤ects the vortex dynamics,
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but also their static properties. As it has been shown, in a perfect superconducting sample the free energy is minimized when vortices form the Abrikosov lattice. Arti…cial pinning centers may change the con…guration of the vortex lattice, making that the vortices occupy mainly sites corresponding to the pinning sites.



1.7.5



Vortex recti…cation e¤ects



Transport of particles in asymmetric potentials, which often occurs in nature processes such as protein transport, have attracted recently much attention. To produce a net displacement of a particle through the "ratchet e¤ect", could be possible with an asymmetric potential even though mean value of the applied force is zero [75]. In the case of type-II superconductors it could be interesting also to create and investigate ratchet mechanisms acting on the vortices. The possibility to manipulate vortices could help "cleaning" the sample of trapped magnetic ‡ux quanta and obtain in this way considerably less noisy devices. The corresponding idea was introduced by Lee et. al. [76]. Breaking the spatial symmetry of the pinning potential results in a so-called ratchet potential which is expected to create a net vortex motion and capable of rectifying current. Figure 1.16 shows an example of the vortex dynamics in superconducting …lms and the asymmetric potential landscape to remove vortices. To observe vortex recti…cation two conditions will be required. The …rst one is to have an asymmetric potential in the system and the second is to apply an external force with zero mean value, for example an AC current. In respect to the …rst condition, as we have seen in the previous section, periodic pinning centers can be designed on the sample to create an asymmetric and periodic potential. To break the symmetry one can pattern asymmetric pinning centers, such as triangles, boomerang shapes, etc. [77] [78] [79] [80]. In respect to the second possibility, one can inject an AC current along the sample which will create an alternating Lorentz force whose mean value is equal to zero; hFL i = 0. The equation of motion on a vortex in a type-II superconductor under the in‡uence of the Lorentz force is given by @VP Fdrag + Fv v . (1.26) @x When the Lorentz force FL exceeds the pinning force, vortices start to move. The net force on a vortex has di¤erent contributions. The …rst term on the right hand of the equation (1.26) is the Lorentz force. The second term is the asymmetric pinning force due to the inserted asymmetric potential. The third term is the viscous drag force, which is proportional to the velocity of the vortex, and the fourth term Fv v , represents the vortex-vortex repulsive interaction. So far, vortex recti…cation e¤ects have been studied using alternative procedures for creation of the asymmetric background potential. Experimentally [81] [82] [83] and theoretically [84] a guided vortex motion into high symmetry directions in a Ftotal = FL
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Figure 1.16: (a-top) Picture showing vortex moving in a type-II superconductor in presence of an applied magnetic …eld H perpendicular to the …lm plane. A DC current ‡owing in the …lm plane (y direction) induces a Lorentz force that moves the vortex in the x direction.(a-bottom). The patterned pinning potential on the superconducting structure. (b) The asymmetric potential used for remove vortices from superconductor.(c) The parameters characterizing a single tooth of the asymmetric potential. (Picture taken from [76]).



periodic pinning potential has been investigated. Villegas et al. [74] have studied the ratchet e¤ect in superconducting …lms with a periodic array of asymmetric pinning centers. The creation of a vortex ratchet using in-plane magnetized dots has been treated by Carneiro [85]. More recently Morelle et al. [86] have introduced recti…cation by an asymmetric shape such as mesoscopic triangles and asymmetric superconducting loops. Moreover, the case of asymmetric con…gurations of symmetrical pinning sites has also been measured [83] [87]. Although several theoretical studies have aimed to clarify the ratchet mechanism of the vortices [79] [80] [78] [76] [77] these systems are still quite far from being completely understood. It is interesting to emphasize that none of the above mentioned reports presented experimental measurements of recti…cation e¤ects on "control" samples, i.e. reference plain superconducting …lms without arti…cially created asymmetric pinning centers.
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Chapter 2 Experimental techniques Over the past sixty years, the experimental techniques for detecting magnetization dynamics are being continuously developed and improved, thanks largely to new experimental devices of signal detection and their greater sensitivity. Keeping on this line, we have developed a new experimental technique for studies of magnetization dynamics between room and low (2 K) temperatures based in network analyzer detection. This is a promising experimental technique, due to its great sensitivity and its relatively simple scheme of measure. This chapter introduces the reader into the various experimental techniques used to investigate magnetization dynamics, with special interest in the vector network analyzer technique and the new set-up developed by our group at the Autonomous University of Madrid during the development of this thesis. The last part of the chapter explains the second experimental technique used for transport measurements in superconducting nanostructures. The experimental set-up permits to explore recti…cation e¤ects in type-II superconducting …lms.



2.1 2.1.1



Experimental techniques on magnetization dynamics The inductive methods



Historically, the …rst investigations of the magnetization dynamics of thin …lms consisted in magnetization reversal studies. Since the 1950s, the reversal time had been measured directly by the induction method [88] [89] [90]. The thin …lms are …rst magnetized in a certain direction and then a step pulse magnetic …eld is applied in the opposite direction. When these magnetic pulses are greater than a critical value (i.e. greater than the coercive …eld) the direction of magnetization in the thin …lm reverses and a voltage pulse generated by this reversal is induced in a pick-up coil which is ampli…ed and observed on an oscilloscope. In these measurements the 31
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Figure 2.1: A schematic diagram describing Pulse Inductive Microwave Magnetometry (PIMM) technique.



pulse rise time is in the nanoseconds range. In the 1960’s, Dietrich, Proebster, and Wolf …rst measured switching speeds of about 1 ns by using the above mentioned inductive technique [91] [92]. Field pulses with a pulse width less than 350 ps were applied transverse to the easy axis of the …lm magnetization. With implementation of the magnetic nanostructures such as MMLs, SVs and MTJs in high density storage industry, MRAMs and in spintronic devices, the interest in the magnetization reversal process with magnetic …eld pulses and in injection of magnetization by a DC current has renewed. The new generation of experimental devices allows to study much shorter pulse rise times and to investigate in more detail the magnetization dynamic process. Silva et al. [93] have developed the so-called pulse inductive microwave magnetometry (PIMM) technique to study ultra-high speed magnetic phenomena. Their work include modern high-speed sampling technology, lithographic wave guide fabrication, and digital signal processing [93] [94]. The basic scheme of this method is shown in Fig. 2.1. The PIMM method is a relatively simple and intuitive technique. A commer-
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cial solid-state pulse generator produces the magnetic …eld step with a rise time of 50 ps. These pulses are sent to a coplanar wave guide where the magnetic …lm is deposited and subsequently lithographically patterned in its center. When pulses travel trough the wave guide a pumping …eld that can excite the magnetization of the sample is generated. The transmitted pulse is detected by a high-speed sampling oscilloscope. Perpendicular to the pumping …eld, an applied magnetic …eld is supported by an electromagnet, named bias magnet in Fig. 2.1. With the magnetic sample saturated by a large transverse …eld generated by a second magnet (saturating magnet), a reference wave form in which no magnetic dynamics has occurred is acquired and subsequently subtracted from the previously acquired wave forms allowing the observation of magnetization precessional e¤ects.



2.1.2



The magnetoresistance method



Ultrafast magnetoresistance detection provides a powerful tool to study magnetization dynamics and switching of small individual SVs [95] [96] and MTJs [97] cells of nanometer lateral dimensions. As was described in Chapter 1, these structures have two FM layers, one of which is free to rotate in the presence of an applied …eld and the other one is pinned. The GMR or the TMR of such devices provide easy access to the dynamics of the FM free layer. When a magnetic …eld pulse (pumping …eld) is applied transverse to the magnetization direction of the thin …lm, the time to switch the magnetization varies between 10 ns to less than 500 ps as the magnetic pulse amplitude exceeds the coercive magnetic …eld. By measuring the magnetoresistance of the magnetic device one may observe whether the magnetization reversal has happened. More recently, the technique has been applied to the study of ultrafast magnetization dynamics in magnetic nanodots by using time resolved measurements of the anisotropic magnetoresistance [98].



2.1.3



The magneto-optical method



Another technique used to study magnetization dynamics employs time-resolved magneto-optical Kerr e¤ect (MOKE) microscopy, in which the combined picosecond temporal and submicrometer spatial resolutions allow to study directly the time dependence of magnetic excitations and acquire magnetic maps of the sample surface [99]. The observed non-uniform spatial pro…les cannot be directly obtained from magnetoresistance measurements. The optical measurements with this technique have been performed by using picosecond pulses delivered by a synchronously pumped laser. The polar [3] or transverse [100] Kerr rotation is monitored by a polarizing beam-splitter and by using a di¤erential diode detection scheme, which measures the linear MOKE signal. Another technique, known as SHMOKE [101] [102] that complements linear magneto-optic techniques and shows an extreme sensitivity to magnetization at surfaces and interfaces [103], uses second-harmonic (SH)
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magneto-optics, whereby a sample is illuminated with light of frequency f and generates light at 2f. The light re‡ecting o¤ the sample is passed through two …lters to block the fundamental beam and therefore the second-harmonic light is detected. The nonlinear magneto-optical e¤ects are limited to sites without inversion symmetry and SHMOKE is therefore surface or interface sensitive.



2.1.4



The Brillouin light scattering method



The Brillouin light scattering (BLS) technique has been used in order to study patterned structures such as arrays of ferromagnetic wires [104] [105] and arrays of magnetic dots with vortex structure [106] [107]. This technique is a spectroscopic method to investigate inelastic excitations with frequencies in the GHz range. Basically, a light beam is sent from a frequency-stabilized laser to focus it onto the sample by using an objective lens (see Fig. 2.2). The light scattered from the sample (elastic and inelastic contributions) is then collected and sent through a spatial …lter to suppress background noise before it enters the Fabry-Perot interferometer. The photons with energy E = ~! I and momentum p = ~qI interact with the elementary quanta of spin waves with energy E = ~! and momentum p = ~q, which are magnons. The scattered photons gain energy and momentum ~! S = ~(! I + !) and ~qS = ~(qI + q) respectively if magnons are annihilated. The wave vector (qS qI ) transferred in the scattering process is equal to the wave vector q of the spin wave. A magnon can also be created by energy and momentum transfer from the photon, which in the scattered state has energy ~(! I !) and momentum ~(qI q).



2.1.5



The conventional ferromagnetic resonance method



Another powerful method to study magnetization dynamics is the ferromagnetic resonance (FMR) technique. In a FMR experiment an oscillating magnetic …eld hrf (pumping …eld) is usually applied transverse to the magnetization direction in presence of an applied magnetic …eld directed along the easy axis of the magnetization. This con…guration creates a coherent precession of the magnetization around a constant e¤ective magnetic …eld vector composed by external and internal …eld contributions. When the frequency of excitation hrf coincides with the precessional frequency, the energy of the pumping …eld hrf is absorbed by the magnetic system, resulting in magnetization precession in an uniform mode, i.e. with all the spin precessing in-phase. A basic diagram of FMR spectrometer is shown in Fig. 2.3, where the thin …lm sample is placed in a microwave resonant cavity. The FMR signal is measured by monitoring the microwave losses in the studied …lm as a function of the applied magnetic …eld. Microwaves with certain frequency travel down in a wave guide to the cavity. The microwave power is coupled to the cavity through a small hole in its upper end wall and some part of the energy is absorbed by the specimen studied and other by the cavity walls. The re‡ected microwave power is directed by
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Figure 2.2: Schematic diagram describing the BLS set-up (picture taken from [108])
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Figure 2.3: A block diagram of an FMR spectrometer. Microwaves of certain frequency travel down a wave guide to the cavity, inside which the thin …lm sample is located. Re‡ected power is directed by a microwave coupler and detected by a diode. A low frequency modulation and a lock-in ampli…er are used to monitor the …eld derivative of the re‡ected power.



a microwave directional coupler to a diode used to detect the FMR signal (power). The applied magnetic …eld is weakly modulated at low frequencies (in the range of 100 200 Hz) and a lock-in ampli…er is usually used to detect and amplify the corresponding AC component of the diode voltage. The measured signal is then proportional to the derivative of the re‡ected microwave electric …eld amplitude with respect to the sweeping magnetic …eld.



2.1.6



Comparison between di¤erent methods



The experimental techniques described above have some advantages and disadvantages. For example, comparison of two broadband techniques such as PIMM and FMR, with the PIMM method using a pumping …eld step instead of a microwave excitation in FMR reveals the clear disadvantage of PIMM because of an extremely complicated data analysis with a need to subtract the background pulse. In the case of the FMR and the BLS techniques the magnetization dynamics is studied sweeping the applied magnetic …eld at a …xed excitation frequency. The FMR method is one of the most powerful techniques in the study of magnetic thin …lms because of its high sensitivity. Some drawback of conventional FMR is that only …xed frequency values are usually used. FMR allows not only to study the relaxation mechanism of the magnetization, but also to measure other magnetic properties of the …lms such
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as magnetic anisotropy and Curie temperature. With this method ground state properties are studied because only the lowest spin waves with q 0 are excited. Moreover, as we mentioned above, FMR has a very high sensitivity and accuracy in determining the position of the resonance peaks. Instead, BLS has the advantage of obtaining a high spatial resolution and of investigating spin waves with di¤erent orientation of their wave vectors. This method is normally used in the case of patterned structures because it allows to investigate spin waves with di¤erent absolute values and orientation of their wave vectors. On the other hand, BLS allows the detection of thermally excited spin waves, i.e. in this case there is no need to excite spin waves with suitably high wave vectors. Moreover, BLS has high spatial resolution de…ned by the size of the laser beam focus (30 50 m in diameter). This important capability allows to investigate magnetization dynamics in small patterned structures.



2.2



Vector network analyzer technique



During the last years, the vector network analyzer (VNA) technique has proven to be a powerful and relatively simple set-up to study FMR and magnetization dynamics in magnetic nanostructures. In contrast to the conventional FMR technique where one measures the FMR peak and its linewidth by sweeping the external bias …eld at a …xed frequency, with the VNA technique one sweeps the frequency at a …xed external bias …eld, performing broadband (several tens of gigahertz) measurements. Although the measured resonance linewidth is still a subject of discussion [109] [110], it is relatively easy to detect the magnetization dynamics. Studies of the FMR with VNA instrumentation usually employs two ports network analyzers. The VNA provides the real and imaginary parts of the scattering matrix parameters S21 and S11 that are described in the Appendix A. One of the ports is used to send the microwave signal that travels through the cables and to a coplanar wave guide (CWG) with sample. This travelling microwave produces the oscillating magnetic …eld hrf (pumping …eld) in the plane of the CWG which is responsible for the excitation of the magnetization dynamics in the sample. The second port is used for the signal detection. In this way, with the CWG between the poles of an electromagnet that creates the external bias …eld and by mounting the magnetic sample on top the CWG in a geometrical con…guration where the pumping …eld will be transverse to the sample magnetization, one measures the scattering parameters S21 and S11 . For a …xed external bias …eld applied in the plane of the sample to be investigated, the frequency of the pumping …eld is continuously swept. When the frequency becomes equal to the precessional frequency of the magnetization, the energy is absorbed and observed indirectly in the real and imaginary parts of the scattering matrix parameters.
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Figure 2.4: Schematic layout of VNA-FMR technique for high frequency magnetization dynamics investigation. The applied magnetic …eld is directed along x direction. The pumping magnetic …eld created by the wave guide is applied in y direction.



2.2.1



Room temperature experimental set-up



Figure 2.4 draws schematically the VNA experimental set-up. The external bias …eld was applied in the x direction while the pumping …eld (hrf ) was generated by the CWG in the y direction. In order to study GHz magnetization dynamics, during the development of this thesis two di¤erent network analyzers have been used. Fig. 2.5 shows the two room temperature set-ups used in the experiments. For frequencies from 300 kHz to 8.5 GHz a commercial Agilent E-5071B (ENA series) network analyzer located in the Magnetrans group at the Autonomous University of Madrid, Madrid, Spain was used. This set-up was developed and employed for studying the magnetization dynamics of the arrays of magnetic dots at room temperatures and FMR experiments at low temperatures in MTJs. The external bias …eld was created by a DC current supplied by a Keithley 2800 multimeter in a home made calibrated electromagnet. On the other hand, for room temperature FMR measurements in MTJs above 8:5 GHz another commercial Agilent E-8363B (PNA series) network analyzer with a frequency range up to 40 GHz was employed. The external bias …eld was created by
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Figure 2.5: Room temperature set up used in VNA-FMR experiments (a) VNA working to 40 GHz located at NIST, Boulder, United States. (b) VNA working to 8:5 GHz located at Magnetrans group at the Autonomous University of Madrid. Both setups are PC controlled. For data ‡ow between PC and devices IEEE cables are used.



a DC current supplied by a LakeShore electromagnet system and measured in-situ by using a LakeShore Hall probe. This VNA broadband magnetometer set-up is located in the National Institute of Standards and Technology in Boulder, Colorado, USA, and was used during two 3-month visits to the group of Dr. Stephen Russek. A home made LabVIEW computer program controls the complete measuring sequence: setting external bias …eld, controlling and measuring the VNA parameters and writing data to data sheets.



2.2.2



Microwave wiring



Investigation in physics of high frequencies ( GHz) requires employment of speci…c microwave electronic components such as coaxial lines and wave guides, where the electromagnetic wave can travel without being re‡ected by impedance mismatch and only minimally attenuated. The basic microwave lines used in the VNA set-up require coaxial lines and CWG. The coaxial line consists of two round conductors in
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Figure 2.6: (a) Sketch of a coaxial line and (b) a coplanar wave guide. The dashed line indicates the microwave magnetic …eld generated in the waveguide. This component is crucial to excite the magnetization dynamics in magnetic nanostructures which are put on top of the wave guide.



which one completely surrounds the other, with the two separated by a continuous solid dielectric. A classic CWG is formed from a conductor separated from a pair of ground planes mounted on top of a dielectric medium. A variant of CWG circuit is the so called grounded CWG. In this case, a ground plane is provided in the opposite side of the dielectric plane. The advantage of CWGs is that active devices under study can be mounted on top of the circuit. Figure 2.6 shows a scheme of the two transmission lines described above. In this thesis we have developed di¤erent microwave transmission lines in order to investigate room and low temperature properties related to magnetization dynamics. In the case of the room temperature set-up, connections between VNA ports and the CWG are made with a SMA (SubMiniature version A) coaxial line. SMA connectors are coaxial RF-connectors with a minimal connector interface for coaxial cable with a screw type coupling mechanism and 50 impedance, o¤ering excellent electrical performance from DC to 18 GHz. A controllable torque in the different SMA screw coupling, is necessary a calibrated dynamometric wrench to apply 0:90 N m. The connectors coupled to the CWG are Super-SMA launch connectors that can work up to 27 GHz and ensure a 50 matching line. The grounded CWG was fabricated on a gold conductor with an inner conductor thickness of 375 m and a gap distance between inner and outer conductor of 140 m: The insulator material is a glass reinforced hydrocarbon/ceramic laminate with dielectric constant of "r = 3:66. Additional to this, in order to have a good ground connection, an array of microholes was designed surrounding the ground planes on the CWG. A detailed image of this CWG is shown in Fig. 2.7.
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Figure 2.7: (a) The wave guide used to measure room temperature magnetization dynamics in magnetic nanostructures. (Zoom). A detailed of the sample position and how the pumping …eld hrf is applied transverse to the easy axis of the sample magnetization. (b) A detail of connections between the coaxial lines and the wave guide, in our case a SMA/Super-SMA connections were used.
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2.2.3



Experimental techniques



Data analysis



In order to determine the physical parameters describing the dynamic response of the system, di¤erent evaluation methods have been proposed in the literature. Kuanr et al. [111] evaluate the resonance frequency and its linewidth from the magnitude of the transmitted signal S21 directly. By measuring the spectra for a …xed bias …eld they subtract the spectrum where there is no magnetic signal from the sample. The magnetic response of the sample is evaluated by using the following expression: U (f )Ku =



jS21 jS21



H (f )j ref (f )j



,



(2.1)



where jS21 H (f )j denotes the magnitude of S21 measured for a bias …eld H and jS21 ref (f )j the magnitude of S21 measured at the reference …eld. Then they …t the magnetic response U (f )Ku to a lorentzian curve to evaluate the resonance peak and its linewidth. On the other hand, Kalarickal et al. [112] adopt another evaluation method based on the transmission line model developed by Barry [113]. In this case, they measure the real and imaginary parts of S21 for a …xed bias …eld and subtract a reference spectrum measured without magnetic signal from the sample. If re‡ections in the line are neglected, assumption that we adopt in all the analyses shown in this thesis, the magnetic response is related to the microwave permeability of the sample in the following way [112]: U (f )Ka =



i



ln [S21 H (f )=S21 ref (f )] , ln [S21 ref (f )]



(2.2)



the real part of the evaluated signal, Re[UKa (f )], shows the dispersion of the signal and the imaginary part, Im[UKa (f )], corresponds to the FMR loss pro…le. The sign of U (f ) is chosen such that Im[U (f )] becomes negative in the vicinity of the FMR peak. Finally, the resonance and linewidth of the FMR peak are evaluated by …tting simultaneously both real and imaginary parts to a lorentzian model (see Appendix B). More recently, Bilzer et al. [114] have developed an evaluation method taking into account the re‡ections on the system. While the di¤erence between the evaluated resonance frequencies with di¤erent methods show close agreement, with variations of less than 1%, the resonance linewidth shows variation of less than 10%. Due to some di¤erences between the magnetic systems studied in this thesis, the evaluation method used will depend on the system under investigation. In the case of arrays of magnetic dots we have very weak magnetic signals. In order to obtain a best …t to the lorentzian curve, is more convenient to evaluate the magnetic response using the Kuanr et al. method [111]. On the other hand, MTJs present very high magnetic signals so that we adopt the evaluation method developed by Kalarickal
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Figure 2.8: (a) FMR spectrum (open circles) evaluated by Kuanr method measured in arrays of Permalloy magnetic dots with in-plane saturated magnetization. The red line shows the …t of the spectrum to a lorentzian curve. (b) In the case of magnetic tunnel junctions the FMR spectrum (open circles) is evaluated by using Karalickal method, …tting simultaneously the real and imaginary part to a lorentzian curve (red lines).



et al. [112]. Figure 2.8 illustrates both evaluation methods with their respective …ttings to a lorentzian model.



2.3



The cryogenic system



The cryogenic system was used to measure the high frequency magnetization dynamics in MTJs and the high frequency recti…cation e¤ect in superconducting …lms. The measurements at low temperatures down to 1:5 K have been carried out in a commercial ultra low loss ( 
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