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Introduccion general

Los avances en nanotecnología durante las últimas décadas, entre los cuales se en-
cuentran el crecimiento de películas ultra-delgadas (unas pocas monocapas) y estruc-
turas 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 Mag-
netoresistencia 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), reciente-
mente 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 almace-
namiento 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 com-

portamiento 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 mag-
netómetro basado en la excitacion y detección de la respuesta dinamica magnetica
usando un analizador de redes vectorial.

xi



xii Introduccion general

En el segundo tipo de nanoestructuras, se han usado medidas de transporte
electrónico con la corrierte alterna para estudiar la dinámica de los vórtices super-
conductores 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 proper-

dades 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 2K). Por último, el capit-
ulo 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 fre-

cuencia (hasta 147MHz) de vórtices superconductores en peliculas delgadas super-
conductoras 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 (Fe20Ni80),
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 20GHz) en películas delgadas de Permalloy incorpo-
radas como electrodo magnético en uniones tunel magnéticas. El estudio incluye la
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dependencia de la dinámica con condiciones de recocido, procesos de oxidación y
con la temperatura. Se ha observado una variación anómala de la resonancia fer-
romagnética 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 mag-
netoresistance (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 re-

lated to their static properties, such as magnetization curves, domain wall structure,
vortex formation, vortex matching, etc., and little is known on their dynamic prop-
erties.
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 nanos-
tructures, 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 mea-

xv



xvi General introduction

surements to investigate the superconducting vortex dynamics in plain and nanos-
tructured 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 anom-
alies (vortices).
The thesis is organized as follows:
Chapter 1 presents a theoretical background of the static and dynamics prop-

erties 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 mag-
netization dynamics in a high frequency (from kHz to GHz) and temperature (from
room temperature to 2K) 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 147MHz) of the su-

perconducting 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 (Fe20Ni80) 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 20GHz) in Permalloy �lms incorporated such as free magnetic
layer in magnetic tunnel junctions, and its dependence on annealing conditions, pre-
oxidation 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 nanos-
tructures such as spin valves, magnetic tunnel junctions, superconducting and mag-
netic thin �lms and arrays of magnetic dots including those covered by supercon-
ducting �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- ap-
peared. Spintronics exploits the intrinsic spin of electrons and associated magnetic
moment in addition to its fundamental electronic charge. The study of the mag-
netization 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 mo-
tors, magnetic levitation devices and Superconducting Quantum Interference De-
vices (SQUIDs)- magnetometer capable of measure extremely small magnetic �elds.
However, superconductivity is sensitive to the presence of magnetic �elds and cur-
rents. Understanding and controlling the vortex motion is of fundamental impor-
tance and has important applied aspects because of need to improve applications of
superconducting devices in the industry. This chapter introduces reader to magne-
tization dynamics in magnetic and superconducting nanostructures in the presence
of permanent (DC) and time dependent (AC) magnetic �elds and electric currents.

1
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1.2 Magnetization dynamics in ferromagnetic sys-
tems

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 magnetization vector as the total magnetic moment per unit of volume
(M =

P
(mi)=Unit Vol). Magnetization dynamics describes the time evolution of

the magnetizationM out of equilibrium. The application of the magnetic �eldH 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

dt
= ��0M�H , (1.1)

where  = g(e=2me) is the gyromagnetic ratio which is proportional to the ratio
between the charge e (1; 602 � 10�19C) 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 Bulk ferromagnetic systems

1.3.1 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
= ��0M�He �

�0�

M2
s

M� (M�He) , (1.2)

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 magnetizationHe = �rMU . 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
= ��0M�He +

�

MS

�
M� dM

dt

�
, (1.3)

where � is the dimensionless Gilbert damping parameter. This term describes vis-
cous damping in which damping is proportional to the magnetization velocity. Fig-
ure 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 ap-
plied 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 ob-
serve the resonance condition in the magnetization and evaluate the damping pa-
rameter. 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 us-
ing 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

1De�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];

f0 =


2�Ms sin �

s�
@2U

@�2
@2U

@�2
� @2U

@�@�

�
(1.4)

�f0 =
�

2�Ms

�
@2U

@�2
+
@2U

@�2
1

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 spin-
orbit 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 in-
coherent 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 ex-
citations 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 cur-

rents [11] and by direct magnon-phonon scattering [6]. In a metallic ferromagnetic
system any change in the magnetization induces eddy currents which tend to com-
pensate 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 poten-
tially 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) = !
2
0 � 2�2MSkkd

�
H � 4�MS sin 2�kk

�
+ 2(4�MS +H)Ak2k , (1.6)

where !0 is the resonance of the uniform mode, d is the �lm thickness, �kkis 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.

H i
x = Hx �NxMx , (1.7)

H i
y = Hy �NyMy ,

H i
z = Hz �NzMz ,

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.
To �rst order approximation one has dM

dt
= 0 and Mz = M . Solving the LLG

equation (Eq. 1.3), one obtains

dMx

dt
= ��0(MyH

i
z �MzH

i
y) = ��0My [H + (Ny �Nz)M ] , (1.8)

dMy

dt
= ��0(MzH

i
x �MxH

i
z) = ��0Mx [H + (Nx �Nz)M ] .

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 =
�0

2�

q
[H + (Ny �Nz)M ] [H + (Nx �Nz)M ] . (1.9)

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

2�

p
H2 +HM . (1.10)

As we have explained previously, usually an uniaxial anisotropy �eld HK is cre-
ated 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 expres-
sion [16]

f0 =
�0

2�

p
(H +HK)(MS +HK +H) : (1.11)
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Figure 1.4: Dependence of the FMR linewidth on temperature in 150Å thick Permal-
loy �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

2MS

. (1.12)

�H(0) is the frequency independent linewidth which comes from the �lm inhomo-
geneties 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 re-

ported by Patton et al. [19]. Figure 1.4 shows the experimental data. The linewidth
exhibits a clear maximum at low temperatures (<100K). This observation is relevant
for e¤ects will be focusing in more details in the Chapter 5 where the FMR depen-
dence on temperature in di¤erent MTJs containing Permalloy (Fe20Ni80) layers as
well as free Permalloy magnetic layer will be investigated.
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1.5 Magnetic nanostructures

Magnetic nanostructures that are being used in the market are rather complex mul-
tilayer pillars composed of di¤erent thin �lms. These devices should posses some
important characteristics such as sensitivity to magnetic �elds, ability to fast and
precise control the magnetic state of the nanostructure and low noise response
The �rst magnetic nanostructures were developed in the 1970s. They included

bubble memory and bubble logic based on perpendicular domains in yttrium iron
garnet �lms [20][21]. However, these structures were unable to compete with other
memories, such as semiconductor and hard disk memories. It was in the 1980s when
magnetic devices based on the anisotropic magnetoresistance e¤ect were proposed for
read head sensors and MRAM. With the discovery of the giant magnetoresistance
e¤ect (GMR) in magnetic multilayers (MMLs) and the tunnel magnetoresistance
(TMR) in magnetic tunnel junctions (MTJs) the sophistication and usefulness of
these magnetic devices have advanced very rapidly.
The magnetic nanostructures that are being developed by the industry consist

of structures with two or three magnetic layers such as MMLs, spin valves (SVs)
and MTJs.
MMLs consist of magnetic layers antiferromagnetically exchange coupled across

the non-magnetic layers. on the other hand, SVs and MTJs, shown in Fig. 1.5,
include two ferromagnetic (FM) layers sandwiching a thin non-magnetic metal (SVs)
or an insulating barrier (MTJs). Normally in these structures one of the FM layers
is free to rotate in the presence of an applied magnetic �eld while the other one
is pinned, i.e. the magnetization in that layer is relatively insensitive to moderate
magnetic �elds.

1.5.1 GMR and TMR

MMLs, SVs andMTJs are devices which share the same basic principles of operation:
the resistance of the structure is a function of the relative orientation between the
magnetization of the adjacent layers. The di¤erent resistance state can be used as
data storage bits, which may be written by using an applied magnetic �eld produced
by an adjacent current carrying line.
The GMR e¤ect was discovered in 1988 by Fert [22] and Grünberg [23] inde-

pendently in antiferromagnetically coupled Fe/Cr/Fe trilayers. This discover can be
considered the birth of spintronics and have been awarded with the Nobel Prize in
Physics in 2007.
The GMR e¤ect is generally attributed to spin dependent scattering in successive

FM layers. In classical experiments, the antiferromagnetic (AF) alignment of the
FM layers is provided by exchange coupling of AF interlayers placed between the
FM layers. The magnetic state is changed into a FM alignment by applying an
magnetic �eld. The resistance R of the device will be reduced dramatically when
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Figure 1.5: (a) Sketch showing the scheme of a spin valve with CoFe ferromagnetic
(FM) layers sandwiching a Cu metallic layer. (b) Magnetic tunnel junction with a
Al2O3 insulating barrier. In both nanostructures the PINNED-FM layer is exchange
biased by an antiferromagnetic (AF) layer.

the applied magnetic �eld aligns the magnetization of the di¤erent layers in the
same direction. The de�nition of the GMR is given by the expression

GMR =
R"# �R""
R""

, (1.13)

where R"" and R"# denotes the resistance for FM and AF alignment respectively.
The TMR e¤ect at room temperature was �rst discovered independently by two

groups [24] [25]. In the spin-dependent tunneling e¤ect, electrons tunnel across
an insulating barrier between two FM electrodes and the resistance depends on
the relative orientation of the two magnetic layers. The tunnelling can be either
incoherent (across amorphous barriers) or coherent (across crystalline barriers). For
incoherent scattering, �rst explained by the Jullière model [26], the TMR of such a
junction is proportional to the product of both electrodes polarization P1 and P2

TMR =
2P1P2
1� P1P2

, (1.14)

with

Pi =
Di"("F )�Di#("F )
Di"("F ) +Di#("F )

, (1.15)
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being Di("F ) the interfacial density of states at the Fermi level for spin-up (") and
spin-down (#) bands respectively. Both equations lead to a low-resistance state when
the two FM layers have their magnetizations aligned parallel to each other, and a
high-resistance state when the magnetizations are antiparallel. The e¤ective spin
polarization of the FM layers involved in the tunnelling process depends both on the
type of ferromagnetic layers and on the type and quality of the insulating barrier.
Figure 1.6 shows the original curves reported for the GMR e¤ect (a) and for the

TMR e¤ect (b).

Figure 1.6: (a) The GMR curve measured in [Fe(30Å)=Cr(9Å)]40 at T = 4:2K
(taken from [22]). The current is applied along the [100] direction. The curve-a is
obtained when the current and the magnetic �eld are parallel. The curve-b when the
magnetic �eld is in the layer plane perpendicular to the current and the curve-c when
the magnetic �eld is applied perpendicular to the layer plane. (b) Room temperature
resistance of a Co �lm, CeFe �lm and a magnetic tunnel junction with CoFe and
Co magnetic layers sandwiching by an amorphous insulating barrier (Al2O3) (taken
from [24]). The magnetic �eld is applied along the layer plane. The arrows indicate
the orientation of magnetization in both magnetic layers.

1.5.2 Magnetization dynamics in magnetic nanostructures

One of the goals of this thesis is the investigation of the magnetization dynamics
in coupled thin FM structures, such as MTJs with one of the FM layers free to
move in presence of moderate magnetic �elds. The dynamic response of the free
FM layer will responds to the LLG equation (Eq. 1.3) with di¤erent contributions
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to the e¤ective magnetic �eld He. The following paragraphs discuss di¤erent types
of magnetic interactions that can be present in these systems.

Direct coupling between magnetic layers

The simplest case of magnetic double layer is the surface itself of a bulk ferromagnet.
At the surface, magnetic constants like magnetization M and crystalline anisotropy
K could be di¤erent from those inside the bulk of the FM material. The change
of magnetic interaction and magnetic anisotropy at the surface may lead to rather
dramatic phenomena. If K favors a di¤erent direction of the magnetization than in
the bulk material, special magnetic structures may be induced at the surface even
when the bulk of the specimen is in a single magnetic domain state.
In the case of two FM layers in close contact, the magnetostatic interactions

between these layers may be approximated by two contributions as Fig. 1.7 shows.
The �rst contribution (dot lines) is the magnetostatic �eld, generated by the di-
vergence of the magnetization at the edge of the layers. Its presence leads to an
interaction term which favors antiparallel alignment of the FM layers. The second
contribution (dashed lines) describes the magnetostatic coupling due to e¤ective
charges generated by the roughness of each magnetic layer and is usually referred
to as �Néel" or "orange peel" coupling. This coupling can be approximated as

Eco;12 = �EcoM1 �M2 , (1.16)

where M1 and M2 are the magnetization of the �rst and second FM layer respec-
tively. Eco is the phenomenological coupling energy and �0Hco = Eco=MS is the
phenomenological coupling �eld that, in general, is positive an favors parallel align-
ment of the FM layers. This term. Capability to reduce this kind of coupling is very
important in order to grow high quality stacks reducing the extrinsic contribution
to the damping.
A detailed investigation of the magnetization dynamics and static magnetization

in MTJs, such as using the FMR and its linewidth may be a powerful tool to
determine the possible in�uence of "orange peel" coupling and will be considered in
the Chapter 5 of this thesis.

Exchange bias

Exchange bias (EB) may arise if a thin �lm of ferromagnet has a common interface
with a natural or synthetic antiferromagnet. This phenomenon was discovered by
Meiklejohn and Bean in 1956 [27] who studied hysteresis loops in a sample of Co
in contact with CoO and observed that the center of the magnetization loops was
shifted from zero �eld. They attributed the shift to a bias �eld originating from the
antiferromagnetic CoO �lm. The shift in the hysteresis loop can be very useful to
control the magnetization of the devices used in applications. The magnetic disk
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Figure 1.7: Sketch showing two interlayer coupling mechanisms. Dot lines represent
the magnetostatic �eld HM that favors an antiparallel alignment of the two ferro-
magnetic layers. Dashed lines shows the Néel or orange peel coupling that favors a
parallel alignment.

storage industry has already implemented exchange bias phenomena in the read
head technology. During the last decade the magnetization dynamics of EB systems
such as NiO/FeNi has been deeply investigated [28] [29] [30] [31] [32] [33]. The FMR
studies are currently a very powerful tool to investigate reversible and irreversible
behavior of the AF layer. Determining the exchange bias �eld and the linewidth of
the resonance is a direct measure of the relaxation rate of the uniform precession and
an indirect measure of the structure of the EB �lms. Studies of FM layer linewidth
with temperature usually show a pronounced maximum at temperatures well bellow
the Néel temperature of the AF layer [34]. The strong temperature dependence of
the isotropic shift and FMR linewidth observed re�ects the presence of di¤erent spin
pinning subsystems and of di¤erent time scales of the FMR in these systems.

Exchange coupling

The exchange coupling is a quantum-mechanical interaction which may appear when
one considers magnetic interactions between two closely situated magnetic layers
separated by a non-magnetic metallic (NM) layer [35]. Depending on the interlayer
thickness, the exchange coupling can result in parallel or antiparallel alignment in
magnetic layers [36]. This kind of coupling may be associated with indirect exchange
interaction mediated by the conduction electrons of the metallic spacer layer. It is
directly related with the Ruderman, Kittel, Kasuya, Yoshida interaction (RKKY).
A phenomenological description of the exchange coupling proposed to explain the
observed experimental results gives the interlayer exchange coupling energy E per
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unit of area as

E = �J1 cos�� J2 cos2 � , (1.17)

where � is the angle between the magnetizations of the two FM layers. The �rst
term in the equation is called the bilinear coupling and the second the biquadratic
coupling. Coe¢ cients J1 and J2 describe the type and the strength of the coupling.
When the bilinear term dominates, the energy minimum corresponds to FM cou-
pling for J1 > 0 and AF coupling for J1 < 0. On the other hand, when biquadratic
coupling is the main term and is negative, one gets a 90o coupling. As it has been
mentioned above, the microscopic mechanism which explains the bilinear exchange
coupling J1 has the same physical origin as the RKKY interaction. As to the bi-
quadratic coupling, J2 could in principle be also intrinsic, but the experimental
results could be also understood in terms of an extrinsic e¤ect due to the roughness
of the interlayer [37].

1.6 Magnetic nanodots

Another research line in this thesis is related to investigation of the magnetization
dynamics in magnetic dots arrays in form of disks with and without magnetic vortex
structures inside of them.
The magnetism at small scale length provided a wealth of scienti�c interest

and potential technological approach. Recent developments in nanotechnology and
electron beam lithography techniques with ability to create magnetic dots of well
de�ned forms, have strongly enhanced interest to these systems both from fun-
damental points of view and because of potential applications such as in magnetic
recording media and spintronics. It is therefore very important to control the forma-
tion of the so-called magnetic vortices and their dynamics in such circular magnetic
nanostructures. When arrays of nanodots are formed, a spatial regularity in dots
geometry and interdot distance permits observation of well de�ned modes of both
individual and collective excitations. In this section vortex state formation in the
insulated magnetic disks will be �rst described. Secondly, we shall discuss possible
high frequency magnetic excitations in these magnetic nanostructures.

1.6.1 Magnetic vortex formation

The FM materials generally form domain structures to reduce their magnetostatic
energy. However, if the dimensions of the FM material are reduced to micrometer
or nanometer length scale, the formation of domains is not energetically favored
anymore. depending of shape of the device, exotic magnetic topological anomalies,
such as a curling spin con�guration with internal magnetization vortex structure
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may appear [38]. When the dot thickness is much smaller than the dot radius all
the spins tend to align in the dot plane. The spin con�guration curls around the
center of the dot with the orientation in the surface plane while in the center of the
vortex core the magnetization is perpendicular to the plane. Figure 1.8 shows the
corresponding spin con�guration.

Figure 1.8: The spin con�guration in a circular nanodot. Far away from the vortex
core the magnetization continuously curls around the center with the orientation in
the surface plane. In the center of the vortex core the magnetization is perpendicular
to the plane (picture taken from [39])

In the absence of external magnetic �eld, three parameters de�ne the magnetic
structure of a dot: the dot radius R, the dot thickness L and the exchange length,
de�ned as Lex =

p
2A=M2

S , whereA is the exchange sti¤ness andMS the saturation
magnetization. A magnetically soft particle with lateral dimensions smaller than
Lex (� 10 nm� 20 nm) is expected to remain in a single domain state. Within such
cylinders of circular shape in a certain range of sizes the magnetic vortices are formed
in the ground state [38]. For applications, such as MRAM cells, which usually try
to avoid the vortex formation is important to know the typical sizes of the disks
for which vortices do not form. Alternatively, however, one could make use of the
vortex formation to write magnetic information on nanoscale. The phase diagram of
the di¤erent phases of the magnetization as a function of the aspect ratio �; de�ned
as � = L=R; is shown in Fig. 1.9. One may distinguish four di¤erent regions on
the diagram. The vortex ground state corresponds to the region I. In region II
a single domain structure with in-plane magnetization is formed, while region III
corresponds to out-of-plane magnetization. There is also a region IV (dark zone),
where the vortex is in a metastable state.
These magnetic nanostructures were observed by using magnetic force microscopy

imaging in circular dots of Permalloy with 50 nm in thickness and 0:3 to 1�m in
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Figure 1.9: The magnetic phase diagram for magnetic disk structures as a function
of the radius and the thickness. Both lengths are normalized by the exchange length
Lex:

diameter [40]. More recently, the image of the vortex core in nanoislands of iron by
using spin-polarized scanning tunneling microscopy, capable of resolving structures
down to the atomic scale [39] has been reported. Fig. 1.10 shows the images of the
vortex in circular dots reported in [40] and [39].

1.6.2 Spin dynamics in magnetic dots in vortex state and
in-plane magnetization state

Although it was back in 1999 when Cowburn et al. [38] observed indirectly the
vortex state, recently the vortex formation in di¤erent magnetic nanostructures
has attracted great attention. Currently most of the fundamental studies of the
vortex state are mainly devoted to understand the magnetization dynamics in these
systems. Short magnetic �eld pulses are usually applied perpendicular or parallel to
the dots plane to achieve the magnetization reversal and to excite vortex related spin
wave modes [41] [42]. Characteristic reversal times are in the range of the nanosecond
(for non-uniformmodes) and sub-nanoseconds (for coherent magnetization rotation).
In the magnetic dots systems one can �nd a rich variety of spin excitations

related to the magnetic vortex: low frequency modes in the range of hundreds of
MHz, where the vortex core moves as a whole: the so-called translational mode
[43], and high frequency modes, in the range of GHz frequencies named radial and
azimuthal modes [44]. The experimental techniques usually used to detect spin
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Figure 1.10: (A) Topography and (B) domain image obtained with spin-polarized
scanning tunneling microscopy of a single nanoisland of Fe. The arrows indicate
the orientation of the domains. (C) Magnetic force microscopy image of an array
of Permalloy dots with 1�m of diameter and 50 nm thick. The central dot in each
disk shows the evidence of the vortex formation. Figure adapted from [40] and [39].

dynamics in these nanodevices include photoemission (Brillouin light scattering)
and magneto-optical Kerr e¤ect (MOKE). In the last years, however, interest has
been also growing to use alternative techniques, such as the vector network analyzer
based broadband magnetometer technique. In some cases, however, to increase
the sensitivity of this technique the magnetic dot was patterned directly on the
microwave circuit, normally presenting a coplanar wave guide (CWG).
Magnetization dynamics in the magnetic dots arrays obeys the LLG equation

(Eq. 1.3) with an e¤ective magnetic �eldHe with contributions due to the exchange
�eld (A(rm�)

2), the dipolar �eld (�Hm �H=2), whereHm is the magnetostatic �eld,
and the external magnetic �eld (H �M):

Vortex state dynamics

Low frequency modes: Gyrotropic mode

The vortex core motion at low frequency has been detected by direct imaging with
time resolved magneto-optical e¤ect [45] and by the photoemission electron mi-
croscopy technique [46].
The �rst theoretical studies in sub-micron size disks [47] described the transla-

tional vortex mode and predicted a spiral-like vortex motion. Based on the Thiele
equation [43], Guslienko et. al [47] assume that the magnetization is independent
of the z component (along the thickness of the dot): m(�; t) = M(�; t)=MS, where
t is the time and � is the radial coordinate (in cylindrical coordinates). Ignoring
damping, the total force acting on the vortex is



1.6 Magnetic nanodots 19

F = G� dR(x;y)
dt

� @W (R(x;y))
@R(x;y)

. (1.18)

The terms in the equation are the gyrovector G, with a direction into (P = �1)
or out of plane (P = 1) corresponding to the sign of the vortex polarity P , R(x;y)
is the vortex core position in the plane and W (R) is the magnetic energy of the
system.
The �rst term in 1.18 is the gyroforce determined by the non-uniform magneti-

zation distribution or topological charge. The second term describes the restoring
force of the vortex shifted from the dot center. This restoring force appears due to
the �nite in-plane dot size and is directed towards the dot center. For small oscilla-
tion amplitude of the vortex around the center W (R) =W(0)+1=2�R2 , where �
is the sti¤ness coe¢ cient. The solution has the form of a spiral motion of the vortex
core around the dot center.
The above theoretical prediction was con�rmed experimentally by Park et al.

[45] by using a time-resolved Kerr technique which demonstrated that for circu-
lar dots the gyrotropic mode indeed appears in the sub-GHz range (f < 1GHz).
The dependence of this frequency on the dot aspect ratio � was also reported [48].
The eigenfrequency of the vortex translational mode is described by the following
expression

!0 = 2MS

"
4�F� (�)�

1

2

�
Lex
R

�2#
, (1.19)

where R is the dot radius, Lex is the exchange length and F� (�) =
R1
0
t�1f(�t)I2(t)

dt: The expression of F� (�) contains the functions f(�t) de�ned as f(�t) = 1 �
[1� exp(��t)] =�t and I(t) =

R 1
0
x J1(tx) dx; with J1(tx) dx being the �rst order

Bessel function.
As Eq. 1.19 shows, the translational vortex mode depends on the � value and is

independent of the external magnetic �eld. The in�uence of the magnetic �eld can
be observed on the amplitude of the signal: the greater the �eld; the weaker is the
translational vortex mode amplitude [48].

High frequency modes: radial and azimuthal modes

There are also other spin waves which can also be generated in the circular dots,
the so-called radial and azimuthal modes. The �rst evidence for these mode was
reported in 2004 [49] and one year later an analytical theory was able to explain the
experimental results [44].
To resolve the problem one must assume a magnetization inside the circular dot

spatially and time dependent: m(�; t) = m0(�) + �(�; t):
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Figure 1.11: Spin wave (SW) pro�les for the �rst azimuthal mode m = �1 with
three di¤erent radial numbers: n = 0 (solid line), n = 1 (dashed line) and n = 2
(dot-dashed line). Picture is taken from [51]

The spin wave modes can be labelled by the number of nodes n and m along the
radial � and the azimuthal � directions respectively

(n;m) �mn;m(�; t) exp i(m�+ !n;mt) , (1.20)

where !n;m = 2� �fn;m, being fn;m the eigenfrequency. For a �xed n a splitting of the
eigenfrecuencies occurs for values of m with the same absolute value and di¤erent
sign. This e¤ect has been studied theoretically [50] [51] and experimentally [52] [53]
and con�rmed by using micromagnetic simulations [54]. As an example Fig. 1.11

shows the �rst azimuthal modes (m = �1) pro�les with radial indices n = 0; n = 1
and n = 2. Of special interest is the case n = 0;m = �1 mode detected and
investigated in this thesis (see Chapter 4).
Figure 1.12 reproduces results reported in [49] by using a Fourier transform

imaging technique where axially symmetric radial modes up to third order (m =
0;n = 1; 2; 3) and non-axially azimuthal modes were observed using time resolve
scanning Kerr microscopy.

Spin excitations in the magnetically saturated state in circular nanodots

When an in-plane external magnetic �eld exceeds the vortex annihilation �eld of
the dot, de�ned as the magnetic �eld in which vortex is removed from the dot, the



1.6 Magnetic nanodots 21

Figure 1.12: From A to C: the Fourier transform images of the axially symmetric
modes (n = 1; 2; 3 and m = 0) at frequencies 2:8GHz (A), 3:9GHz (B) and 4:5GHz
(C). Each picture contains two half images. The left from the micromagnetic sim-
ulation, the right from the experiment. The dark zones indicate di¤erent nodes in
the dot. (D) The Fourier magnitude (left) and Fourier phase (right) of the lowest
lying non-axially symmetric modes at 1:5GHz. This mode has two orthogonal radial
nodal lines. (D) Temporal sequence of this mode with a time interval of 150 ps. (E)
A second observed mode at 1:9GHz has one in-plane node dividing a dot of roughly
equal amplitude but opposite phase. (F) The corresponding temporal sequence of
this mode with a time interval of 120 ps: All pictures are adapted from [49].
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magnetization will be uniformly aligned in the disk plane. In the case of saturated
in-plane magnetization a variety of spin waves can be excited [55] [56]. In addition to
the uniform Kittel resonance, the lateral con�nement of spins within each dot may
cause the discretization of the spin wave spectrum. A huge variety of interesting
spin dynamics has been reported, for example magnetostatic surface spin waves
(Damon-Eshbach) [57] and magnetostatic backward volume spin waves have been
also observed [58] by using the BLS technique. More recently, Neudecker et al. [59],
by using the vector network analyzer technique combined with Kerr microscopy
reported quantized modes in both longitudinal and transverse direction . Moreover,
these authors measured the dynamics of the so-called edge mode, the spin dynamics
that appears in the dot edges.

1.7 Vortex dynamics in nanostructured supercon-
ductors

In the previous sections we have considered the magnetization dynamics in homoge-
neous (thin �lms and multilayers) and inhomogeneous (magnetic dots) FM nanos-
tructures. Another example of inhomogeneous magnetic structure is magnetic �ux
quanta, i.e. vortex forming in type-II superconductors. The magnetic dynamics of
this object in plain and nanostructured superconducting �lms will be investigated
via AC transport measurements in this thesis.
In this contest, the next paragraph is dedicated to a brief introduction into su-

perconductivity phenomena and to help the readers to understand high frequency
vortex dynamics in restricted geometries described in this thesis. We shall explain
necessary conditions for the formation of the superconducting vortices in the pres-
ence of an external magnetic �eld, and how vortices may move under the combined
action of current and perpendicular magnetic �eld. The resulting net movement
in restricted geometry is detected via DC electron transport measurements. The
periodic vortex movement in asymmetric potentials will be brie�y reviewed and the
resulting recti�cation e¤ects introduced. This knowledge will present an impor-
tant background to explain further how the electric current involving movement of
superconducting vortices is recti�ed by the interfaces of superconductor.

1.7.1 Introduction

One of the most awarded branches in physics is superconductivity. K. Onnes in
1913. J. Bardeen, L. Cooper and J. Schrie¤er in 1972. I. Giaever and B. Joseph-
son in 1973. G. Bednorz and A. Müller in 1987, and �nally A. Abrikosov with
V. Ginzburg in 2003 were awarded the Nobel Prize in physics for advances in the
superconductivity. These facts underline the importance of this phenomenon from
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the point of view of both theoretical and experimental physics.
The discovery of superconductivity took place in 1911 when Kamerlingh Onnes

observed that the electrical resistivity in Hg and of some other elements fell sharply
to zero below at a critical temperature TC , characteristic of the material [60]. Dur-
ing twenty two years it was not clear if there was any essential di¤erence between
ideal conductors and superconductors. In 1933 Meissner and Ochsenfeld discov-
ered the ideal diamagnetism of the superconducting state [61]. This means that
a magnetic �eld cannot penetrate a bulk superconductor as it is cooled below the
critical temperature TC . The main point is that the magnetic �eld is expelled from
the superconducting sample. This phenomenon was described theoretically by the
brothers F. and H. London in 1935 [62]. Later, in 1950, Ginzburg and Landau devel-
oped a phenomenological theory capable of describing the superconducting state in
the presence of a magnetic �eld by using the Ginzburg-Landau (GL) formalism, [63].
They introduced the famous complex wave function 	 as an order parameter for su-
perconducting electrons. The local density of the superconducting quasiparticles is
given by the square of this function, i.e. j	j2 = nsc (in normal state nsc = 0). The
theory was used by Abrikosov to predict a new quantum mechanical state named
type-II superconductivity [64]. The history of superconductivity keeps on when in
1957 Bardeen, Cooper and Schrie¤er explained the microscopic mechanism (BCS
theory) responsible for the formation of electron pairs (Cooper pair) [65]. Later,
Gor�kov [66] has shown that the GL theory is a limiting case of the BCS theory.
Finally, in 1986 a new impulse was given to this �eld with the discovery of high tem-
perature superconductivity in layered copper oxide ceramic compounds by Bednorz
and Müller [67].
One of the main characteristics of the superconducting state are two important

scales introduced in the GL formalism; the penetration depth �(T ) and the coherence
length �(T ). The �rst one determines the distance at which magnetic �elds are
screened from the interior of the superconductor. The second one determines the
distance along which the modulus of the order parameter 	(r) can be changed.
Both characteristic lengths depend on the temperature in the following way [68]:

�(T ) =
�(0)q
1� T

TC0

, �(T ) =
�(0)q
1� T

TC0

. (1.21)

Close to the critical temperature, TC0 , �(T ) and �(T ) diverge, while at low tem-
peratures these parameters saturate. The constants �(0) and �(0) are determined
by the ratio between the electron mean free path lel and the BCS coherence length
�0, which is roughly the average distance between electrons forming a Cooper pair.
The ratio between the two characteristic length scales �(T ) and �(T ) de�ne the

Ginzburg-Landau parameter �
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� =
�(T )

�(T )
. (1.22)

In bulk superconductors, the � parameter is a dimensionless, temperature inde-
pendent number, whose value determines the distinction between type-I and type-II
superconductors.
If we consider superconducting thin �lms with a thickness d much smaller than

�(T ) , one needs to de�ne an e¤ective penetration depth �(T ) = �2(T )=d . For this
case, when one de�nes � from the Eq. 1.22 the e¤ective value �eff depends on the
temperature. For the thin �lm geometry �eff is the relevant parameter determining
the distinction between type-I and type-II superconductors.

1.7.2 Type-I versus type-II superconductivity

Type-I and type-II superconductors distinguish from each other due to their dif-
ferent behavior in a magnetic �eld. The reason for this is the surface energy at a
normal/superconducting boundary, �ns, which is positive for type-I superconductors
but becomes negative for the type-II superconductors. The value of � determines
this distinction: if � < 1=

p
2 =) �ns > 0 one speaks of a type-I superconductor.

However for � > 1=
p
2 =) �ns < 0 the superconductor is called type-II. The dif-

ference 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) super-
conductors.
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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 Meiss-
ner 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. Type-
II 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 crit-
ical �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 no-
ticed 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

�0 =
hc

2e
= 2:07� 10�7Wb .

Within each unit cell of these �ux lines there is a vortex of supercurrent con-
centrating 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 su-

perconducting 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.

In the triangular lattice the distance a between vortices is given by the expression

a =

p
3

2

s�
�0
B

�
. (1.23)

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.

HC2 =
�0

2��2(T )
. (1.24)

1.7.4 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 supercon-
ductors 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 tech-

niques has made possible the fabrication of superconducting �lms with periodic
arrays of arti�cial pinning centers with controlled dimensions and shapes. The na-
ture 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 con-
trolled 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. Ar-
ti�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; hFLi = 0. The equation of motion on a
vortex in a type-II superconductor under the in�uence of the Lorentz force is given
by

Ftotal = FL �
@VP
@x

� Fdrag + Fv�v . (1.26)

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
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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 cur-
rent �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 super-
conducting 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 pin-
ning 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 sym-
metrical 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 ex-
perimental 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 ex-
perimental 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 (2K) temperatures based in network analyzer de-
tection. 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 devel-
oped 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 Experimental techniques on magnetization dy-
namics

2.1.1 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
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Figure 2.1: A schematic diagram describing Pulse Inductive Microwave Magnetom-
etry (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 inter-
est in the magnetization reversal process with magnetic �eld pulses and in injection
of magnetization by a DC current has renewed. The new generation of experi-
mental 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 sam-
pling 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 sam-
pling 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 (satu-
rating 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 magnetiza-
tion 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 magne-
tization 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 picosec-
ond 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 tech-
nique 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 sen-
sitivity 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 gen-
erates 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 symme-
try 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 pat-
terned 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. Ba-
sically, 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 sam-
ple (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 ele-
mentary 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 magnetiza-
tion. 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 pre-
cessing 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 fre-
quency 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 � 200Hz) 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 pro-
portional 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 disadvan-
tages. 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¤er-
ent 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 ab-
solute 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 net-

work 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 pump-
ing �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 magnetiza-
tion, 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 magnetiza-
tion 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 8.5GHz 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 dy-
namics 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 electromag-
net. On the other hand, for room temperature FMR measurements in MTJs above
8:5GHz another commercial Agilent E-8363B (PNA series) network analyzer with a
frequency range up to 40GHz 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 40GHz located at NIST, Boulder, United States. (b) VNA working
to 8:5GHz 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 lo-
cated 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 se-
quence: 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 com-
ponent 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 or-
der 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 18GHz. A controllable torque in the dif-
ferent SMA screw coupling, is necessary a calibrated dynamometric wrench to apply
0:90N�m. The connectors coupled to the CWG are Super-SMA launch connectors
that can work up to 27GHz 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 mate-
rial 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 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�H(f)j
jS21�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 tak-

ing 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 dy-
namics in MTJs and the high frequency recti�cation e¤ect in superconducting �lms.
The measurements at low temperatures down to 1:5K have been carried out in a
commercial ultra low loss (<5l/day loss) 4He cryostat from Janis Research Com-
pany equipped with a variable temperature insert and with a 9T superconducting
magnet. A detailed scheme of the cryostat is given in Appendix C. The cryostat

has two di¤erent 4He systems: the inner 4He �ow system with a variable tem-
perature insert with the sample stick inside, and the outer 50 liters 4He reservoir
containing a superconducting magnet. Both 4He reservoirs are thermally isolated
from their environment by vacuum shielding. Besides vacuum shielding, the outer
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reservoir has a liquid N2 thermal protection shielded. The temperature inside the
variable temperature insert is controlled by changing the pressure in the He-�ow
system with a high vacuum pump and by a LakeShore-340 temperature controller
using two calibrated Ge temperature sensors. In addition, a second separate loop
of LakeShore-340 controls the temperature in the gas-�ow system through a me-
chanically manipulated capilar. A proportional�integral�derivative controller (PID)
between temperature reading (Lake Shore) and temperature controlling (butter�y
valve) results in a temperature stability better than 1mK for the temperature range
between 1:5K and 50K and about 10mK from 50K to room temperature. The
PID is a generic control loop feedback mechanism. PID controller corrects the er-
ror between a measured process variable and a desired setpoint by calculating and
then outputting a corrective action tuning the proportional (P), integral (I) and
derivative (D) values.
A superconducting magnet system is situated at the bottom part of the cryostat.

The magnet consists of a twisted multi�lamentary NdTi/Cu solenoid. The system
has been designed and manufactured for Janis Research Company. The operating
current up to 100A and voltage up to 5V is supplied by a power source from
American Magnet System, which allows to create magnetic �elds up to 9T.

The microwave stick

The low temperature magnetization dynamics measurements in MTJs were per-
formed in a home made microwave stick. We created and developed a microwave
stick capable of working in a range of temperature from 1:5K to 300K and at fre-
quencies up to 13GHz.
The microwave stick has three di¤erent parts: the top part (head), the middle

part (body) and the bottom part. The head is the part of the stick connected to the
VNA using SMA connectors. The middle part contains the microwave wiring that
connect the stick head to the bottom part, where a sample holder is placed. The
sample holder is a Cu piece containing the Ge thermometer and where one �xes the
CWG with the sample on top. Once the sample has been properly placed on the
CWG the sample holder is closed with a protective cylinder made of te�on.
The microwave wiring was done using special low temperature-high frequency

semi-rigid coaxial RF cables UT-85 B-B with a beryllium center conductor and
jacket. The connection between this cables and the CWG was done using small
SMP (SubMiniature version P) connectors, a high frequency coaxial connectors with
50
 impedance capable to work up to 40GHz. Due to the reduced dimension of
the cryogenic zone we used a specially designed CWG with the same dimensions of
inner conductor thickness and gap distance and dielectric constants as the one used
for room-temperature CWG but having reduced size. Figure 2.9 illustrates some
details of the microwave stick.
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Figure 2.9: (a) The stick head with SMA connectors in the cryostat developed
and used in the low temperature measurements. (b) Bottom part of the insert
with semirigid UT-85-B-B cables and SMP connectors. (c) The sample holder with
microwave rigid cables connecting UT-85-B-B cables with the wave guide, on the
right side the protective casing. (d) A detailed of the low temperature waveguide
with SMP-connectors, the sample is mounted on top, being the pumping �eld hrf
transverse to the easy axis of the sample magnetization.
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The commercial stick

The recti�cation e¤ect in superconducting this �lms was performed using a commer-
cial stick from Janis Research Company capable of working in a range of temperature
from 1:5K to 300K and at frequencies up to 200MHz by using LakeShore CC-SS-50
coax. cables.
In the case of the superconducting samples is crucial to control, as accurately

as possible, the real temperature of the system, because the �uctuations near the
critical temperature of superconductors may cause incorrect measurements. By
measuring simultaneously transport and noise close to the critical temperature of
nanostructured Pb �lms we veri�ed that the presence of two control loops results in
a temperature stability better than 0:2mK during 3 days close to 7K [115].

2.4 Transport measurements in type-II supercon-
ductor

Using a four probe technique two types of transport measurements are carried out
to obtain the properties of the superconducting thin �lms. First, DC measurements
were used to obtain the critical parameters of the sample such as critical �eld HC ,
critical temperature TC and critical current IC and IV characteristics. On the other
hand, the AC measurements have been performed to investigate the recti�cation
e¤ect of the �lms.

DC measurements

DC measurements techniques were used for investigation of the critical parameters.
The resistance was measured using a Keithley 2182 nanovoltmeter while the mag-
netic �eld or the applied DC current was injected using a Keithley 2400 Multimeter.
A home made LabVIEW computer program, controls the measuring sequence.

AC measurements

AC transport measurements up to MHz range were performed to investigate the
recti�cation e¤ect in superconducting �lms. Basically, the AC measurements consist
of measure the di¤erence of voltage between two points of the sample when an AC
current along the �lm is applied.
While for frequencies below 300 kHz the AC current was measured directly by

a Keithley 2400 Multimeter The AC current with a frequency range from 9 kHz to
147MHz was applied by sending an AC voltage with a Rohde & Schwarz Signal
Generator SM300 through two capacitors. These capacitances were tuned for each
studied frequency to maximize the impedance matching of the system to 50
: The
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Figure 2.10: Experimental set-up for AC transport measurements in superconduct-
ing samples. The AC voltage is generated by the signal generator (SM300), creating
the AC current that travel through the cables in commercial stick. The DC voltage
between electrical contacts is measured with a Keithley 2182 nanovoltmeter

capacitors were placed on opposite sides of the sample and served also to avoid
any possible DC component from the AC current. Voltage readout was done with
a Keithley 2182 nanovoltmeter. Moreover, in order to evaluate the AC current
values sent to the sample and select the best frequencies for the measurements we
performed a calibration of the stick (see Appendix D).

The temperature stability better than 1mK for the temperature range between
1:5K and 50K and about 10mK from 50K to room temperature was crucial to
investigate the recti�cation e¤ect near the critical temperature of the samples.

Once the AC current is applied in the �lm plane and simultaneously the magnetic
�eld, generated by the superconducting magnet system is applied perpendicularly
to the �lm a home made LabVIEW computer program, controls the measuring
sequence: setting temperature, magnetic �eld, AC current. Measuring DC voltage
and writing data to data sheets.

Figure 2.10 shows the scheme of the experimental set-up.
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Figure 2.11: Sketch showing typical superconducting samples designs. (a) Cross
shaped geometry. (b) Strip geometry. Labelling of the contact will be used in data
description presented in Chapter 3.

Sample design

In order to do transport measurements a well sample design is needed, which has
the possibility to use a four probe technique. To ful�ll this condition the sample
needs at least two current contacts and two voltage contacts.
The sample design are shown in Fig. 2.11. The design consist of a cross and

strip shape optically lithographed on the samples. The �rst one (a) has four voltage
contacts placed in the corners of the cross, two contacts for the DC current (I) in
opposite sides of one arm of the cross, and two contacts for the AC current (RF)
on the opposite sides of the perpendicular arm. The second one (b) has six voltage
contacts and to AC or alternatively DC current contacts.



Chapter 3

High frequency recti�cation in
superconducting �lms

3.1 Introduction

According to the induction law, the relaxation of a vortex system in type-II super-
conductors leads to the appearance of an electric �eld. In some cases, mainly in
superconductors with apparent asymmetry, under periodic change of an external
magnetic �eld, the current, or both, the corresponding time-dependent electric �eld
has a non-zero time average. These phenomena have been called recti�cation e¤ects
and were �rst reported in the sixties and early seventies. Di¤erent manifestations
of this e¤ect are the appearance of a DC electric �eld between the edges of a su-
perconductor due to the existence of di¤erent critical currents for opposite current
directions [116] [117] [118], by a combined action of a DC current and a DC mag-
netic �eld [119] [120], DC and AC currents [121], the presence of anisotropic pinning
centers [122], their arrangements [123] and some others [124]
From the point of view of the technological applicability the recti�ers, also known

as diodes, represent one of the most important components of modern electronics.
Di¤erent ratchet systems based on molecular [125], carbon nanotubes [126], ballistic
nanojunctions [127], tunneling [128] or superconducting ratchets [122] [129] has been
proposed, where the one-dimensional asymmetry on these systems was investigated.
A recent renewed interest in nanostructured type-II superconducting �lms aimed
on the control over the vortex motion in superconducting �lms allowing to remove
unwanted vortices [76].
Samples with arti�cially nanostructured non-symmetric pinning centers have

been investigated deeply by injecting current with di¤erent directions relative to the
anisotropy background potential of the sample [76] [79] [122] [123] [130] . Previous
studies explored the recti�cation e¤ect mainly in the kHz range and in supercon-
ducting �lms without apparent anisotropy (in critical current, DC current or DC

49
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applied �eld, etc.), however it would be highly desirable to make possible to gener-
ate DC electric �elds in response to AC current in the kHz and the MHz range in
superconducting �lms without apparent (created by purpose) anisotropy.
With this idea in mind, we have carried out a detailed study of the low ( kHz)

and high (MHz) frequency vortex dynamics in Pb) and Nb plain �lms and Pb and
Nb nanostructured �lms where periodic pinning centers were create, which create
AC current recti�cation. The recti�cation phenomenon is measured by using voltage
contacts attached to the edges of the superconducting �lm either parallel or trans-
verse to the electric current direction. It is shown that the high frequency recti�ca-
tion cannot originate from natural or arti�cially created vortex pinning anisotropy
but most probably due to in�uence of asymmetric surface (Bean-Livingston-like)
barriers for vortex entry and exit into the sample. Alternatively, recti�cation is
explained by a geometric barrier model.

3.2 The superconducting samples

The samples investigated here were grown in the Catholic University of Leuven (V.
V. Moshchalkov group) and in the Complutense University of Madrid (J. L. Vicent
group).

3.2.1 Nb �lms

The experiments were performed on plain and nanostructured Nb �lms with thick-
ness (d) of 100 nm. In both cases, the Nb was deposited on silicon substrates by DC
magnetron sputtering. Nb is a type-II superconductor with a TC of 9:2K in bulk
samples. It is known that the TC of Nb �lms with a thickness below 150 nm have a
lower TC than bulk samples [131]. In the �lms investigated TC ranged from 8:35K
to 8:75K. Besides, the e¤ective penetration depth increases with decreasing thick-
ness of the �lm, so that in our samples has a zero temperature value �(0) = �2(0)=d
of 160 nm, in comparison with a value around 40 nm in bulk samples [131].
The Nb plain �lms were optically patterned to cross shape, with a cross area of

40� 40�m2, or alternatively to strip shape, of width 40�m. In the �rst sample, the
alternating current was injected through opposite arms of the cross, and a direct
current (I) could also be injected through the other two perpendicular arms. Four
voltage contacts (U1, U2, U3 and U4) are situated in the corners of the middle square
of the cross. In the case of the strip, the alternating current is injected from the
ends. On the sides of the strip six contacts allow to measure voltages in longitudinal
direction at two di¤erent distances (40�m and 320�m), and also in the direction
transverse to the current (transverse voltage).
The nanostructured sample was prepared by patterning a rectangular array of

Ni dots by electron beam lithography and DC magnetron sputtering. On top of
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these dots a 100 nm thick Nb �lm was sputtered. By means of optical lithography
the sample was patterned in cross shape geometry with a cross area of 40� 40�m2.
The dimensions of the Ni dots were 250 nm diameter and 40 nm height. It is known
that these dots have in-plane magnetization acting as strong pinning centres for the
vortices due to edge stray �elds. The size of each rectangle (lattice unit cell) was 0:4�
0:5�m2 regular lattice. Further information about �lms growth and characterization
can be found in references [132] and [133].
Figure 3.1 shows the contacts con�guration of the cross (a) and strip (b) shapes

and some images taken with scanning electron microscopy (SEM) in plain (c) and
nanostructured (d) Nb samples.

3.2.2 Pb �lms

In this case the experiments were performed on plain and nanostructured Pb �lms.
As in the Nb �lms, the superconducting Pb �lms with thickness of 50nm were
deposited on silicon substrates. Pb is a type-I superconductor with a TC = 7:2K, but
it has been shown [134] that the Pb �lms also correspond to a type-II superconductor
due to the decrease of electronic mean free path in thin �lms. In fact, in the case
of a Pb �lm, the critical thickness for this transition is of 250 nm. In addition, to
prevent oxidation, the Pb �lms were covered by 20 nm of Ge protection layer.
The plain �lm with six voltage contacts was optically patterned to a strip shape

of 100�m width with a distance between longitudinal voltage contacts of 150�m.
On the other hand, a cross shape nanostructured Pb �lm with a square periodic
pinning array of circular holes (antidots), so-called periodic pinning centers (PPCs),
with diameter of 0:6 nm and period 1:5�m and a cross area of 300� 300 �m2 was
fabricated using electron beam lithography. The sample has a TC = 7:22K (for
more sample details see Ref. [135]).
Figure 3.2 shows a surface image of the sample using atomic force microscopy

(taken in the Catholic University of Leuven).

3.3 Vortex recti�cation e¤ects in plain Pb and Nb
�lms

The discussion will start with the investigation in plain Pb strip shaped �lms in
a frequency range from 9 kHz (low frequency) up to 43MHz observing the one-
dimensional (1D) character of the vortex dynamics at low frequencies and how its
character changes when one applies higher frequency drive currents. In the second
part of this section, a detailed investigation of the plain Nb �lms with di¤erent shapes
will be shown: cross shape and strip shape samples. It will be shown that the vortex
dynamics in the high frequency range has a two-dimensional (2D) character.
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Figure 3.1: Sketches showing contact geometries of the samples . (a) The cross
shaped con�guration has four voltage contacts (U1, U2, U3, U4) in the corners of
the cross, two contacts for DC current (I) in opposite sides of one arm of the cross,
and two contacts for the AC current (RF) on the opposite sides of the perpendicular
arm. The �gure shows two capacitors to isolate the AC arm from direct currents
(b) The strip con�guration has two AC current contacts (RF) on opposite sides of
the strip, and six voltage contacts (U1, U2 ,U3, U4, U5, U6), which allow to measure
voltage at di¤erent distances along both sides of the strip, as well as in the transverse
direction. (c) Scanning electron microscope (SEM) image of the plain Nb �lm (strip
shape), the zoom image shows the quality of the edge sample. (c) SEM image of
the array of Ni dots on nanostructured Nb �lm (a = 0:5�m; b = 0:4�m)
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Figure 3.2: Atomic force microscope image on nanostructured Pb �lm with square
periodic pinning array of circular holes (image provided by Lieve van Look, Catholic
University of Leuven).

3.3.1 Plain Pb �lm

First, we discuss the recti�cation e¤ects investigated in the plain Pb �lm with strip
shape. During the measurements the magnetic �eld was applied perpendicularly to
the �lm plane. First of all, the low frequency regime and its characteristic vortex
dynamics was explored. Figure 3.3 shows the typical longitudinal and transverse
DC voltages as a function of the temperature, generated in the Pb �lm at the low
drive frequency of 9 kHz for an applied magnetic �eld of 2G.

Moving clockwise around the four pairs of the voltage contacts, independently of
the applied magnetic �eld, one �nds nearly opposite DC voltages for the longitudinal
contacts at the opposite sides of the strips and relatively small transverse voltage
di¤erences. The resulting nearly uniform longitudinal electric �eld can be explained
in terms of the AC driven net 1D vortex �ow in the direction transverse to the strip,
with the direction indicated by the arrow. When one increases the drive frequency,
the transverse DC potential di¤erence becomes comparable to the longitudinal one.
Figure 3.4a shows the transverse and longitudinal recti�ed voltages measured at
99 kHz.
In all the experiments, independently of the drive frequency, the sum of the DC

potential di¤erence along all four pairs of the contacts U1�2�U2�3�U3�4�U4�1 is
very small (crosses in Fig. 3.4a). This proves that the total number of vortices inside
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Figure 3.3: Two opposite longitudinal and two transversal recti�cation voltages as
function of temperature measured for Pb strip with H = 2G, f = 9kHz, and
IAC = 1:7mA. The lower inset sketches recti�cation voltage pro�le generated at
low AC drive frequencies. The arrow indicates dominant net vortex �ow.

Figure 3.4: (a) Transverse and longitudinal voltages measured for f = 99 kHz,
H = 8G and IAC = 1:7mA. (b) Recti�cation voltage measured in Pb strip from
the opposite sides with f = 43MHz, H = 10G, and IAC = 1mA.
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Figure 3.5: Analysis of the asymmetry of typical I-V characteristic on plain Pb sam-
ple by summing voltage for the left and right current branches. The inset compares
critical currents for the positive and negative branches of the I-V curves close to TC .

the recti�er is determined by the applied magnetic �eld and remains nearly constant.
For frequencies above a few MHz we found an essential similarity in the DC voltages
measured at the opposite sides of the strips when, as for the low frequency data, the
measurements were done by moving clockwise (see Fig. 3.4b).
We discard a possible recti�cation e¤ect due to asymmetries of I-V characteris-

tics. As shown in Fig. 3.5, by summing left and right branches of the I-V curve, does
not exceed 3%. The inset in Fig. 3.5 con�rms this quantifying of the anisotropy by
comparing critical currents determined with a 10�V criterion for the positive and
negative branches of the I-V curves. The origin of this rather small anisotropy could
be related to unavoidable bulk pinning anisotropy and/or defect induced [136] [137]
di¤erence between surface barriers for the left and right sides of the superconducting
strip. This anisotropy, hardly noticeable from the I-V curves, is su¢ cient to account
for the observed low frequency DC voltage and its 1D symmetry.

3.3.2 Plain Nb �lms

Cross shape

This section shows the results on the Nb plain �lm with cross con�guration. As in
the previous experiments, a permanent magnetic �eld was applied perpendicular to
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the �lm surface, and an AC drive current was applied in the direction parallel to the
�lm plane. With the four voltage contacts which may be seen in the scheme of panel
(a) in Fig. 3.1, the permanent voltages could be measured between points on lines
both parallel and transverse to the current (longitudinal and transverse voltages).
The recti�cation at high frequencies proved to be a very intricate phenomenon.

In order to have as much information about it as possible, the dependence of the
voltages on the drive current intensity IAC was studied by using several currents
from 0 to 2mA, as well as the dependence on the frequency of the AC current.
The measurements have been performed in a wide temperature range below the
superconducting phase transition. The temperature was varied in steps of 50mK.
The e¤ects of reversing the applied magnetic �eld and of changing its magnitude
were also studied. Finally, the voltage drop along a closed contour on the �lm plane
was measured.
The main features of the MHz range recti�cation are shown in Figs. 3.6 and

3.7. To control that we are studying e¤ects speci�c for the superconducting phase,
the DC resistance of the sample was measured through the normal-superconducting
transition with the same set of external parameters as in a measurement of the
recti�cation voltage. This could be done thanks to the cross shape geometry with
two perpendicular current probes. A DC current of 1mA is superimposed in per-
pendicular direction to the AC current. The voltage between contacts U2 and U3
are measured with both polarities of the DC current, with the aim of compensating
possible thermoelectric e¤ects.

The di¤erence between these two voltages is used to calculate the DC resistance of
the sample in the presence of the AC current and of the applied magnetic �eld. The
DC current resistance is presented on the right axis of Fig. 3.6a. It may be noted
that the superconducting resistive transition is located at the same temperature
(8:35K) where the recti�ed voltages cease to appear. This proves that the recti�ed
voltages are speci�c of the superconducting phase.
Figure 3.6a represents the voltage measured between contacts U2 and U3 (i.e. in

the direction perpendicular to the applied AC current) as a function of temperature,
and for two applied magnetic �elds of the same magnitude (100G) and opposite
directions. Each curve shows several peaks and sign inversions of the voltage in the
temperature range from 5K up to TC . The measurements show a highly reproducible
temperature dependence. The measured recti�ed voltage (UDC) was independent of
the magnetic history of the sample. Only far below TC a weak history dependence
of the strongly reduced DC voltage was found. It may be noted that the change
in sign of the applied magnetic �eld leads, in general, to a change of sign of the
recti�ed voltage, with approximately the same absolute value, especially not far
from TC . When the magnetic �eld is close to zero (within the precision of about
1G, determined by the magnetic �eld trapped in the magnet and the resolution of
the magnet current supply), the representative DC signals drop by more than one



3.3 Vortex recti�cation e¤ects in plain Pb and Nb �lms 57

Figure 3.6: (a) Measured DC voltage (left axis) transversal to the applied AC cur-
rent, as a function of temperature, with two applied magnetic �elds of opposite
polarity (�100G). The AC current amplitude was IAC = 1mA and its frequency
f = 147MHz. To demonstrate that the recti�cation is a speci�c feature of the su-
perconducting phase �gure shows the temperature dependence of the DC resistance
(right axis) through the superconducting transition. The resistance was measured
between U2 and U3 with a DC current I = 1mA perpendicular to the same ap-
plied AC current and in the presence of the same magnetic �eld of 100G. (b)
Temperature dependences of the recti�ed longitudinal DC voltage with di¤erent
applied perpendicular magnetic �elds from 10G to 300G. The AC current inten-
sity wasIAC = 1:17mA and its frequency f = 43MHz. The inset shows the �eld
dependence of the recti�ed voltage (UDC) at two di¤erent temperatures.
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Figure 3.7: Temperature dependence of the recti�ed voltage (UDC) in four pairs of
contacts around the cross area (U1�2, U2�3, U3�4 and U4�1). H = 100G, IAC =
1:2mA, f = 43MHz. (b) The electric potential pro�les around the cross area are
schematically sketched for temperatures close to TC (T � 8K, right sketch) and
far below TC (left sketch). The dominant vortex �ows in each situation are shown
by arrows. (c) The longitudinal recti�ed voltage measured at opposite sides of the
cross area and in magnetic �elds of opposite polarity.

order of magnitude in comparison with the data obtained at 100G.
In Fig. 3.6b the temperature dependences of the voltage measured in the longi-

tudinal direction (i.e. parallel to the AC current) for three di¤erent magnetic �elds
of the same sign are shown. It is seen that the voltage at a given temperature may
be a non-monotonous function of the magnetic �eld. This is illustrated in the inset
of the �gure, where the recti�ed voltage at two selected temperatures is plotted
as a function of the applied magnetic �eld. These temperatures correspond to the
highest negative peak (7:80K) and highest positive peak (8:29K) of recti�ed voltage
under a �eld of 300G. At 7:80K, the signal is very sensitive to the �eld and its
dependence on the �eld is fairly monotonous, while at 8:29K, this dependence is
non-monotonous and the signal even changes sign when increasing the �eld.
Figure 3.7 shows the temperature dependence of the recti�ed voltages measured

at the four contacts at the corners of the cross (see Fig. 3.1a). The measurements
were performed successively in neighboring pairs of contacts in anti-clockwise sense.
It may be noted that close to TC the DC voltage has nearly the same absolute values
but di¤erent signs for opposite sides of the cross area. The situation is di¤erent at
temperatures T < 0:8TC where recti�cation is dominant on two neighboring sides of
the cross area. Since the voltages between di¤erent pairs of contacts were measured
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in di¤erent experimental runs, we have checked that for a given temperature the sum
of the four voltages is zero, which assures that there is a net zero �ow of vortices
through the entire contour of the cross area.
Figure 3.7c shows another symmetry property of the phenomenon close to TC :

the electric �elds at opposite sides of the cross area interchange when inverting the
magnetic �eld direction. It was found that the above data are reproducible for two
identical plain samples in the temperature region close to TC . Further below TC , the
permanent voltage showed some di¤erences between both samples. This seems to
indicate that in the latter case the e¤ect is mainly due to uncontrolled asymmetry of
the borders or to an inhomogeneous density of pinning centres. These two samples
were patterned for the measuring contacts in two di¤erent zones of the same �lm.
In addition, we studied the dependence of the recti�ed voltage on the intensity

and frequency of the AC current and on temperature. These dependences proved to
be fairly similar for longitudinal and transverse recti�ed voltages. For this reason
we present some data for transverse voltages and some other for longitudinal ones.
In Fig. 3.8, the dependence of the transverse recti�ed voltage UDC on temperature
and AC current intensity is displayed in a three dimensional (3D) contour plot. In
this case, the drive frequency is 50MHz and the applied magnetic �eld is 100G.
One may see that the temperature dependence of the voltage is very complex,

with several changes of sign. Besides, the recti�cation e¤ect is not limited to the
close proximity of TC , but is observed down to TC=2, with current intensities above
1mA. The magnitude of the recti�ed voltage reaches values which are more than
an order of magnitude higher than those reported previously [74] for comparable
AC currents and magnetic �elds but for frequencies in the low kHz range. The
maximum magnitude is also much higher than the recti�ed voltages measured in
the same MHz frequency range in the Nb nanostructured samples which we show
below. The magnitude of the voltage maxima scales with the AC current intensity
and their positions shift in temperature with the change of current. It may be noted
that this shift is not related to any heating e¤ect, because it is at least one order
of magnitude larger than the reduction of TC induced by the AC current. This
reduction of TC may be observed in the �gure as a smooth decrease of the highest
value of temperature where recti�cation shows up when increasing the drive current
(the upper �island�on the map). With IAC = 2:1mA, the data were obtained both
decreasing and increasing the temperature, with no noticeable di¤erence.
Next, I show data on the dependence of the longitudinal recti�ed voltage on the

frequency of AC current and on temperature keeping constant the applied magnetic
�eld (100G) and the current (1:2mA) are shown.
Figure 3.9 shows the temperature dependence of the recti�ed voltage at di¤erent

drive frequencies in the range between 9:9 kHz and 147MHz. Note that panels (a)
and (b) have di¤erent vertical scales in order to highlight the change in magnitude
of maximum recti�ed voltages. For the lowest frequency, i.e. 9:9 kHz, the generated
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Figure 3.8: 3D contour plot of the dependence of the transverse recti�ed DC voltage
(U2�3) on temperature and AC current intensity, with f = 50MHz and H = 100G.
The increase of the maximum magnitude of the (positive or negative) recti�ed volt-
age with increasing AC current intensity is clearly observed. Some displacement of
the maximum to lower temperatures with increasing AC current is also visible.
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Figure 3.9: Dependence of the recti�ed longitudinal (U1�2) DC voltage on the fre-
quency of the AC current and on temperature.(a) Measured frequencies in the kHz
regime from 9:9 kHz to 79 kHz. (b) Measured frequencies in the MHz regime from
0:15MHz to 147MHz. In both regimes IAC = 1:2mA and H = 100G. Note the
di¤erent vertical scales.
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Figure 3.10: (a) I-V curves measured in a Nb plain �lm in cross con�guration with H
= 100G, at two di¤erent temperatures close to TC . (b) Analysis of the asymmetry
of the I-V characteristic for one of the curves from panel (a) (for T/ TC = 0.972):
the solid line plots the sum of the left and right branches U(I+)+U( I-) of the I-V
characteristic, and shows that the asymmetry is nearly negligible, below 3%.

DC voltage appears only close to the critical temperature, and does not exceed a
few �V. On the other hand, for AC drives close to and in the MHz range, we
observe a dramatic enhancement of the measured DC voltage, accompanied by a
very non-monotonous dependence on temperature with a noticeable e¤ect quite far
below the critical temperature.

One could think that the recti�cation e¤ects are caused by an asymmetry of
the critical current magnitudes when the polarity of the current is changed, as was
reported to be the cause of other recti�cation phenomena by Swartz et al. [116].
Indeed, the superconducting �lms under study are almost perfectly symmetric and
present no substantial di¤erence between their DC critical currents with a change
of their polarity, within an error of less than 3%. Figure 3.10a shows the electron
transport characteristics of the Nb cross shaped �lm measured in the DC regime
near TC .
The data show clearly that the I-V curves are almost perfectly symmetric, and

that the recti�ed voltage due to the DC current asymmetry for currents up to 2mA
is below some few �V. This demonstrated by the horizontal curve in Fig. 3.10b,
which presents the sum of the left and right branches of the I-V curve for a selected
temperature, namely for T/TC = 0:972. In a magni�ed scale (not shown) it could
be observed that the values of the voltage registered by this curve are always within
a few �V, being between one or two orders of magnitude smaller than the recti�ed
voltages which we have reported above near and within MHz frequencies, and with
similar current intensities.
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Figure 3.11: Temperature dependence of the longitudinal (U1�2 and U3�4) and
transverse (U2�3 and U4�1) DC voltage generated in a long Nb strip (40*320�m2)
with an applied magnetic �eld of 100G, a drive AC current of frequency 43MHz
and intensity of 1mA. The transverse voltage U2�3 data corresponds to two mea-
surements carried out with di¤erent magnetic history and marked by arrows: �eld
cooled (FC) and zero �eld cooled (ZFC) conditions.

Strip shape

In order to reveal the dependence of the observed recti�cation e¤ect on the �lm
shape, we also performed experiments on a similar plain Nb �lm patterned to a
strip.
Figure 3.11 shows the recti�ed DC voltage as a function of temperature, both in

transverse and in longitudinal directions, in a 40�m wide Nb strip, with a distance
between longitudinal contacts of 320�m. The geometry of the voltage contacts is
shown in Fig. 3.1b.
Some features of the phenomenon are similar in the cross shape �lms and in the

strip ones. The voltages between the pairs of contacts on opposite longitudinal sides
of the �lm (U1�2 and U3�4) and on opposite transverse probes (U4�1 and U2�3) have
opposite signs just close to the transition and comparable magnitudes. However, at
lower temperatures (for example at 7:8K) there is a strong asymmetry between the
opposite borders: U1�2 <<U3�4 and U4�1 <<U2�3.
An important new information can be seen in Fig. 3.12, where I show the

temperature dependence of the recti�ed voltages between pairs of nearby (U5, U1; l
= 40�m) and distant (U1, U2; l = 320�m) contacts at the same border of the strip
is shown. Close to the phase transition U5�1 � U1�2. This is already signi�cant:
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Figure 3.12: Dependence of the longitudinal recti�ed DC voltage of the Nb strip on
the distance between contacts and on temperature. U1�5 (l= 40�m) and U1�2 (8l)
measured in the same border of the strip with an applied magnetic �eld of 100G,
an AC current intensity of 1mA and drive frequency of 43MHz.

the distance between the contacts U1 and U2 is 8 times the distance between the
contacts U5 and U1, i.e. the permanent electric �eld is strongly inhomogeneous
along the border. At lower temperatures U5�1 and U1�2 have opposite signs, what
implies that the electric �eld is not only inhomogeneous but even can change its
sign. I shall return to this observation when discussing the experimental data.One

can also examine the in�uence of magnetic history on these data, which has proved
to be negligible, except at the lowest temperatures where recti�cation is observed.
Indeed, the data in Fig. 3.11 corresponding to the transverse geometry consist of
two curves measured in the same conditions, except that one is taken on heating
after zero �eld cooling (ZFC), and then applying the external magnetic �eld, and
the other one with the temperature decreasing under �eld cooled conditions (FC).
The di¤erence between both curves is very small, except in the low temperature
region highlighted by the arrows.
In the whole frequency range studied, both the longitudinal and transverse DC

voltages are nearly antisymmetric in values with respect to the polarity of the mag-
netic �eld. As an example, Fig. 3.13 shows the recti�ed voltage measured in longi-
tudinal con�guration (U1�2) for both polarities of a magnetic �eld value of 17G. It
was also found that the generated DC voltage depends nonlinearly on the amplitude
of the AC drive.
Above (see Fig. 3.10), in the case of cross shaped samples, the critical current

anisotropy was negligible to explain the rectifying e¤ect. Here it is shown another
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Figure 3.13: Longitudinal dc voltage measured with f =147MHz, IAC=0.46mA for
two nearly opposite magnetic �elds. The upper inset shows dependence recti�cation
voltage U1�2 vs. magnetic �eld for Nb strip when measured with IAC=1.3mA, and
f =43MHz and T/TC=0.99.
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Figure 3.14: Critical current vs. temperature measured at opposite longitudinal
sides of the superconducting Nb strip, with the criterion of a critical voltage of
10�V. The measurements have been performed with applied magnetic �elds of
100G and 200G. It may be seen that for each applied �eld the critical currents
measured at opposite sides of the strip are practically equal.

method to evaluate the possible anisotropy of the critical current, by comparing
the critical currents measured at opposite sides of the strip. It may be seen in Fig.
3.14 that the measured currents practically coincide, for applied �elds of 100G and
200G.

3.4 Vortex recti�cation e¤ects in nanostructured
Pb and Nb �lms

3.4.1 Nanostructured Pb �lm

We have also looked for high frequency recti�cation in arti�cially nanostructured Pb
�lms with a square periodic pinning array of circular holes (antidots) with diameter
of 0:6 nm and period 1:5�m. The idea is to study how the enhanced vortex pinning
can in�uence the e¤ect studied in plain �lms.
The stronger vortex pinning increases the critical current [69] JC and lowers

the recti�ed DC voltage in about an order of magnitude. Moreover, and most
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interesting, at temperatures far below TC the recti�ed DC voltage changes polarity
not only when changing the direction of the magnetic �eld as in plain �lms, but
also when the intensity of the magnetic �eld crosses the so-called matching �elds.
In nanostructured superconducting �lms one de�nes the matching �eld H1 as the
applied magnetic �eld which produces a total �ux through the sample equal to
the �ux of one �ux quantum �0 in each pinning centre. It is assumed that when
the applied �eld is equal to the matching �eld there is a single vortex pinned in
each arti�cial pinning centre. The integer multiples of H1 are called second, third
matching �elds, and so on.
In Fig. 3.15 data for the nanostructured Pb �lm under four applied �elds in

the proximity of H1 (9:2G in this sample [115]) are shown. The drive frequency is
147MHz. It may be seen that only the DC voltage sharp peak near 5:5K is found
to invert its sign when the magnetic �eld intensity crosses the �rst matching �eld.

In the inset of Fig. 3.15, the magnitude of this peak as a function of the applied
�eld for H = - H1=2 to above H3 is plotted. It may be seen that the low temperature
contribution to the recti�ed voltage is clearly non-monotonous above H1 and shows
an oscillating behavior at least up to n=3. For the smallest �elds the DC voltage
is an antisymmetric function of the magnetic �eld for the whole temperature range
(see behavior near H = 0 G in the inset). It seems interesting to note that the
permanent voltage inverts sign not only when crossing the integer matching �elds
but also near the rational �eld H1=2 (i.e. near the magnetic �eld corresponding to
an average half of �ux quantum per antidot). In this latter case we conclude that
the permanent voltage changes sign when moving from a regime with a dominating
�excess of unpinned vortices�for H < H1=2, to the regime with a dominating �de�cit
of unpinned vortices�.

3.4.2 Nanostructured Nb �lm

High frequency recti�cation e¤ects were also investigated in an arti�cially nanos-
tructured Nb �lm with symmetric periodic pinning centres (PPCs), made up of Ni
dots.
As we mentioned above, it is well known that in nanostructured �lms the pinning

force is stronger and obviously better controlled than in plain �lms [132] [69]. The
value of the matching �eld may be calculated by knowing the surface density of
pinning centres in the sample. In the case of nanostructured Nb �lm H1 = �0
/(p� q) = 103G, being p and q the sides of the rectangular unit cell of the Ni dots.
This value is in good agreement with the measured value H1 = 105G [133]. The
critical temperature of the sample is TC = 8:73K.
The nanostructured Nb samples were patterned to the same cross shape as the

plain �lms previously described. As in the case of nanostructured Pb �lms, the
measurements of AC current recti�cation in nanostructured Nb �lms reveal at least
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Figure 3.15: Recti�ed DC voltage U2�3 as a function of temperature in a Pb �lm
with an array of holes. The data have been obtained with magnetic �elds close to
the �rst matching �eld H1 = 9.2G, with f = 147MHz and IAC = 0.94mA. The inset
shows the dependence of the amplitude of the low temperature sharp peak near
5.5K, signalled by an arrow, on the magnetic �eld normalized by the �rst matching
�eld H1, when is measured with the same frequency and drive current intensity. The
asymmetry of this low temperature anomaly respective to Hn gradually smears out
for n >3 (not shown).
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two main di¤erences in comparison with plain �lms. First of all, the magnitude of
the recti�ed DC voltage is lower for the same AC current intensity and frequency,
magnitude of the applied magnetic �eld and temperature. Second, at temperatures
far below TC , the recti�ed DC voltage changes polarity not only when the magnetic
�eld changes its sign, as in plain �lms, but also when the magnetic �eld intensity
changes and crosses the matching �elds.
As an example, Fig. 3.16a shows the values of high frequency (147MHz) trans-

verse recti�ed voltage as a function of temperature for three applied magnetic �elds
close to H1.
It may be noted that the form of the curve is very well reproduced for di¤erent

values of the �eld, but the recti�ed voltages change sign when crossing the �rst
matching �eld. We also �nd that the maximum magnitude of recti�ed voltage
(around 20�V) is nearly an order of magnitude smaller than in a plain Nb �lm
with similar geometry and external parameters (Fig. 3.9) showing up to 150�V of
recti�ed signal. Panel (b) shows similar data as in panel (a), but in this case crossing
the second matching �eld H2. The in�uence of crossing the matching �eld can be
identi�ed, but it is weaker than when crossing H1. In panel (c) the results for �elds
near and above H3 are shown. The in�uence of crossing this third matching �eld is
completely smeared out. However, we note that at high �elds the recti�cation peak
is visibly shifted to lower temperatures with increasing �eld, while the magnitude of
the peak does not show a monotonous variation, reaching a maximum in the region
of 1000G.
We have also performed a detailed experimental study, sweeping the �eld at

small intervals with an AC current intensity of 0:94mA and a drive frequency of
147MHz. The data have been represented in Fig. 3.17, as 3D contour plots. One
clearly observes the vertical lines without DC recti�ed signal which correspond to
zero magnetic �eld and to the �rst matching �eld.

3.5 Discussion

In order to explain the results I will discuss two di¤erent models. The �rst one is
based in the microscopic Bean-Livingston (BL) surface barrier for �ux penetration.
But even in absence of this surface barrier and pinning centers for vortices, super-
conductors with a non-ellipsoidal shape can exhibit a barrier for �ux penetration
[138].

3.5.1 The Bean-Livingston barrier model

I start with a discussion of vortex behavior close to the edge of superconducting �lms
which is determined by the BL surface barrier. This is important to help readers to
understand the observed recti�cation e¤ects in restricted geometries.



70 High frequency recti�cation in superconducting �lms

Figure 3.16: Transverse recti�ed DC voltage U2�3 in a nanostructured sample as a
function of temperature for several magnetic �elds. The data have been obtained
with magnetic �elds (a) close to the �rst matching �eld H1 = 105G ; (c) to the
second matching �eld 2H1; and (d) to the third matching �eld 3H1, in all cases with
f = 147MHz and IAC = 0.94mA.
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Figure 3.17: 3D contour plot of the transverse recti�ed DC voltage U2�3 in a nanos-
tructured sample as a function of temperature and applied magnetic �eld, measured
with IAC = 0.94mA and f = 147MHz. The matching �eld H1 is 105G. It may
be seen that the recti�cation e¤ects are quite similar, when crossing zero �eld from
negative to positive �elds, to the e¤ects observed when crossing the matching �eld.
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Figure 3.18: (a) Energy of the �ux quanta E vs. distance from the surface x. at
various applied magnetic �elds. � corresponds to the energy per unit of length of a
single vortex, HC1 is the �rst critical �eld and � is the penetration depth. Figure
taken form [139]. (b) The two oppositely directed asymmetric BL barriers. Arrows
indicate the vortex �ow in the sample.

In the 1960s, Bean and Livingston studied the energy pro�le near the edge barrier
in a type-II superconducting sample [139]. They studied the forces which the vortices
in a semi-in�nite type-II superconductor feel near the surface. The line energy of
the �ux quanta near the surface is as Fig. 3.18 shows.
This energy barrier against �ux motion into or out the sample must exist at low

�elds.
In order to explain our experimental results, we can suppose that the supercon-

ducting �lms have two oppositely directed BL barriers, as Fig. 3.18b shows. At low
drive frequencies ( f � 10 kHz), when the vortex travel distance L = v �1=f � 500�m
is much larger than the transverse dimensions of the strip (d), during each half-
period the vortex motion �feels�negligible bulk pinning anisotropy, as well as some
small unavoidable di¤erence in the symmetrically re�ected shape of the two left and
right BL barrier pro�les. Such periodic vortex motion with large amplitude provides
the 1D recti�cation, as indeed experimentally observed (see Fig. 3.3). At higher
frequencies (f � 100 kHz); the vortex travel distance is reduced and becomes com-
parable to the width of the strip, that is L � d. Here, the vortex velocity is taken
as v = 50m/ s, which was estimated from the measured DC voltages, H=10G and
d= 100�m for Pb or 40�m for Nb. If the typical BL barrier width was taken to be
about b � 1� 5�m, then at the drive frequencies of the order of v=b � 10� 50MHz
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the two opposite transversal vortex �ow patterns would be generated during each of
the half-cycles of the AC drive inside the superconducting strip due to edge ratchets
(see dashed and dotted arrows in Fig. 3.7 and 3.18). This would result in an excess
vortex density closer to the center of the superconducting strip, thus creating two
opposite longitudinal vortex �ows, in accordance with the observed 2D recti�cation
voltage pro�le. The earlier arguments imply that the DC voltage between the same
lateral contacts should change the sign if the direction of the permanent �eld is
changed. This case is shown in Fig. 3.13 where not far below TC the polarity of the
DC voltage is controlled by the polarity of the applied magnetic �eld.
Another natural conclusion is that the DC electric �elds at the opposite sides

of the strip are of the same value and have opposite signs. Near TC the signs are,
indeed, opposite but their absolute values are not equal. Therefore, at high AC
drive frequencies recti�cation has a local character determined by the combined
e¤ect of the small anisotropic vortex pinning and the vortex recti�cation by the two
non-ideal BL barriers. The multiple sign inversion of the recti�ed voltage can be
explained qualitatively by the presence of defects and impurities in a real system.
It has been shown [140] that relaxation times due to vortex entry/exit through BL
barriers are not only very di¤erent, but also show qualitatively di¤erent temperature
dependences. Presence of defects in the real superconducting �lm produces a spatial
variation of the BL barrier along the strip [136] [141], naturally explaining multiple
sign inversions for the longitudinal DC voltage as well as the linked to it transversal
one.

3.5.2 Meissner currents induced geometric barrier model

Surface barriers which experience vortices in superconductors were introduced to
explain experiments in which relatively large critical currents were observed with a
very weak bulk pinning. Initially only BL surface barrier was considered. As was
discussed in the previous paragraph, vortices can experience BL barrier asymmetry
during their exit and entry in the superconducting structure. For relatively high
frequency AC currents in the presence of magnetic �eld this may induced DC rec-
ti�cation of the opposite sign on the opposite sides of the superconductor. The BL
barrier model employed has some drawback because barrier shown in Fig. 3.18 was
calculated for the external magnetic �eld being parallel to the surface of semi-in�nite
superconductor. Therefore, below we discuss an alternative model which explains
the observed high frequency AC current recti�cation in the presence of magnetic
�eld being perpendicular to the superconducting �lm plane and AC current as a
phenomenon produced by the in�uence of Meissner currents induced geometrical
barrier. As we shall see, this new surface barrier, schematically shown in Fig. 3.19,
which may exist in addition to the BL barrier, also explains the main experimental
results.
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Figure 3.19: Vortex potential in a superconducting �lm of width 2W and thickness
d at various perpendicular magnetic �elds. The penetration �eld Hp � HC1

p
d=W;

being HC1 the �rst critical �eld.

To discuss the results within this model, one may consider �rst a superconducting
strip in a magnetic �eld perpendicular to its surface, but without transport current.
The equilibrium vortex lattice is known to occupy not all the sample but to leave
free a region close to its borders (see upper sketch in Fig. 3.20).

This is due to the Meissner currents arising in response to an applied magnetic
�eld and responsible of the surface barriers. This situation was discussed in the case
of a semi-in�nite type-II superconductor in contact with free space in the sixties
and early seventies [139] [143] as has been described in previous paragraphs. More
recently, it has been studied in other geometries, and in the case of thin �lms in a
perpendicular magnetic �eld [137] [142] [144]. When a transport current is applied,
the vortices are pushed to one side (see lower sketch in Fig. 3.20). This shrinks one of
the regions free of vortices and expands the other one [145] [146]. With a su¢ ciently
strong current, the vortices begin to leave the sample at one border while the barrier
at the other border may remain hampering the entrance of the vortices through it.
While the movement occurs mainly close to one border, an electric �eld exists close
to this border and not close to the opposite one, until the vortex lattice achieves a
new equilibrium or begins to move as a whole. If the direction of the current changes,
the vortices leave the sample at the opposite border and an electric �eld of opposite
sign develops close to this border. Therefore, in an alternating current an electric
�eld in one direction arises during a �rst half period close to one border and of
opposite sign close to the other border during the second half-period. This explains
the distribution of DC electric �elds which has been observed close to TC . However,



3.5 Discussion 75

Figure 3.20: Sketch showing the equilibrium distribution of the vortex density in a
superconducting �lm, of width w, calculated in Refs. [142] [143], , in the case (a) of
borders without an applied DC electric current, and (b) with current. See text for
more explanations

this description is clearly too simpli�ed. Imagine a very long strip with electric �elds
of opposite signs at the opposite lateral borders of the strip. This is non-sustainable.
Indeed, let for some value of the longitudinal coordinate, the potential di¤erence
between the opposite lateral borders be zero. Then moving o¤ from this point
in either direction along the strip we should observe an increase of the potential
di¤erence between the borders and this increase is non-limited if the strip is not
limited in its length. This is a clear nonsense and one should admit that there should
be a characteristic length for change in sign of the �eld at a given lateral boundary
when one moves along this boundary. This seems to be con�rmed by the data for
the strip, as may be seen in Fig. 3.12 and in the discussion of this �gure. Admitting
the possibility of opposite signs of the permanent �eld at the same lateral border
and the conclusions made from Fig. 3.17 one has to admit that a part of the vortex
matter moves in phase with the external driving �eld and another part is moving
in antiphase. This would mean that the vortex system decomposes in parts which
are moving in di¤erent ways. Unfortunately, we are unable to say anything de�nite
about the main features of this decomposition and the characteristic length of the
parts which are expected, of course, to be dependent on temperature. Experiments
on a long strip with many contacts along its lateral borders could be revealing in
this aspect. However, such samples are unavailable for us. We hope that these
reported data will stimulate further investigations in this direction. It is natural
to relate the frequency dependence of the observed e¤ect to values of characteristic
times for the relaxation of the vortex and current distributions when the external
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current is changing. It is known that in the presence of both external magnetic
�eld and external current this relaxation is a fairly complicated phenomenon [147].
To have a very rough idea about possible orders of magnitude of the relaxation
times we refer to Gurevich et al. [148] who argued that in systems with vortices
the duration of the �rst stage of relaxation of �eld and current distribution is a
macroscopic quantity which can be expressed via directly measured parameters.
Despite they considered a di¤erent geometry (slab of width a in parallel magnetic
�eld and relaxation after the magnetic �eld change), nevertheless, it makes sense to
try to apply their estimations of the characteristic time, � � �0 (@j=@E) a2, to our
case. Indeed this time has, in any case, the physical meaning of the characteristic
time of di¤usion of magnetic �ux across the sample. If one takes @j=@E as about
its value in the normal phase and a2 as about the cross area, one gets � �10�7 -
10�8 s. This is in a reasonable agreement with the frequencies for which the e¤ect
becomes clearly observable. Another rough estimation of the optimal frequencies
for observation of the e¤ect can be obtained from the estimation of the propagation
time of the signal associated with the deformation of the vortex lattice. The velocity
of this propagation for a vortex lattice in a thin �lm in perpendicular magnetic �eld
has been calculated by Fetter and Hohenberg [149] as

v �
�
eB

mc

�p
q� (�n) ,

where e, m are the electronic charge and mass; c is the light velocity (Gaussian units
are used); � is the e¤ective penetration length for �lms, � = �2=d, where � is the
penetration length for a bulk sample and d is the �lm thickness; q is the dominant
wave vector of the perturbation, n is the vortex density, n = B=�0 . It seems
probable that the characteristic spatial extension of the �signal� is of order of �.
This means that q� � 1, i.e., the velocity depends on the magnetic induction (vortex
density) only and can be estimated approximately. Since the width of the �lm is
approximately the retardation time, which corresponds to the optimum frequency
range of observation of the e¤ect. From this point of view, the e¤ect should be
observed at lower frequencies for wider �lms. We could not check this prediction
but it is worthwhile mentioning that for a 4 mm wide Pb �lm some recti�cation
e¤ect (characterized as �puzzling�by the authors [150]) at 100 kHz frequency and
for magnetic �elds of several kG has been observed. The very general and clearly
tentative ideas exposed above help to understand why we observed a much weaker
signal in nanostructured �lms than in plain ones. The strong pinning of the vortices
should hamper the above described decomposition, decreasing the movement of
the vortex matter. It is remarkable that at matching �elds, when this pinning is
especially strong, the recti�ed signal is almost as weak as at zero �eld.
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3.6 Conclusions

In conclusion, in this chapter I demonstrate the existence of a new kind of DC voltage
observed in samples without non-symmetric pinning centers and under a harmonic,
i.e. time-symmetric AC drive [151] [152]. In the low frequency ( kHz) range the
recti�ed DC voltage presents 1D symmetry. This recti�cation is most important
in the MHz frequency range, where the recti�cation has 2D symmetry. The new
characteristics of the recti�cation are the following: �rst, the DC component of the
electric �eld is completely di¤erent close to the opposite transverse and longitudinal
borders of the sample, relative to the current direction. Second, its values are much
higher in plain samples than in those with arti�cial pinning centers for similar current
densities. Third, the DC voltages exhibit very complicated temperature dependence.
Fourth, the frequency dependence of the voltages is non-monotonous and there is a
frequency of maximal e¤ect at a given applied magnetic �eld. Fifth, the dependence
of the e¤ect on the applied magnetic �eld is also non-monotonous.
We discussed two simple alternative models which seems to explain the main

experimental features (with exception of multiple DC voltage sign inversions) of
the high frequency AC current recti�cation in the presence of magnetic �eld being
perpendicular to the superconducting �lm plane. The �rst is asymmetric Bean
Livingston barrier model and the second is Meissner currents induced geometrical
barrier model.
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Chapter 4

Magnetization dynamics in arrays
of Permalloy dots

4.1 Introduction

During the last years a large amount of investigations have been performed on
patterned submicrometer arrays of magnetic elements with di¤erent shapes such
as arrays of squares [153], rectangles [154], ellipses [155] [156] and triangles [157].
These systems have attracted much interest from the theoretical point of view,
because they present a model system to study low dimensional magnetic phenom-
ena, as well as from the experimental point of view due to possible applications
in magnetic storage devices. The study of spin waves (SWs) in these systems is a
powerful method for probing the dynamic properties of magnetic media in general,
and those of laterally patterned magnetic structures in particular. When the size
of the element becomes comparable to the wavelength of a SW under investigation,
quantization e¤ects appear, which lead to dramatic changes in the SW spectrum
and the SW density of states. Of special interest is the circular geometry, where
no dipolar energy contribution from the edge may appear in the structure. Theo-
retical studies of circular dots with a vortex structure [44], saturated in-plane [158]
and out-of-plane [159] predict multiresonance eigenmodes. From the experimental
point of view it is extremely di¢ cult to study a single magnetic element, because
it challenges the sensitivity of the experimental set-up. To avoid this problem the
elements under investigation are usually assembled in arrays of magnetic elements
which permit the investigation of interdot interactions [160] and collective excita-
tions [161]. Although di¤erent experimental techniques have been used to probe
high frequency magnetization dynamics including Brillouin light scattering (BLS)
[162] and conventional ferromagnetic resonance (FMR) [163], techniques based on
the frequency domain, where the frequency of an external bias �eld is swept, are
very convenient for systems with a non-uniform magnetic con�guration. The vector
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network analyzer (VNA) technique is a promising tool for magnetization dynam-
ics detection in these nanostructures. Novosad et al. [48] have reported the study
of the magnetic vortex resonance in Permalloy dots patterned on a coplanar wave
guide, and observing the vortex translational mode. More recently, Neudecker et al.
[164] [165] have reported multiresonance modes in Permalloy dots by using the VNA
technique, observing vortex state resonances modes (radial and azimuthal modes),
edge resonance modes and saturated in-plane resonance modes.
This chapter is devoted to the investigation of magnetization dynamics, possible

dipolar interaction between dots and possible sources of magnetic anisotropies in
arrays of circular Permalloy dots of 50 nm thickness and 500 nm radius with di¤erent
interdot distances at room temperature in two di¤erent regimes: in-plane saturated
state and vortex state. As will be described in the following paragraphs, azimuthal
modes with a large splitting have been observed when the vortices are present in the
dots close to the dot center. On the other hand, the uniform resonance mode (Kittel
mode) and a second mode, that has been interpreted as magnetostatic backward
volume SW mode, have been observed for in-plane saturated state [166].

4.2 Characterization of arrays of magnetic dots

4.2.1 Sample growth

The technology for the fabrication of high-quality patterned magnetic structures
with lateral extensions on the micrometer, submicrometer, and nanometer scale has
been improved during the past years. Lateral magnetic structures are fabricated
using lithographic patterning procedures. The patterning processes more commonly
used are electron beam lithography (EBL) [167], X-ray lithography (XRL) [168]
and laser interference lithography (LBL) [169]. The studied samples were grown by
using the EBL technique. The main fabrication steps of EBL are the �lm deposition,
the electron beam exposure, etching, and then the sample growth. The arrays of
polycrystalline Permalloy dots have been fabricated on silicon substrates using lift-o¤
techniques. Fig. 4.1 shows the fabrication steps carried out. A double layered resist
spin coating on top of a silicon substrate was exposed to a focused electron beam
(a). The bottom layer is more sensitive to the electron beam than the top layer,
therefore, the bottom layer forms an undercut pro�le when developed (b). After
this step, the magnetic �lm can be deposited on a water-cooled substrate from a
Permalloy target with a growth ratio of 1Å= s (c). Although EBL is a relatively
slow process, the technique is very convenient in order to fabricate arrays of dots
with di¤erent diameters and interdot distances within a limited area of substrate.
Identical properties of magnetic material, grain sizes, distribution and �lm thickness
may be obtained over the whole sample. Finally a lift-o¤ process of the double spin
coating layers was carried out.
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Figure 4.1: Successive steps in the EBL technique: (a) The focused electron beam
is applied on the double layered photoresist spin coating layers. (b) After that, a
photoresist development is done. (c) With the fabrication of the pattern, the process
continues with a magnetic �lm deposition with a growth ratio of 1Å= s. (c) A lift-o¤
process of the double layered resist.

After the sample growth, samples were cut in small pieces and covered by a very
�ne (few micron) layer of photoresists material to prevent the direct contact with
the coplanar wave guide in the set-up. Following this procedure, three di¤erent
periodic square arrays of 50 nm thick circular magnetic dots of 500 nm radius were
fabricated with interdot distances of 1:2; 1:5 and 2:5�m. In order to check the size
and shape of the dots, images of the samples have been obtained by using scanning
electron microscopy (SEM) technique. Figure 4.2 illustrates the images of the three
di¤erent arrays of dots where the edge of the dots show a good quality.

As was described in Chapter 1, depending on the aspect ratio � = L=R , where
L is the dot thickness and R is the dot radius, the circular element could have
in-plane or out-of-plane magnetization. Reduction of the dot radius to micrometer
or submicrometer length scales induces therefore the appearance of a curling spin
con�guration in the dot and the corresponding vortex state formation where spins
are aligned out-of-plane close to the vortex core. This vortex core has an extension of
the order of the exchange length Lex which depends on the exchange sti¤ness A and
the saturation magnetization MS as Lex =

p
(2A=M2

S). The dots investigated have
a thickness of about 3Lex and aspect ratio of about 0.1. These parameters ensure
vortex con�guration in the ground state, i.e. at zero external bias �eld, and uniform
magnetization along the dot thickness (i.e. vertical direction) in the saturated state.
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Figure 4.2: Scanning electron micrographs of the arrays of magnetic dots with in-
terdot distance of 2:5, 1:2 and 1:5�m respectively. We include the length scale of
1�m.

4.2.2 Magnetic characterization

To ensure presence of the vortex con�guration in the ground state the magnetization
curves of the samples were measured. Cowburn et al. [38] reported the magnetic
characterization of arrays of circular nanomagnets with two di¤erent ground states:
vortex and single-domain con�guration by studying experimentally the magnetic
phase diagram as a function of diameter and thickness of circular Permalloy ele-
ments. As shown in Fig. 4.3, they distinguished two types of magnetization curves.
In the case of vortex ground state (Fig. 4.3a) when the magnetic �eld is increased

from negative saturation to positive saturation �eld, the nanomagnets retain the
magnetic moments up to a critical magnetic �eld, named nucleation �eld Hn. After
crossing Hn, the nanomagnet completely loses the magnetization close to zero �eld,
which is characteristic of a vortex state con�guration. Increasing the magnetic
�eld, the vortex is shifted towards the edge of the disk. After reaching a second
critical �eld, called the annihilation �eld Han, the vortex is annihilated from the
dot, resulting in a nearly uniform structure with most of the magnetic moments
aligned in-plane.
In the case of a single-domain con�guration (Fig. 4.3b), the magnetization curves

present a di¤erent behavior. The magnetization inside each dot of the array retains
all their magnetization to form an array of giant spins. Magnetization reversal
occurs by each giant spin rotating coherently and appears at very low magnetic
�elds (around 2� 5 Oe).
Taking into account the early work of Cowburn et al. we have measured the

magnetization curves for the three samples using a vibrating sample magnetometer.
The samples show the typical magnetization curves with a vortex state con�guration.
As an example, Fig. 4.4 shows the magnetization curve for the sample with an
interdot distance of 1:2�m.
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Figure 4.3: Magnetization curves reported by Cowburn et al. [38]. (a) Typical
hysteresis loop with a vortex state formation in the ground state. In this case a
nanodot has thickness (t) of 10 nm and radius (r) of 150 nm. (b) Magnetization loop
for a single domain structure (t = 10 nm; r = 50 nm). The hysteresis loop shows a
low coercive �eld and a high remanence.

Figure 4.4: Magnetization vs magnetic �eld measured at room temperature in the
array of magnetic dots (described in the text) with an interdot distance of 1:2�m:
The right panel zooms the image of the positive branch of the magnetization curve,
where the annihilation and nucleation �elds are marked.
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Figure 4.5: Dependence of the nucleation and annihilation �elds with the interdot
distance for a square array of magnetic dots.

On the right panel a zoom image of the positive branch of the magnetization
curve is shown, where the magnetic �eld direction are indicated. The curve can be
divided in three zones. The �rst one corresponds to magnetic �elds greater than
the annihilation �eld Han, i.e H>Han, where magnetic dots present a single domain
state with an in-plane magnetization. The second one corresponds to magnetic �elds
between nucleation (Hn) and annihilation �elds (Han), i.e Hn<H<Han. In this case
one can distinguish between positive (from 1000 to �1000 Oe) and negative going
branch (from �1000 to 1000 Oe). For positive going branch, the single domain,
with in-plane magnetization, is present up to reach Hn, whereas a vortex state (VS)
is present for the negative going branch, with the vortex near to the dot edge. We
identify this zone as a metastable state (MS). The third one corresponds to magnetic
�elds H<Hn, where VS is stable and is centered on the dot.

Summarizing magnetic characterization, the values of nucleation and annihila-
tion �elds versus interdot distance on the samples investigated can be seen in Fig. 4.5
.One observes that in the limit of weak dipolar interactions between dots nucleation
and annihilations �elds approach to 300 Oe and 600� 700 Oe respectively.
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4.3 Ferromagnetic resonance experiments

4.3.1 Details of data acquisition

As was described in Chapter 2, the evaluation method to obtain the ferromagnetic
resonance (FMR) spectra in arrays of magnetic dots is based on the technique de-
veloped by Kuanr et al. [111] (see Eq. 2.1).

Before the measurements, a detailed calibration of the RF-coaxial cables was
done. This step in the experimental procedure removes possible contributions to the
magnitude and to the phase of the coaxial lines. The evaluated magnetic response
of the samples is based on transmission mode detection (analysis of the magnitude
of the S21 parameter, neglecting re�ections). Applying an external bias �eld one
measures the magnitude of S21 sweeping the frequency from 300 kHz to 8:5GHz.
The reference spectrum was measured at an external bias �eld of 1200 Oe, where
resonant magnetization dynamics is out of the frequency range of the experimental
set-up. In the case of the uniform resonance mode, i.e. Kittel resonance mode,
the resonance peak is �tted to a lorentzian curve in order to obtain the resonance
frequency and its linewidth (see Appendix B for more details on �tting routines).
Typically, the external bias �eld was changed from 1100 Oe down to 0 Oe with �eld
steps of 20 Oe.

4.3.2 Magnetization dynamics of in-plane saturated magne-
tized dots approaching the vortex state

The VNA-FMR experiments have been �rst performed with the external bias �eld
along the <xyz>= <100> direction, i.e along the dot axis. As an example, a
typical normalized response at a �xed magnetic �eld of 750 Oe for a sample with
an interdot distance of 1:5�m is shown in Fig. 4.6. One can clearly distinguish two
separated peaks with di¤erent intensities. The high intensity peak corresponds to
the uniform resonance mode (A-mode) and the weak peak (B-mode) corresponds to
a SW generated in the system.

In order to show the rich variety of the excited SWs in all the frequency and
magnetic �elds investigated, a careful analysis of the three dimensional (3D) images
is plotted for each sample. Figure 4.7 shows the 3D images for the arrays of dots
with interdot distances of 2:5�m, 1:5�m and 1:2�m respectively.
One can clearly distinguish in the �gures three di¤erent excited SWs. One of

them is excited in the Vortex State (VS) region. The resonant response called AM
(from azimuthal mode) is split in two di¤erent branches and will be discussed in the
next section. Two other modes are clearly present when the dots are in the in-plane
magnetized state. In addition to the main FMR uniform mode (A-mode) a much
weaker resonance mode (B-mode) is detected. This resonance with characteristic
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Figure 4.6: A typical FMR spectrum measured with �xed external bias �eld for
the samples studied. The picture shows the spectrum measured in the sample with
1:5�m of interdot distance when the external bias �eld is applied along the <100>
direction. Two separated peaks can be distinguished at high frequency, correspond-
ing to an uniform resonance mode (A-mode) and a weaker intensity SW generated
in the system (B-mode).
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Figure 4.7: 3D images of the FMR spectra (in arbitrary units) measured in the
square array of dots with 2:5; 1:5 and 1:2�m interdot distance. The external bias
�eld is directed along <100>. The dashed lines indicate the annihilation �eld and
divide the ground state in two di¤erent regimes: vortex state (VS) and saturated
in-plane magnetization (SIP) state. Arrows indicate di¤erent excited spin waves.
A-mode is the uniform or Kittel resonance mode while B-mode is a magnetostatic
backward volume spin wave only observable in SIP regime. In VS regime two az-
imuthal modes (AM) are detected. The black lines represent theoretical calculations
of the uniform mode.
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frequencies situated below the Kittel resonance mode has been observed previously
by Gubbiotti et al. [58] by using BLS technique. The B-mode is interpreted as
a magnetostatic backward volume SW mode appearing due to the quantization of
the wave vector q along two directions: the direction of the external bias �eld and
the direction perpendicular to the surface. In addition to the experimental data,
the solid black curves show theoretical calculations of the uniform mode that take
into account both the demagnetizing factor of an individual dot and the interdot
distance. The local FMR �eld Hr(r) is de�ned by the equation [170]

Hr(r) =

s
H2
0 +

M2
S [Nz(r)�Ny(r)]

2

4
� M

2
S [Nz(r)�Ny(r)� 2Nx(r)]

2
; (4.1)

where MS is the saturation magnetization, H0 is the external bias �eld and Nz(r),
Ny(r) and Nx(r) the local demagnetizing factors, whose values are in the case of
an individual dot with � = 0:1 : Nz(r) � 11:01, Nx(r) = Ny(r) � 0:776. In
the above theoretical calculations the following parameters have been used: dot
radius = 500 nm, dot thickness = 50 nm, MS = 830 Oe and (=2�) = 2:96MHz/Oe
(data measured experimentally in [159]). For the magnetic �elds below the vortex
nucleation �eld Hn; the uniform mode is not observable anymore. An interesting
e¤ect can be observed when the interdot distance changes: a shift of both A and
B-modes to higher frequencies and a reduction of the B-mode intensity when the
interdot distance is reduced. Figure 4.8 presents the resonance �elds Hr for both
the A-mode and the B-mode at 6:5GHz.
In the case of the A-mode one can observe a shift to a lower resonance �eld

of around 10Oe when the interdot distance is reduced. In the case of the B-mode
the corresponding shift to a lower resonance �eld is stronger (� 70 Oe) due to
the enhanced in�uence of the dipolar coupling between the dots in this mode, in
agreement with similar observations reported earlier [171]. Kakazei et al. [170]
have reported by means of theoretical studies, supported by conventional FMR
experiments, the appearance of a small angular dependence of the resonance �elds
due to a fourfold magnetic anisotropy in square arrays of circular dots when the
interdot distance becomes comparable to the dot diameter. In order to investigate
the possible e¤ects of a magnetic anisotropy in the system, FMR experiments were
done changing the direction of the external bias �eld to the <110> direction, i.e
along the diagonal of the square array of dots. Figure 4.9 shows the evaluated FMR
signal in the new direction of the external bias �eld.
Experimental results in the new con�guration of external bias �eld direction

show that while for the sample with an interdot distance of 2:5�m the spectrum is
practically independent of the �eld direction, the samples with interdot distances of
1:5�m and 1:2�m show signi�cant increase of the intensity for the B-mode compared
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Figure 4.8: FMR resonance �elds vs. interdot distance of the uniform mode (A-
mode) and the magnetostatic backward volume SW mode (B-mode) at a frequency
of 6:5GHz. The external bias �eld was applied along the <100> direction.

with the <100> direction and the resonance �elds shift to lower values, providing
further support for the previously reported small fourfold anisotropy in the sample
with 1:2�m of interdot distance. This angular dependence of the in-plane resonance
�elds for these samples con�rms the presence of a weak (<6%) magnetic anisotropy
in the system when the interdot distance becomes less or comparable to the dot
diameter.

4.3.3 FMR linewidth analysis

From the resonance peak one can evaluate the resonance linewidth obtained by
using the VNA-FMR technique. Figure 4.10 shows the relation between linewidth
and the external bias �eld applied along <100> from 1200 Oe down to 0 Oe for two
of the sampled investigated. It is clearly seen that close to the vortex nucleation
�eld Hn, where the magnetization inhomogeneties in the dots start to grow up, the
VNA-FMR linewidth strongly increases. This increase could be explained by the
proximity to a vortex metastable state with magnetic inhomogeneities appearing in
the dot. At the same time, at high in-plane magnetic �elds the FMR for the three
samples studied shows a nearly constant linewidth with values close to 280MHz.
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Figure 4.9: 3D images of the FMR spectra measured in the samples when the
external bias �eld was applied in the <110> direction. The dash lines indicate
the annihilation �eld and divide the spectrum in two regimes: vortex state (VS)
and saturated in-plane magnetization (SIP). The arrows indicate di¤erent excited
SWs. The A-mode is the uniform or Kittel resonance mode while the B-mode is
a magnetostatic backward volume SW only observable in the SIP regime. In the
VS regime two azimuthal modes (AM) are detected. The black lines represent
theoretical calculations of the uniform mode.
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Figure 4.10: VNA-FMR linewidth vs. magnetic �eld applied along the <100>
direction for two of the samples studied. Magnetic �eld decreased from the saturated
state. The vertical dash lines indicate the corresponding vortex nucleation �elds.

4.3.4 Vector network analyzer and conventional FMRmeth-
ods

In addition to the VNA-FMR data, the FMRwas also measured by using the conven-
tional cavity method in collaboration with Dr. G. Kakazei (University of Oporto,
Portugal). Figure 4.11 compares the derivative of the microwave absorption at
10GHz (X-band) for the samples with 2:5�m and 1:2�m interdot distances, when
the external bias �eld was applied along the <100> direction.

The high amplitude peak corresponds to the Kittel resonance (A-mode) and the
second smaller peak with much smaller amplitude and marked with arrows, is the
SW resonance (B-mode) detected at higher �elds. Additionally, a third peak at
low �elds in the spectra could be related to the vortex resonance excitations. The
separation between A and B modes is 270 Oe when interdot distance is 2:5�m and
330 Oe when the interdot distance is 1:2�m. An extrapolation of the VNA-FMR
data from 8:5GHz to 10GHz made for both samples shows separations between
the A-mode and the B-mode of about 280 Oe for 2:5�m interdot distance, and 315
Oe for 1:2�m interdot distance, demonstrating reasonably good agreement between
both techniques.
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Figure 4.11: Derivative of the microwave absorption of the samples with 2:5�m and
1:2�m of interdot distance. The spectra were taken with the conventional FMR
cavity method. At a �xed frequency of 10GHz the external bias �eld was swept
from 0 to 2000Oe. From the spectra, one can clearly distinguish two di¤erent peaks
in the saturated state, marked with arrows and identi�ed as B-modes and A-modes
for each sample. At low external bias �eld, the spectra show a weak signal that could
be related to a vortex resonance excitation (measurements done by G. Kakazei).



4.3 Ferromagnetic resonance experiments 93

4.3.5 Magnetization dynamics in the vortex state

As was discussed in the Introduction Chapter and was brie�y demonstrated above
(see Figs. 4.7 and 4.9) the magnetic vortex state (VS) is characterized by three
main spin excitation modes named gyrotropic, radial and azimuthal modes (AM)
and therefore has qualitative di¤erences from the saturated state magnetization
dynamics. This paragraph investigates in more detail the magnetization dynamics
when the vortices are present in the magnetic nanodots.
Actually, due to the reduced magnetization, the experimentally measured mag-

netization dynamics response in the VS is considerably reduced in comparison to the
one observed in the magnetically saturated state. Due to this and some other reasons
related to the experimental geometry employed (pumping �eld parallel to the dots
plane with relatively small amplitude not exceeding 0:2 Oe), we could clearly detect
the magnetization dynamics corresponding to only one of the above mentioned three
main modes. In addition, the presence of very weak signals in the VS forced us to
develop a new "di¤erential" detection scheme with multiple averaging.
The experimental measurements were performed with the following procedure:

we started to measure the VNA spectra close to the negative �eld value equal to
the annihilation �eld Ha. The �eld was swept up in steps of 10 Oe, crossing
the zero value and was increased to the region just before the Ha. After that, we
decreased �eld with the same �eld history (down in �eld). We have adopted the
"cage e¤ect" notation for the results obtained using this experimental procedure
following the analogy between a cage (dots) and a bird (magnetic vortex), both
captured in the "cage" and with their response investigated via "inclination of the
cage" from side to side. In order to analyze the results numerically (which basically
provide a di¤erential SW response analog of the typically employed in conventional
FMR measurements) we used as a reference spectrum the one measured just with
the previous �eld, i.e:

U(f)[Hi] =
S21(Hi)

S21(Hi�1)
, (4.2)

We have employed this procedure to investigate the room temperature magneti-
zation dynamics in the VS of three arrays of Permalloy dots with di¤erent interdot
distance and same aspect ratio.
As an example, Fig. 4.12 shows the 3D SW spectrum (top panel), the magneti-

zation curve (middle panel) and the derivative curve of the magnetization (bottom
panel) measured in the �eld region -Ha<H<Ha in the sample with an interdot dis-
tance of 1:2�m , with the external bias �eld applied along the <100> direction and
the pumping �eld hrf being perpendicular to it. The blue color in the top panel
represents maxima while the red color represents minima in the di¤erential spectra.
The blue color in the top panel represents maxima while the red color represents

minima in the di¤erential spectra.
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Figure 4.12: (Top panel). 3D image of the spectra measured using the so-called "cage
e¤ect" being the external bias �eld along the <100> direction and hrf perpendicular
to it. (Middle panel). Normalized magnetization curve of the sample. (Bottom
panel). Derivative curve of the magnetization, with arrows indicating the magnetic
�eld sweeping direction. The vertical lines divide the magnetic �eld region in the
vortex metastable state (MS) and the vortex state (VS).
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Looking into the �eld regions marked as MS, we see that the 3D SW spectrum
shows di¤erent SWs excitations with crossing regions between blue and red lines.
As can be seen in the bottom panel of Fig. 4.12, these crossing regions coincide
with those where positive and negative going magnetization branches coincide. It
is interesting to notice that with the "cage e¤ect" experiments we are not reaching
the annihilation �eld. This allows us to create periodically the metastable state
(MS) when the bias �eld is decreased and to study di¤erent SW excitations either
in metastable (Hn <H<Ha) and the stable vortex (VS) (H<Hn) states.
In the MS state we observed rather complicated SW spectrum.
As was shown in Chapter 1, the high frequency spin wave modes in the vortex

state can be labelled by the number of nodes n and m along the radial � and the
azimuthal � directions respectively (see Eq. 1.20)
Looking at the region marked as VS, the magnetization response is not so com-

plicated, with an evident splitting (doublet) of a resonance mode (blue lines), which
seems to correspond to the �rst splitting azimuthal mode (AM) (n = 0;m = �1)
[52]. We identify these AMs due to the scheme of excitation: whereas an out-of-plane
pumping �eld does not a¤ect the initial position of the vortex core and produces the
same initial torque in the magnetization out of the core exciting only radial modes,
an in-plane pumping �eld produces a torque in the vortex core and in the nonho-
mogeneous magnetization out of the core, moving the vortex core away from its
equilibrium position (center) and producing an excitation of modes with rotational
symmetry, i.e. both radial and azimuthal modes. Furthermore, our results are in
good agreement with theoretical [51] and numerical [172] predictions for the values
and the splitting of the AM lowest in energy.
We note that in those cases where parallel to the blue lines there are red lines

also present, this actually does not represent any additional excitation mode but
appears due to the di¤erentiation method used. For the same reason, the dynamic
response is absent close to H=0. Finally, one can observe a weak mode (yellow line)
that is present in both, VS and MS states.
We have observed a clear correlation between the magnetization curve and the

measured di¤erential SWmode spectrum (Fig. 4.12). Around H=0, the positive and
negative going magnetization branches coincide and make that AMs will be clearly
detectable. On the other hand, for Ha<H<Hn; both the positive and the negative
going magnetization branches do not coincide. This indicates the presence of two
di¤erent energy states for vortices (stable and metastable) at the same magnetic
�eld, creating a qualitatively di¤erent and rather complicated SW modes in the MS
�eld interval.
In order to verify the in�uence of the dipolar interaction between dots on AMs,

the SW modes were measured for the three samples with the interdot distance
varying from 1:2�m to 2:5�m. Figure 4.13 plots the characteristic frequencies (split
doublet) for the �rst AM (n = 0;m = +1 and n = 0;m = �1) vs. interdot distance.
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Figure 4.13: Resonance frequency of the �rst azimuthal mode at zero bias �eld vs
dots aspect ratio. Open symbols correspond to n = 0;m = �1 and full symbols
correspond to n = 0;m = +1. The inset shows the splitting value �f of the doublet
n = 0;m = �1:

From the data, one concludes that decreasing the interdot distance slightly (in about
10%) reduces the resonance frequency of the �rst AM.
As shows the inset of the Fig. 4.13, one observes that the splitting of the doublet

n = 0;m = �1 also decreases with interdot distance approximately to about 2GHz,
i.e. the inter-dot dipolar coupling reduces the �rst AM splitting.
We have also carried out similar "cage e¤ect" experiments when both, pumping

and bias �eld, were applied parallel to the <100> direction. We note, however, that
in the new �eld geometry the intensity of the resonance modes is somewhat smaller
than in the previous experiments, where the pumping �eld was perpendicular to the
bias �eld. Figure 4.14 shows the corresponding 3D di¤erential SW spectrum.
Interestingly we found that a "soft" resonance mode appears in the MS regime

(Ha<H<Hn) with parallel pumping. The di¤erence in the SW response between
parallel and perpendicular pumping in the MS regime could be a consequence of
the proximity of the vortex core to the dot edge. A pronounced splitting mode,
identi�ed as the �rst AM, with a splitting �f � 2GHz, is again detected in the VS.
The splitting of the AMs in circular nanomagnets has been intensively studied

both theoretically and experimentally. Ivanov et al. [173] studied theoretically the
high frequency splitting of the �rst (n = 0;m = �1) and second (n = 0;m = �2)
AM for an individual dot as well as the variation of their frequencies and the splitting
with the magnetic �eld, showing a parabolic dependence of the AM-SW resonance
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Figure 4.14: 3D spin wave spectrum on the array of magnetic dots with an interdot
distance of 1:2�m when the pumping and the external bias �eld are parallel to the
<100> direction measured using "cage e¤ect" .
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on the magnetic �eld. According to the authors, the origin of the AM splitting is the
inter-mode coupling between the low frequency gyrotropic motion of the vortex core
and high frequency SWs in the VS. The perpendicular magnetization of the vortex
core breaks the otherwise perfect symmetry for left and right handed rotations.
The zero magnetic �eld frequency splitting arises from the fact that the magnons
scattered by the vortex core are di¤erent for the clockwise and anti-clockwise modes
[50]. For the �rst AM they evaluated a splitting (�f) of about 0:2GHz when
�(L=R) = 0:1, providing a value which is approximately one half of the low frequency
gyrotropic mode (fG = 0:44GHz).

On the other hand, numerical simulations [172] and experimental detection [52]
have reported splitting of 2GHz and 1:25GHz respectively for the �rst AM when
�(L=R) = 0:1.

More recently, Guslienko et al. [51] also have investigated theoretically the �rst
AM splitting obtaining a value of �f = 1:54GHz. According to the authors, the
frequency splitting of the �rst azimuthal SW modes is interpreted as a hybridization
of these with the gyrotropic mode. The AM may propagate (rotate) either clockwise
or anti-clockwise and therefore is degenerate if does not interact with other SWs.
However, the rotation of the AM in the direction of the gyrotropic mode decreases
the SW frequency (m = �1), whereas the rotation in the opposite direction increases
the SW frequency (m = +1). Although the splitting due to the coupling between
low frequency gyrotropic mode and the high frequency SWs reported by Ivanov et
al. [173] also exists, is one order of magnitude smaller than the splitting factor
obtained with this new alternative (still unpublished) theoretical approach [51].

We conclude that our splitting value of �f = 2GHz is consistent with the previ-
ous experimental works [172] [52] and with the new theoretical approach reported in
Ref.[51]. Figure 4.15 summarizes the SW dynamics in the vortex state by introduc-
ing sketches which explain the di¤erence in the observed two azimuthal modes (with
opposite spin wave propagation) and position of the vortex in the metastable state.
Additionally, the �gure demonstrates a clear parabolic �tting of the AM resonance
frequency vs. magnetic �eld dependence in the stable vortex state (white line in the
VS regime). Qualitatively similar parabolic dependence for the AM frequencies vs
�eld was also observed for the parallel RF pumping scheme. This is agreement with
unpublished theoretical prediction of Guslienko [174]

Figure 4.16 shows the theoretical prediction and the experimental values of the
�rst AM resonance vs. aspect ratio for samples with 1:2�m (full circles) and 2:5�m
(open circles) interdot distances showing the good correspondence between theory
and experiments.
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Figure 4.15: 3D spin wave spectrum in the vortex state as a function of the applied
magnetic �eld measured with "cage e¤ect" procedure. The splitting in the �rst
azimuthal mode correspond to the hybridization of m = +1 (clockwise rotation)
and m = �1 (anti-clockwise) with the vortex translational mode (clockwise). In
the dot the spike represents the vortex core and the in-plane curling magnetization
distribution is marked by di¤erent colors. In metastable state (MS) regions, the
vortex core shifts to the right (increasing �eld) and to the left (decreasing �eld) of
the dot edge. White arrows correspond to the applied �eld direction. White color
lines show �tting of the split azimuthal mode to a parabolic function.
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Figure 4.16: The frequency splitting for the �rst azimuthal mode as a function of
aspect ration: theoretical prediction and experimental data. The solid lines repre-
sent the analytical theoretical results. The obtained here experimental results for
L/R=0.1 are shown for samples with aspect ratio of L/R=0.1 and interdot distance
of 1:2�m (full circles) and 2:5�m (open circles). The smaller symbols correspond
to the experimental data reported in [52] and [53]
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4.4 Conclusions

We conclude that by using the vector network analyzer technique we have investi-
gated the dynamic response of Permalloy dots:
We were able to observe qualitatively di¤erent types of spin excitations in arrays

of Permalloy dots, including the uniform Kittel mode, SWs in con�ned geometries
and VS related SWs. These measurements have been supported by conventional
FMR experiments.
The VNA-FMR-linewidth in the saturated state has been found to increase no-

tably when approaching to the vortex nucleation regime.
In the saturated state, a qualitative di¤erence in the dynamic response between

Permalloy dot arrays with di¤erent interdot distances has been observed, indicating
that the magnetization dynamics of individual dots is a¤ected by a dipolar coupling
between dots when the interdot distance is reduced. The investigation of a possible
angular dependence of the in-plane resonance �elds con�rms the presence of a weak
(<6%) magnetic anisotropy in the samples where the interdot distance becomes less
or comparable to the dot diameter.
Finally, the high frequency modes in the VS has been studied by measuring

multiple SW resonances in the metastable state and near zero �eld. The investigation
has been done using di¤erent excitation schemes with relative orientation of the
RF pumping and the applied magnetic �eld, both being in the dot plane: parallel
(pumping and applied �eld along the same direction ) and transverse (pumping and
applied �eld in perpendicular directions) excitation schemes. Both with the parallel
and the transverse ( perpendicular) schemes the �rst AM (n = 0;m = �1) and its
splitting have been detected and their frequencies (in the VS) were found to vary
quadratically with the bias �eld value. We show that the large splitting of the low
lying azimuthal mode could be a consequence of the hybridization of these modes
with the gyrotropic mode.
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Chapter 5

Magnetization dynamics in
magnetic tunnel junctions

5.1 Introduction

This Chapter presents the investigation of the magnetization dynamics of the mag-
netically soft Permalloy thin �lms grown in magnetic tunnel junctions. The measure-
ments have been carried out in a wide frequency (up to 20GHz) and temperature
(down to 2K) range.
As was previously described in Chapter 1, the basic structure of a magnetic

tunnel junction (MTJ) consists of two ferromagnetic (FM) electrodes separated by
an insulating barrier. It was in 1975 when Jullière reported the �rst evidence of a
tunneling magnetoresistive e¤ect in junctions with FM electrodes of iron and cobalt
sandwiching an insulating barrier of germanium [26]. The e¤ect was observable only
at low temperatures (T= 4:2K) reaching a value of 14% tunnel magnetoresistance
(TMR). The practical realization with high values of TMR had to wait till 1995
when two independent groups [24] [25] reported a signi�cant and reproducible val-
ues of the TMR at room temperature. This was done thanks to the considerable
progress in the deposition and patterning techniques. From the 10.6% room tem-
perature TMR value reported in 1995, the improvement of the growth techniques
and the quality of the structures led to more than 472% room temperature TMR
observed by Hayakawa et al. [175] in 2006 in junctions with an crystalline MgO
barrier structure and CoFeB electrodes. In the case of amorphous alumina barriers,
Wang et al. [176] obtained in 2004 values exceeding 70% room temperatures TMR in
CoFeB/Al2O3/CoFeBMTJs. Advances in the development of both types, crystalline
and amorphous MTJs, together with the advances in the design of low noise and
fast responding to external magnetic �eld devices, stimulated the implementation
of MTJs in technology such as magnetic recording [177], low-�eld magnetic sensors
[178], magnetic random access memory (MRAM) [179], high-frequency spintronics
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[180] and logic devices [181], both at room and low temperatures. The quality of
the junctions depends critically on the type of insulating barrier, the FM electrodes
composition and on the interfacial characteristics [182]. These properties include in-
terfacial roughness, intermixing, oxygen content, which in turn depend on materials
used in the stack, deposition and annealing conditions.
This chapter describes a systematic study of GHz magnetization dynamics in

MTJs with Al2O3 amorphous insulating barriers in a wide temperature range. We
employ ferromagnetic resonance (FMR) studies which, as was explained in the Chap-
ter 1 and 2, has been an e¤ective tool during the last decades to get insight into both
the magnetization dynamics and the quality of di¤erent magnetic structures such as
single ferromagnetic layers [183], multilayers [184], exchange biased layers [185], and
MTJs [186]. The resonance linewidth is dependent on the intrinsic magnetic damp-
ing and on extrinsic factors. The extrinsic factors include the quality of the FM
electrodes, i.e. the presence of local moments or antiferromagnetic phases produced
by a non ideal oxygen distribution near the tunnel barrier, leakage spin currents,
thermally agitated spin di¤usion and presence of undesirable magnetic coupling such
as Néel or �orange-peel�coupling. Both the intrinsic and the extrinsic damping, are
important in determining switching times [187], oscillator linewidth [188], and detec-
tor bandwidths in MTJ devices [180]. The extrinsic damping may also be correlated
with other important device properties such as switching distributions in MRAM
devices and low frequency noise in magnetic �eld sensors.
The Chapter is divided in three di¤erent sections:
� The study of the in�uence of annealing conditions on the quality of MTJs

measured via FMR.
� The in�uence of di¤erent oxidation processes on the quality of MTJs deter-

mined via FMR, and �nally
� The in�uence of temperature on the magnetization dynamics and the static

magnetic properties of MTJs.
In all junctions under study the magnetization dynamics of Permalloy free layer

is measured. When appropriate, also a response of the reference Permalloy �lm is
studied.

5.2 MTJs: sample preparation and structure

Most of the MTJs investigated (except speci�ed separately) were grown during 3+3
months scienti�c visits of Juan F. Sierra to the group of Dr. Stephen Russek,
NIST-Boulder, Colorado, USA, by using the sputtering technique. The sputtering
system is located in an ultra high vacuum (UHV) chamber with a base pressure of
10�9 torr. The DC-magnetron sputtering chamber has eight sputtering guns. The
samples are grown in a controlled atmosphere of an inert gas of Ar. Basically, the
process consist of collide a target of the material that is to be deposited, with ions.
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In the collision, ions pull up atoms that are deposited on a substrate. Ions are
originated and accelerate in a plasma, produced in an Ar atmosphere in the system.
The di¤erence of voltage between the target (cathode) and a metallic ring that
surround it (anode) leads to electric discharge that produce the gas ionization. The
particularity of the magnetron sputtering system is the use of a magnetic �eld to
produce a plasma con�nement around the target, this makes that the process will be
more e¤ective. The DC power used for the deposition varies from target to target,
typically ~100W for 2�� targets. Furthermore, a pre-oxidation process well before
insulating barrier deposition was introduced in some MTJs, this could be possible
thanks to the di¤erent gas �ow that can be applied in the sputtering chamber. Figure
5.1a shows a picture of the sputtering chamber, located in the National Institute of
Standards and Technology (NIST) and a picture of the substrates used for MTJs
deposition.

MTJs were deposited on insulating quartz substrates (Fig. 5.1b). Deposition
pressure was of a few m torr in an Ar atmosphere and was done at room tempera-
ture in an applied DC magnetic �eld parallel to the substrate surface of � 18mT.
After deposition, the samples were annealed in-situ at 250 C for one hour in applied
DC magnetic �eld of 20mT. The basic structure of the MTJs investigated is shown
in Fig. 5.1c. Two FM electrodes are separated by an insulating barrier of Al2O3.
The magnetization is free to rotate at moderate applied magnetic �elds in the free
layer, formed by a Ni80Fe20/Co60Fe20B20 or Ni80Fe20/Co90Fe10; while the �xed layer
is formed by a Co90Fe10 layer exchange biased by a natural antiferromagnetic layer
of IrMn. In order to determine the structural characteristics of the samples, a trans-
mission electron microscopy (TEM) images were taken in CNRS-Toulousse (France)
with a low magni�cation (LM) and high resolution TEM (HRTEM) experiments us-
ing a FEI-F20 microscope �tted with a spherical aberration (Cs) corrector (CEOS)
whose point resolution is 0:12 nm. Figure 5.2 shows an example of TEM images
in two of the MTJs investigated. The last section discusses in more details the
TEM images in relation to the temperature dependent magnetization dynamics in
Permalloy.

In the case of tunnel junctions with a Co90Fe10 /Ni80Fe20 free layer, the LM mi-
crographs show the continuity of the stacking over large distances (few �m). The
thickness of the Al2O3barrier is ~1:8 nm with an amorphous texture and pretty
rough. The Ru nIr20Mn80 nCo90Fe10 stacking is found to be polycrystalline with a
large grain size (~10 nm) and textured [111] cfc while the upper Co90Fe10 /Ni80Fe20
/ Ta / Ru layers are less textured with smaller grains. On the other hand, in the
tunnel junctions with Ni80Fe20/Co60Fe20B20 free layer, the LMmicrographs show the
continuity of the stacking over large distances. The Al2O3 barrier is found amor-
phous with a smaller roughness than junctions with Co90Fe10 /Ni80Fe20 free layer and
not evidence of any pinholes was found. The crystallization of the Ru /Ir20Mn80
/Co90Fe10 stacking presents high [111] texture while the upper Co60Fe20B20 layer
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Figure 5.1: (a) DC magnetron sputtering chamber located in NIST, Boulder, USA.
(b) Quartz substrates used for MTJs deposition.(c) The basic structure of the MTJs
investigated. CoFe is exchange biased by IrMn and forms the �xed layer while
NiFe/CoFeB forms the free layer. The thickness of the layers are in nm:
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Figure 5.2: TEM images for MTJs with Ni80Fe20/Co90Fe10 free layer; (a) LM micro-
graphs with showing the continuity of the stacking. (b) HREM micrograph of the
stacking: Note some correlated and anticorrelated variation of the barrier thickness.
TEM images for MTJs with Ni80Fe20/Co80Fe20B20 free layer; (c) LM micrograph of
the MTJ with .(d) HREM images of the stacking. Note the (111) texture of Cu,
Ru, IrMn and CoFe. Ta layer appears amorphous as well as the upper CoFeB layer
and the Al2O3 barrier.
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seems to be amorphous and the Ni80Fe20 upper layer is highly [111] textured.

5.3 In�uence of the annealing

This section describes and discusses the in�uence of annealing processes on the MTJs
quality investigating the magnetization dynamics data obtained using the broadband
vector network analyzer technique. The primary goal is to characterize interfacial
properties of MTJs at the wafer level and correlate regions of increased linewidth
with the reversal of the free and �xed layers, the appearance of magnetization ripple,
and enhanced 1/f noise.
The structure of the MTJs used for FMRmeasurements was: [Ta(5 nm)/ Cu(5 nm)/

Ta(5 nm)/ Ru(2 nm)/ Ir20Mn80(10 nm)/ Co90Fe10(3 nm)/ Al2O3(1 nm)/ Co60Fe20B20
(2 nm)/ Ni80Fe20(23 nm)/ Ta(3 nm)/ Ru(7 nm)], (see Fig .5.1c) where Co90Fe10(3 nm)
forms the magnetically �xed layer. The samples patterned into devices had a sim-
ilar stack structure except that the �xed layer was a Co90Fe10/ Ru/ Co60Fe20B20
synthetic antiferromagnetic. The Co60Fe20B20(2 nm)/ Ni80Fe20(23 nm) forms the
magnetically soft layer which is studied here. The FMR signal shown correspond to
the free layer (FMR of the �xed layer was not measured).
Additional samples with just the free layer [Al2O3(1 nm)/ Co60Fe20B20(2 nm)/

Ni80Fe20(23 nm)/ Ta(3 nm)/ Ru(7 nm)] were fabricated for comparison. The entire
wafers were annealed at 250 �C in the sputtering chamber for one hour in applied
magnetic �eld of 20mT. The wafers were diced into 12 nm coupons and some sam-
ples were further annealed for one hour in an applied magnetic �eld of 100mT along
the same direction as the deposition �eld. In this Chapter we present data obtained
on four coupons from a single wafer: an as-deposited sample, a 250 �C annealed
sample, a 275 �C annealed sample, and a 300 �C annealed sample.
The high frequency magnetization dynamics measurements were carried out at

room temperature by using a commercial Agilent E8363B (PNA series) vector net-
work analyzer (VNA) working at frequencies up to 20GHz and located in NIST-
Boulder. As was mentioned in Chapter 2, one can determine the FMR frequency and
linewidth using the technique developed by Kalarickal et al. [112]. The transmitted
signal was normalized to a spectrum taken at a �eld whose resonance was consider-
ably higher than the resonances being measured. For high frequency scans the ref-
erence �eld was typically 0:6T while for low �eld scans (< 8GHz) the reference �eld
was typically 0:15T. The reference �elds serve also as the initialization �eld which
resets the magnetization to well de�ned state before each measurement. Both pos-
itive and negative going sweeps were obtained in which the initialization/reference
�elds are anti-aligned and aligned with the �xed direction respectively. The absorp-
tion peaks were �tted to a resonance model in which the real and imaginary parts
were �tted simultaneously [112] (see Appendix B). The quasi-static magnetization
was measured as a function of applied magnetic �eld at room temperature by using
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a vibrating sample magnetometer (VSM) situated in NIST-Boulder.
Figure 5.3 shows the resistance of a 64-element MTJ bridge as a function of

applied magnetic �eld along with the resistance noise measured at 10Hz (the applied
voltage was Vs = 1V). These measurements were carried out in NIST. The peaks
in the resistance noise are due to thermally activated magnetization �uctuations.
Noise due to environmental magnetic �eld �uctuations has been eliminated by using
a symmetric bridge, which is largely immune to environmental �eld noise, and by
measuring in a shielded environment with low noise �eld sources. Peaks in the
low frequency noise are seen in the regions of the free layer reversal and the �xed
layer reversal (Fig. 5.3). The noise peaks are considerably larger when the �eld
scan is initiated with the �xed layer being antiparallel to its zero �eld orientation
than when the �eld cycle starts with the �xed layer oriented parallel to its pinned
direction. The main source of the low frequency magnetization noise is thought to
be associated with the magnetization rippled induced in the free layer by disorder
in the �xed layer [189].
Figure 5.4 compares the magnetic �eld dependence of the quasi-static magneti-

zation M, FMR frequency f0, and the FMR linewidth �f0 for the as-deposited and
275 �C annealed MTJ samples. As seen from the M � Hap curves (Fig. 5.4a), the
annealing procedure sharpens the �xed layer transition and pushes the switching
to the higher �elds. Peaks are seen in the free layer linewidth that are associated
with the �xed layer reversal. After annealing, the increase in the linewidth during
reversal is diminished and the peak in the linewidth tracks the increase in switching
�eld. A peak is also observed near the free layer reversal at zero �eld. There is a
small reduction in this peak amplitude and a shift towards zero �eld after annealing.
Di¤erences in the magnetization curves and in the curvature of the FMR fre-

quency vs. magnetic �eld curves are seen after annealing in Fig. 5.4a and 5.4b due
to changes in saturation magnetization MS and in anisotropy �eld Hk. Figure 5.5
plots the measured MS and Hk values as a function of annealing temperature. These
parameters were obtained by �tting the resonance frequency versus magnetic �eld
(Fig. 5.4a) to the Kittel equation

f0 =
�0
2�

q
(Hk +MS +Hap) � (Hk +Hap) , (5.1)

where  is the gyromagnetic ratio. One clearly observes that annealing decreases
the anisotropy �eld and increases saturation magnetization.
The anisotropy arises from the coupling of the �xed and free layer and reduction

on annealing indicates a reduction in this coupling. The increase in magnetization
may be due to the gettering of oxygen by the barrier and a subsequent increase in
the moment of the adjacent magnetic layers. There is a signi�cant change between
the as-deposited sample, which undergoes a 250 �C in-situ anneal, and the same
sample after the ex-situ 250 �C anneal. This may be due to the increased anneal
time, a small error in the in-situ temperature measurement, or to the larger �eld
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Figure 5.3: Resistance of a symmetric MTJ bridge which consists of 64 (16 MTJs
per bridge leg) 10 � 20 �m MTJs verses applied magnetic �eld: (a) positive and
(b) negative going branch. Also plotted is the resistance noise measure at 10Hz of
the MTJ bridge for both positive and negative going branches. The insets show the
measurement geometry and the noise spectra Vn obtained by taking the average of
the Fourier transform magnitude of Vout(t) at zero applied �eld.
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Figure 5.4: Magnetic �eld dependence of FMR frequency (a), magnetization (b) and
FMR linewidth (c) for the as deposited and 275 �C annealed MTJs. The inset to
(c) shows the �t to the linewidth data for the as deposited MTJ as discussed in the
text.
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Figure 5.5: Anisotropy �eld Hk and saturation magnetization MS as a function of
annealing temperature determined from �ts of the FMR frequency versus magnetic
�eld data. The as-deposited MTJs, which are heated to 250 �C in the vacuum
chamber, are also plotted

used in the ex-situ anneals. The positive �eld region of the linewidth can be �t, as
shown in the inset of Fig. 5.4c, using a model that assumes that the linewidth is due
to a combination of extrinsic broadening and intrinsic damping which is described
in [112] as

�f =

�
�0H0 +

4��f0


�


2�

s
1 +

�
�0MS

4�f0

�2
, (5.2)

where � is the Gilbert damping parameter and H0 is a measure of the variation in
the local anisotropy �eld. This formula cannot �t the observed peak in linewidth
near zero �eld. This is expected for several reasons:
1) this model assumes that the regions with di¤erent anisotropy are weakly

interacting, and that the disorder is static (not a function of applied magnetic �eld),
which is not true in this case,
2) �tting the FMR peaks is problematic when the resonance frequency gets

su¢ ciently low that is becomes comparable to the linewidth and
3) the amplitudes of the magnetization oscillation can become quite large when

the resonant frequency goes to zero.
However, �tting the data above 10mT and using the parameters taken from Fig.

5.4 one can obtain an evaluation of � = 0:008 and �0H0 = 3mT for the as-deposited
MTJ and � = 0:008 and �0H0 = 2:5mT for the free layer alone. We see that the
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Figure 5.6: (a) Comparison of magnetization loops and free-layer linewidths in the
region corresponding to the switching of the �xed layer for as-deposited and 300 C
annealed MTJs. The solid arrow indicates the direction of the magnetic �eld sweep
for all of the curves. (b) Correlation between the quasi-static magnetization loop
and the FMR linewidth for the 275 �C annealed sample. Both positive going and
negative going curves are shown. The horizontal thin and thick arrows represent the
directions of the free and �xed layer respectively.

value of the Gilbert damping constant is consistent with what is typically measured
in similar isolated Permalloy �lms, however, H0 values are considerably larger than
the values of 0:5mT reported for isolated Permalloy �lms [112]. The H0 values for
the full MTJ are larger than those for an isolated free layer indicating that there is
an additional disorder in the MTJ presumably due to the magnetostatic interactions
(Néel coupling) between the �xed and free layers.

A detailed comparison between the magnetic �eld dependent magnetization and
the FMR linewidth reveals a strong correlation between these quasi-static and dy-
namic characteristics. In Fig. 5.6a one can observe the behavior of the as-deposited
and 300 �C annealed MTJs near the region of the �xed layer reversal for the positive
going �eld sweep only. The increase in the sharpness of the �xed layer reversal and
the decrease in the amplitude of the linewidth peak upon annealing can clearly be
seen. This behavior is expected since the exchange-biased �xed layer, during rever-
sal, provides a strong inhomogeneous magnetostatic �eld acting on the free layer,
which gives rise to a large extrinsic linewidth as seen in other disordered systems
[190].

The reduction in the linewidth indicates that the anneal has been e¤ective in
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reducing the disorder during the �xed layer reversal. Figure 5.6b shows in more
details the correlation between the free layer linewidth and the quasi-static magne-
tization for the 275 �C annealed sample. Here both positive and negative going �eld
branches are shown. The increase in the free layer linewidth is larger during the
positive going �eld sweep, which corresponds to starting �eld scan with the �xed
layer in its unfavorable orientation. This is similar to what is observed in the low
frequency noise spectra and indicates that when the �xed layer starts out oriented
in a direct opposite to the unidirectional bias �eld more disorder occurs during the
reversal process. In addition, the increase in linewidth occurs well before the onset
of the free or �xed layer reversals. The coercive �eld for free layer switching is typ-
ically 0:5mT whereas the increase in the linewidth begins to occur at �5mT. This
correlates with Lorentz microscopy studies reported on similar samples by Shaw et
al. [189] that show the appearance of magnetization ripple in the free layer well
before reversal occurs.
Summarizing, we found a strong correlation between the regions of increased

FMR free-layer linewidth and the reversal regions of the free and �xed layer, the
regions of excess 1/f noise, and the regions of large magnetization ripple in magnetic
tunnel junctions.

5.4 In�uence of the oxidation process

The next section describes the in�uence on magnetization dynamics of the interfacial
properties of MTJs when a pre-oxidation process well before the insulating barrier
deposition is done. With a MTJ structure similar to one described in the previous
paragraph, the main di¤erence is that a pre-oxidation on the Co90Fe10 layer (the �xed
layer) was introduced during the sample grown by using two di¤erent processes:
� pre-oxidation in a O2 atmosphere and
� pre-oxidation in an Ar plasma atmosphere.
By de�nition, in this section notation (OP) will denote MTJs with pre-oxidation

in a O2 atmosphere while (PP) - the MTJs pre-oxidized with plasma, and �nally
(ST) will denote the standard MTJs. For each type of MTJs the same ex-situ
annealing conditions were applied : 250 �C, 275 �C and 300 �C. The experimental
procedure was similar than the previous one.
Figure 5.7 compares magnetic �eld dependence of the quasi-static magnetization

M , FMR frequency f0, and FMR linewidth �f0 for the three as-deposited OP, PP
and ST MTJs.
Magnetization vs. �eld (M � H) curves (Fig. 5.7a) indicate that PP-MTJs

changes the �xed layer switching to the higher �elds while in OP and ST MTJs
the transition is more abrupt and occurs at lower �elds. This is correlated with the
FMR-linewidth picture (Fig. 5.7c). In the case of PP-MTJ the increase of linewidth
occurs at higher �elds and is smooth compared with the OP and the ST-MTJ where



5.4 In�uence of the oxidation process 115

Figure 5.7: Magnetic �eld dependence of FMR frequency (a), magnetization (b) and
FMR linewidth (c) for the as deposited ST, OP and PP MTJs.
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the increase is very sharp. These e¤ects were observed for each annealing condition
except for 275 �C, where the increase of the linewidth in the regions of the free
and the �xed layer reversal in OP and PP-MTJs were smoother and shown reduced
values in comparison with those observed for MTJs with other annealing conditions.
Using the Eq. 5.1 one can evaluate the saturation magnetization MS and the

magnetic anisotropy Hk from the FMR data. While MS shows similar values for
all the samples studied, Hk decreases in oxidized MTJs. As was discussed in the
previous section, it is most probably that the anisotropy arises from the coupling of
the �xed and the free layer and therefore its reduction with pre-oxidation process
could indicate a reduction in this coupling. By using the expression 5.2, the mag-
netic damping � and the local anisotropy �eld �0H0 are evaluated. For an annealing
condition, one can observe that while the magnetic damping has a value � = 0:008,
�0H0 has approximately a value similar to the isolated free layer �0H0 = 2:5mT
for PP-MTJs and is enhanced for the OP- MTJ (�0H0 = 3:7mT). This e¤ect indi-
cates that the additional disorder in the MTJ, presumably due to the magnetostatic
interactions (Néel coupling) between the �xed and free layers, can be reduced by
using a PP process, while OP looks like that induces more local defects, producing a
strong Néel coupling. Figure 5.8 shows the FMR-linewidth for the studied annealing
conditions. As an example, in panel (a) we plot the linewidth for the isolated free
layer, where a lower values compared with the free layer on MTJs are observed in
all the �eld region.
From the �gures, we observe three characteristics for each annealing conditions

investigated:
1) a strong enhancement in �f0 when the free or the �xed layer switching,
2) a shift to higher �elds of the �xed layer reversal for PP process and
2) in regions near the free and the �xed switching, �f0 presents the greatest

values for OP and the lowest for PP process.
On the other hand, observing the OP processes, an unexpected behavior is ev-

ident, as shown panels (b) and (c), where the positive �eld branch presents a high
deviation of �f0 and a strong enhancement between 0 and 150mT. This e¤ect is an
evidence of the presence of multiple impurities in the samples that have su¤ered this
type of pre-oxidation. On the other hand, it is interesting to observe the linewidth at
Ta = 275

�C. We found a considerable reduction of �f0 in all the samples compare
with other annealing conditions. Furthermore, for higher annealing temperatures
(Ta = 300 �C) �f0 su¤ers a strong enhancement in the reversal regions. This e¤ect
could be due to an atomic di¤usion between adjacent layers, creating impurities
and defects in the layers and inducing in this way an extrinsic contribution to the
linewidth.
Summarizing, we observed the in�uence of pre-oxidation process on the quality

of MTJs. We have found that a plasma pre-oxidation process, carried out well before
the barrier deposition, reduces the FMR-linewidth in the regions of the free or the
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Figure 5.8: FMR linewidth on annealing condition. (a) As-deposited samples. (b)
250 �C annealed. (c) 275 �C annealed and (d) 300 �C annealed.
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�xed layer reversal in comparison to standard tunnel junctions and to MTJs with
O2 pre-oxidation.

5.5 In�uence of the temperature

As we mentioned in the previous sections, the MTJs under study were optimized
for low �eld magnetic sensors applications [189]. In order to improve their low �eld
performance, the MTJ sensors with amorphous Al2O3 barriers employ magnetically
soft FM �lms typically made of Permalloy. Knowledge of the dynamic and static
magnetic response of Permalloy in a wide temperature range is therefore crucial in
a view of potential low temperature applications of these spintronic devices.
As was explained in Chapter 1, temperature dependence of the FMR measured

for in-plane magnetized thin Permalloy �lms revealed an anomalous variation of
the FMR linewidth [191] which has been attributed to spin-impurity interaction
enhanced damping. More recently, enhancement of the FMR frequency in Permalloy
�lms with decreasing temperature has been observed [192] and explained in terms of
magnetization reorientation transition at the Permalloy interface with magnetization
changing from in-plane to out-of-plane at temperatures below 100K This section
presents an investigation of the temperature dependence (2K < T < 300K) of
dynamic and static magnetic properties of about 25 nm single Permalloy �lms and
of Permaloy �lms inserted as a free layer in MTJs with Al2O3 tunneling barriers.
The 25 nm Permalloy �lm (sample A) was grown by electron-beam evaporation

on standard Si(100) wafer covered by a 250 nm natural SiO2 layer without an exter-
nal magnetic �eld applied during deposition (for more details on sample growth and
characterization see [193]). The MTJs under study were grown in the same sput-
tering chamber as described in the previous sections of this Chapter. The MTJs
investigated had the following structure: PINNED-FM/Al2O3(1.8nm)/FREE-FM
with PINNED-FM being exchanged biased pinned magnetic electrode composed
of Ir20Mn80(10nm) /Co90Fe10(3nm). Magnetically free electrodes (FREE-FM) were
Co60Fe20B20(2nm)/Ni80Fe20(23nm) for sample B and Co90Fe10(3nm) /Ni80Fe20(28nm)
for sample C. The entire wafers were covered with a Cu(5nm) /Ta(5nm) to prevent
oxidation and were annealed at 250 C in the sputtering chamber during one hour in
an applied magnetic �eld of 20 mT. Figure 5.9 shows an sketch of the three samples.
The low temperature FMR experiments were carried out with a commercial

Agilent E5071B (ENA series) VNA working up to 8:5GHz . For cryogenic mea-
surements (2K < T < 300K) the variable temperature cryostat with the microwave
stick developed during this thesis, situated in the Magnetrans group at the Au-
tonomous University of Madrid1 was used. The data analysis is based, as described

1For more details on the low temperature RF magnetometer see Chapter 2.
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Figure 5.9: Sketch showing the structure of the 3 samples investigated. The thickness
of the layers is in nm:

in the previous sections, on the method developed by Kalarickal et al. [112]. The
resonance frequency f0 and linewidth �f0 were evaluated by �tting the resonance
peaks to a lorentzian curve. A reference spectrum was measured at �0Hap= 0.2
T for all the �elds scans. On the other hand, the magnetization was measured
as a function of applied magnetic �eld up to 0.5 T using a SQUID magnetometer
with a temperature range from room temperature to 5K (in collaboration with Dr.
M. Garcia, ICMM-CSIC-Cantoblanco, Madrid). In addition, in collaboration with
Dr. E. Snoeck (CEMES- CNRS, Toulouse, France) structures of the di¤erent lay-
ers and interfaces were investigated at room temperature by transmission electron
microscopy (TEM).
Figure 5.10 shows the loss pro�le, i.e. the imaginary part of microwave per-

meability parameter U(f) [112] and compares the magnetic �eld dependence of the
FMR frequency measured at 150K and 10K for the three samples investigated. One
clearly observes a strong variation of f0(H) with decreasing temperature for samples
A and C.
In order to describe in greater detail the temperature dependence of the FMR,

Fig. 5.11 compares the resonant frequency f0(T) and the linewidth �f0(T ) for
samples A-C determined with �0Hap = 20mT . A strong temperature variation of
the resonance peak and the linewidth is observed for sample A and C below about
80K and 50K respectively. We note that sample B presents, however, only weak
(<5%) enhancement of the FMR frequency but with a relevant (about 30%) decrease
of the FMR linewidth below 60K.
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Figure 5.10: 3D contour plot of the FMR at di¤erent external bias �elds. The
pictures show the loss pro�les. The top panel (a-c) shows resonant frequency f0(H)
measured at 150K while the bottom panels (d-f) show f0(H) at T = 10K.
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Figure 5.11: Temperature dependences of the FMR frequency (a) and the FMR
linewidth (b) measured for samples A-C with an applied �eld of 20 mT.

One can determine the variation in the magnetic properties of Permalloy from
the FMR measurements by estimating the in-plane magnetic anisotropy Hk as a
function of temperature. This is done by �tting the uniform resonance mode to
the Kittel equation (Eq. 5.1). It was found that the MS obtained is practically
independent of temperature and showed nearly the same value for all three samples
investigated for which MS � 1T. The estimated anisotropy �eld Hk, however, shows
a much stronger dependence on the temperature, especially noticeable for samples
A and C at low temperatures (see Fig. 5.12a).
Figure 5.12b illustrates an example of the magnetization curve for the sample

C with three di¤erent regions clearly distinguished for parallel (P) and antiparallel
(AP) alignment of the FREE-FM and PINNED-FM layers. One may also analyze
the hysteresis loop of the FREE-FM layer (see inset of Fig. 5.12b) in order to
determine the corresponding coercive �eld Hc of the FREE-FM layer as a function
of temperature. Besides, knowledge of M � H curves allows us to evaluate the
temperature dependence of the total magnetization in the applied �eld of 0:5T
(further calledM�

S). As to the coercive �eld, one clearly observes that in both types
of MTJs the Hc is substantially lower than what is observed for the plane Permalloy
�lm. This strong di¤erence could be due to the in�uence of dipolar �elds created by
domain walls in the hard layer and which originated from the exchange-biased �xed
layer on domain wall nucleation and propagation in the free Permalloy layer. As for
the temperature dependence of the high �eld magnetization, for all samples studied
the M�

S(T ) normalized by the value M
�
S(0:5T) is close to 1, except in proximity to

the temperature interval around 50-60 K where a clear anomaly in M�
S=M

�
S(0:5T ) is
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Figure 5.12: (a) Temperature dependence of the coercive �eld Hc for A-C samples.
(b) Typical magnetization vs. magnetic �eld curve of the MTJs studied. The curve
corresponds to sample C at T = 170K. Three di¤erent regions are observed (see
text). P (AP) denote parallel (antiparallel) alignment between free and �xed elec-
trodes. The value ofM�

S(0:5T) is marked in the �gure. (c) Temperature dependence
of the anisotropy �eld Hk evaluated by using the Kittel equation. (d) Temperature
dependence of theM�

S(0:5T) normalized by M
�
S at 5K. The curve is shown around

the critical temperature TC = 60K.
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observed (Fig. 5.12d).The di¤erences in the form of this anomaly in M�
S=M

�
S(0:5T )

between samples A-C, which evidences an orientation magnetic transition (OT), will
be discussed below in contest of the OT at surface of free or coupled through barrier
by dipolar �elds Permalloy �lms.
The above experimental results show evidence for the possible magnetic orienta-

tion transition due to in Permalloy �lms at low temperatures. As we have already
mentioned, the temperature dependent FMR in Permalloy �lms reported previously
[192], who suggested that the main e¤ect of temperature on the magnetic proper-
ties of Permalloy �lms is increasing the in-plane uniaxial anisotropy and inducing
a surface anisotropy that pushes the magnetization out-of-plane. Here we not only
con�rm this observation ( for Permalloy �lm) but furthermore demonstrate that the
magnitude of the change in the dynamic response at low temperatures is determined
by the type of the material interfacing with Permalloy.
Below we describe a simple qualitative model which seems to explain the main

experimental observations. Following suggestions [192] we attribute the changes in
FMR and in magnetization in both free Permalloy �lm and MTJs with Permalloy
below 60K to reorientation (from in-plane to perpendicular to the interface) tran-
sition of magnetic moments at the Permalloy interface (Fig. 5.13c) sketches shows
only magnetizations changes in Permalloy). Under the assumption that the surface
anisotropy energy is determined by the Permalloy interface stress, our data could
suggest that MTJ with the CoFeB/Permalloy interface (sample B) is more relaxed
than the corresponding interface in the CoFe/Permalloy system (sample C). Indeed
it has been recently reported [194] that similar MTJ FREE-FM electrodes have qual-
itatively di¤erent Al2O3/CoFe/Permalloy and Al2O3/CoFeB/Permalloy interfaces.
While no Fe-O segregation in CoFeB layer was observed when CoFeB was deposited
on Al2O3 barrier, the CoFe layer was found to present some Fe-O and Co segregation
on the top of the barrier which could be responsible for enhanced interface stress,
increasing the surface anisotropy in the CoFe/Permalloy interface and producing
largest variations of the temperature dependence of dynamic properties.
We note that such a possibility is also corroborated by the TEM on MTJs.

Figures 5.13a and 5.13b show TEM images of samples B and C respectively.
From these images one may conclude that the CoFeB layer has a better quality

than the CoFe layer where segregation and partial intermixing with the Permalloy
layer could occur. Indeed, for sample C one observes dark areas which might indicate
that the Co layer is a consequence of segregation close to the Al2O3/CoFe/Permalloy
interface (Fig. 5.13b).
Let us �nally discuss possible origin of unusual upward/downward dependence

of normalized magnetization M�
S=M

�
S(0:5T ) observed in MTJs (samples B and C).

Looking at in M�
S=M

�
S(0:5T ) curves one sees a qualitative di¤erence in the behav-

ior for the samples B and C (MTJs) in comparison to sample A (Permalloy �lm).
Indeed, samples B and C show a similar dependence of M�

S(T ) although magnitude
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Figure 5.13: (a)TEM image of the sample B with CoFeB/Permalloy FREE-FM
layer. One can clearly distinguish the CoFeB/Permalloy interface. (b) TEM image
of the sample C with CoFe/Permalloy FREE-FM layer where dark and white areas
are observed along the Al2O3/CoFe interface. Dark areas may correspond to the
Co precipitation. In addition one may observe the Fe-O segregation in the FREE-
FM layer. (c) Sketch explaining the model of the reorientation transition at the
Permalloy interface due to the surface anisotropy.



5.5 In�uence of the temperature 125

of upward/downward peaks close to TC � 60K being rather di¤erent, which also
strongly correlates with corresponding variation of FMR frequency at low tempera-
tures. At the same time, sample A shows only a very weak upward (maximum) in
M�
S=M

�
S(0:5T ) close to TC with some variation of the FMR at low temperatures.

Qualitatively di¤erent variation of M�
S(T ) in the Permalloy and MTJs could

indicate some qualitative di¤erences in their ground state magnetic con�guration.
In order to understand this qualitative di¤erence of M�

S(T ) curve for MTJs and
Permalloy �lm we suggest some modi�cation of the previously introduced model
(which seems to be appropriate only for Permalloy �lms) to take into account close
proximity to other (hard) ferromagnetic layer to soft Permalloy layer.

In order to understand the upward/downward behavior in theM�
S(T ) curve with

only 20% enhanced/de-enhanced of the in-plane magnetic moments close to TC in
MTJs we suggest mutual in�uence of the pinned (hard) layer and the free (soft) one,
induced by some antiferromagnetic coupling in some regions presenting anticorre-
lated roughness [195] through "orange-peel" coupling mechanism.

It is well known (see Chapter 1) that for a correlated roughness between the
ferromagnetic layers interfacing the insulating barrier a parallel magnetization con-
�guration due to the "orange-peel" coupling is preferred. However, the regions with
anticorrelated roughness should be expected to favour an antiparallel coupling due
to dipolar e¤ects in MTJs [195]. Our analysis below shows presence and in�uence
of this antiparallel coupling on M�

S(T ):

As shown in Fig. 5.14, when the total MTJ structure is saturated at low tem-
peratures (T << TC); some regions of the soft and hard layers interfacing Al2O3
barrier have their magnetic moments out-of-plane due to the surface anisotropy
in Permalloy and dipolar coupling. This means that both magnetic moments are
occupying a relative minimums of energy, corresponding to an out-of-plane mag-
netization. "Spring" sketches dipolar coupling between hard and soft layers (Fig.
5.14a). Close to the TC (T � TC) (Fig. 5.14b) the soft layer starts to su¤er the
orientation transition from out-to-plane to in-plane alignment, creating a time de-
pendent component that enhance the magnetization, moving the soft ferromagnetic
system (Permalloy) toward its global minimum (i.e. in-plane magnetization) and
therefore enhancing M�

S(T ) value. Figure 5.14c sketches what happens at T � TC
when the hard layer, due to its coupling to the soft layer and due to the strong dif-
ference in the metastable energy pro�les, is pushed toward in-plane (trending to be
antiparallel to the soft layer) magnetization con�guration, reducing the total e¤ec-
tive value ofM�

S(T ). As we have already underlined above, the values ofM
�
S(T ) close

to TC do not correspond to equilibrium magnetization values. Finally, at T >> TC
(Fig. 5.14d) both soft and hard layers have in-plane magnetization (both "balls"
are occupying their absolute minimum of energy) in equilibrium conditions with an
antiparallel alignment showing a total magnetization of the stack nearly the same
as at T �! 0:
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Figure 5.14: Sketch explaining proposed magnetization con�guration and the energy
pro�les of both soft and hard layers in the regions with anticorrelated roughness.
Relative and absolute minima correspond to out-of-plane and in-plane magnetiza-
tions respectively for: (a) T << TC . (b) T � TC : (c) T � TC and (d) T >> TC
conditions. Dot lines indicate the magnetic �eld lines. Dashed arrows indicate
non-equilibrium character of magnetization.
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Figure 5.15: (a) TEM image of sample D. (b) TEM image of sample E. Both MTJs
samples have MgO barrier.

In order to verify a possible in�uence of the type of the insulating material on
static and dynamic characteristic of Permalloy at low temperatures we have grown,
in collaboration with J. Moodera group (Francis Bitter Magnet Laboratory - MIT,
USA), two additional epitaxial samples. The �rst one with the structure: Si(<100>)
/MgO(10 nm) /Fe(20 nm) / MgO(2:5 nm) / Fe20Ni80(30 nm) / Al2O3(5 nm) (sam-
ple D) being Fe20Ni80(30 nm) the FREE-FM layer and Fe(20 nm) the FIXED-FM
layer. The second one has the structure Si(<100>) /MgO(10 nm) /Fe20Ni80(30 nm)
/ Al2O3(5 nm) (sample E), i.e. isolated Fe20Ni80(30 nm) grown on MgO.
Both samples are covered by a Al2O3 insulating layer and were analyzed using

TEM images shown in Fig. 5.15.

TEM images of the sample D show a highly crystalline MgO/Fe/MgO/FeNi
stacking with large Fe grains of about 15 nm. The growth directions are [001] for
the two MgO layers and for the Fe one, while the FeNi layer seems to be [111]
textured. The MgO insulating barrier presents a roughness of about 1� 2 nm. On
the other hand, the TEM images of the sample E, indicate that the MgO layer is
epitaxial. The FeNi layer is polycrystalline without any evidence of a high texture.
We have investigated the magnetization dynamics properties (f0 and �f0) vs.

temperature and compared with results obtained for samples A-C. Fig. 5.16 shows
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Figure 5.16: (a) Temperature dependence of the FMR for all samples studied (b)
Temperature dependence of the linewidths for all the samples under study. The
external bias �eld was 20mT

the temperature dependence of f0 and �f0 for samples D and E for an external bias
�eld of �0Hap = 20mT. Within 4%, we have not found a signi�cant temperature
dependence of the FMR, but is interesting to observe the reduced value of �f0 in all
the temperature range investigated for samples D and E. This reduced value may
be due to the high quality of the samples, the reduction of the Néel coupling and
a reduction of defects in Permalloy layers when are deposited epitaxially on MgO
layers.
Summarizing we have investigated the in�uence of the temperature on the

dynamic and static responses of di¤erent magnetic nanostructures with Permalloy
thin layers. We detected a magnetization reorientation transition in the Permalloy
interface at T about 60K due to the enhancement of the surface anisotropy. We
have observed that orientation transition may be modi�ed in MTJs depending on
the interface components. We have put forward simple qualitative model to explain
main experimental observations.

5.6 Conclusions

Chapter 5 has described three main �ndings:
1. From magnetization dynamics studies on magnetic tunnel junctions we have
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found a strong correlation between the regions of increased FMR free-layer linewidth
and 1) the reversal regions of the free and �xed layer determined by quasi-static
magnetization measurements, 2) the regions of excess 1/f noise, and 3) the regions
of large magnetization ripple. The regions of increased linewidth, as with the regions
of increased 1/f noise, are history dependent, i.e. depend on the starting state of
the MTJ. The increase in linewidth occurs well before the onset of the observed
transition in the magnetization and the increase in linewidth is substantially greater
in the MTJ than in a corresponding isolated free layer. We have shown therefore that
increase in the FMR linewidth is a simple and e¤ective method of monitoring the
disordered magnetic structure, interfacial roughness, and the improvement during
the annealing process. Hence, we demonstrate that study of the FMR linewidth of
the free layer of MTJs may be a useful diagnostic on the quality of the MTJs being
developed for a variety of applications.
2. We have investigated the e¤ects of pre-oxidation processes in the quality of

MTJs observing that a plasma pre-oxidation process well before the barrier depo-
sition reduces the FMR-linewidth in the regions where the free or the �xed layer
reversal compare with O2 pre-oxidation and standards tunnel junctions.
3. Finally, the temperature dependence of the static and dynamic magnetic

properties of separately grown Permalloy �lms and Permalloy incorporated as free
layer in MTJs indicate a reorientation magnetic transition at the Permalloy inter-
face below 60-100K due to surface anisotropy of Permalloy. In order to understand
qualitative di¤erence in magnetization of MTJs and Permalloy �lms at low tem-
peratures we discuss possible in�uence of the Néel or "orange peel" coupling of
dynamic and static properties. These �ndings could be important for low temper-
ature applications of devices incorporating Permalloy and especially for the MTJs
with perpendicularly aligned soft and hard layers which are expected to develop
maximum �eld sensitivity [196].
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Chapter 6

General Conclusions

This thesis has presented a detailed investigation of the magnetization dynamics in
magnetic and superconducting nanostructures with and without lateral nanostruc-
turing in a wide range of frequencies and temperatures.

The novel recti�cation e¤ect due to the vortex dynamics in type-II superconduc-
tor �lms have been presented in Chapter 3. Plain and nanostructured �lms with
di¤erent shapes (strip and cross shapes) have been investigated from 9 kHz up to
147MHz. We have observed two di¤erent regimes in the recti�cation: low and high
frequency regimes.
The main di¤erence between low and high frequency recti�cation regimes ap-

pears to be in the symmetry and value of the recti�ed DC voltage. In the low
frequency range the recti�ed DC voltage shows one-dimensional symmetry while a
two-dimensional character of the DC recti�cation voltage is observed in the high
frequency range. We have veri�ed and dismissed the critical current anisotropy a
possible reason for the high frequency recti�cation by measuring the I-V character-
istics.
In the case of plain �lms the recti�ed voltage changes polarity with changing the

direction of the magnetic �eld. Moreover, measurements in the strip shape samples
along the same borders of the strip show a permanent electric �eld being strongly
inhomogeneous along the strip edge.
In the case of arti�cially nanostructured �lms the stronger vortex pinning in-

creases the critical current and lowers the recti�ed voltage in about an order of
magnitude. Far below the critical temperature we have observed changes in the
polarity of the recti�ed voltage not only with changing the direction of the magnetic
�eld as in the plain �lms, but also when the intensity of the magnetic �eld crosses
the matching �elds.
We have proposed two possible theoretical models which qualitatively explain

the main experimental results. The �rst one is based on a surface barrier model
(Bean-Livingston model) and the second one is based on Meissner currents induced
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geometric barrier model. These tentative ideas explain this phenomenon, which
irrespective of its explanation should be taken into account in experimental studies
of recti�cation e¤ects in superconductors.
Chapter 4 presents studies of the static and dynamics properties of the mag-

netization in arrays of Permalloy dots varying the interdot distance form 1:2�m to
2:5�m. From the static magnetic properties we have veri�ed the presence of a topo-
logical magnetic anomaly, i.e a vortex con�guration forming in the ground state.
We have characterized the nucleation and annihilation magnetic �elds. With two
di¤erent excitation schemes, with RF pumping and bias �elds along the dot plane
and being parallel or transverse to each other and by using newly developed a vector
network analyzer broadband magnetometer, we have investigated the magnetization
dynamics in saturated in-plane and in the vortex states. We have detected and iden-
ti�ed two types of the spin waves when the dots are in-plane saturated: the uniform
Kittel mode and other spin wave interpreted as a magnetostatic backward volume
mode appearing due to the quantization of the spin wave vector. Detailed analysis
shows that the dipolar coupling between dots slightly reduces the resonance �eld of
both modes. Moreover, the detailed analysis of the linewidth of the uniform mode
in the saturated state close to the vortex state formation regime have revealed its
remarkable increase when approaching to the magnetic vortex nucleation.
The investigation of a possible angular dependence of the in-plane resonance

�elds con�rms the presence of a weak magnetic anisotropy in the samples where the
interdot distance becomes less or comparable to the dot diameter.
We have detected and investigated the high frequency (GHz) modes in the vortex

state regime as a function of the external bias �eld and with di¤erent (parallel and
transverse) pumping schemes. Multiple SW resonances in the metastable state and
near the zero �eld have been observed. With both parallel and transverse schemes
the �rst azimuthal mode AM (n=0; m=�1) was found to be strongly split with
eigenmode frequencies varying quadratically with the external bias �eld in the stable
vortex regime. The large splitting of the low lying azimuthal mode could be a
consequence of the hybridization of these modes with the gyrotropic mode.

Finally, the Chapter 5 presents the experimental results on the in�uence of an-
nealing, oxidation and temperature on the magnetization dynamics in the magnetic
tunnel junction with a free ferromagnetic Permalloy electrode and with amorphous
Al2O3 insulating barriers.
We have found a strong correlation between the regions of the increased ferro-

magnetic resonance free-layer linewidth and the reversal regions of the free and �xed
layer determined by quasi-static magnetization measurements. Measurements of the
1/f noise presents an excess of noise in the reversal regions. We have investigated the
possible in�uence of the magnetic �eld history, i.e dependence on the initial state
in the MTJs and observed a substantial reduction of the linewidth depending on if
the �eld was increased or decreased close to magnetization reversal transition.
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We have investigated the e¤ect of the oxidation just before the barrier deposition
on the quality of magnetic tunnel junctions by using magnetization dynamic studies
up to 20 GHz at room temperature. Two types of oxidation were done: O2 and
plasma oxidation. For the second type of the process we have observed a reduction
of the linewidth in the regions where free or �xed layer are reversed. This could
indicate a reduction of the layer roughness with plasma oxidation.
The temperature dependence of the static and dynamic magnetic properties of

separately grown Permalloy �lms and Permalloy incorporated as free layer in mag-
netic tunnel junctions have been studied down to 5K. We have observed an anomaly
in the dynamic properties in Permalloy �lms near 60K. In the case of magnetic
tunnel junctions the anomaly in the dynamics properties depends on the free layer
composition. These anomalies indicate a reorientation magnetic transition at the
Permalloy interface. From the static properties we have observed qualitative di¤er-
ences between dynamics and static magnetic response in free Permalloy �lms and
for Permalloy in tunnel junctions. In order to account for main observations we
consider a possible in�uence of the hard layer coupled antiferromagnetically to the
free one due to an anticorrelated roughness between the magnetic layers interfacing
the insulating barrier.
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Chapter 7

Conlusiones generales

Esta tesis ha presentado una investigación detallada de la dinámica de la imanación
en nanoestructuras magnéticas y superconductoras con y sin nanoestructuración en
un amplio rango de frecuencias y de temperaturas.
En el Capitulo 3 se ha presentado el nuevo efecto de recti�cación debido a la

dinámica de los vórtices en superconductores de tipo-II. En un rango de frecuen-
cias que comprende de los 9 kHz hasta 147MHz se han investigado películas con
diferentes formas (forma de cruz y de tira) con y sin nanoestructuración. Hemos
observado dos regimenes en la recti�cación: de baja y de alta frecuencia.
La principal diferencia entre ambos regimenes parece ser la simetría y el valor

del voltaje DC recti�cado. En el rango de baja frecuencia el volatje DC recti�cado
muestra una simetría unidimensional mientras que en el rango de alta frecuencia
la simetría es bidimensional. Por otro lado hemos veri�cado y descartado que ésta
recti�cación proceda de la anisotropía en la corriente crítica.
En el caso de películas sin nanoestructuración, el voltaje recti�cado cambia de

polaridad cuando se invierte la dirección del campo magnético aplicado. Además, las
medidas en las muestras con forma de tira muestran un campo eléctrico permanente
sumamente inhomogéneo a lo largo del borde de la tira.
En el caso de las películas nanoestructuradas, el fuerte anclaje de los vórtices

incrementa el valor de la corriente crítica y disminuye el valor del voltaje recti�cado
un orden de magnitud. Lejos de la temperatura crítica de las películas hemos obser-
vado cambios en la polaridad del voltaje recti�cado no solo cuando se ha cambiado
la dirección del campo magnético aplicado sino también cuando el campo magnético
cruzaba los campos de anclaje de vórtices.
Hemos propuesto dos posibles modelos teóricos que cualitativamente expliquen

los principales resultados experimentales. El primero esta basado en un modelo
de barrera super�cial (modelo de Bean y Livingston) y el segundo está basado en
un modelo de barrera geométrica con corrientes Meissner inducidas. Estas ideas
tentativas explican éste fenómeno, el cual independientemente de su explicación,
debe de tenerse en cuenta en los estudios experimentales del efecto de recti�cación
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en superconductores.
El Capitulo 4 ha presentado el estudio de las propiedades estáticas y dinámicas

de la imanaión en redes rectangulares de puntos magnéticos de Permalloy variando
la distancia entre puntos de 1:2�m a 2:5�m. De las propiedas estáticas de la
imanación hemos veri�cado la presencia de una anomalía topológica magnética, i.e
la formación de un vórtice magnético en el estado fundamental. Hemos caracterizado
los correspondientes campos de nucleación y de aniquilación de estos vórtices en las
distinatas muestras.
Con dos diferentes esquemas de excitación, con el campo de excitación rf y el

campo magnético aplicado en el plano de los puntos y estando en una con�guración
paralela o perpendicular entre ambos, hemos investigado la dinamica de la imanación
cuando los puntos presentaban su imanación saturada en el plano y en estado vórtice.
Para ello hemos usado una nueva técnica basada en un magnetómetro de banda
ancha detectando la señal con un analizador de redes vectorial.
Cuando los puntos tienen su imanación saturada en el plano hemos detectado

dos tipos de ondas de espín: el modo uniforme de Kittel y una onda de espín
que ha sido interpretada como un modo magnetostático de volumen, que aparece
debido a la cuantización del vector de onda de espín. Un análisis detallado, muestra
que el acoplo dipolar entre los puntos reduce levemente el campo de resonancia en
ambos modos. Además, el estudio del ancho de línea del modo uniforme cuando
la imanación estaba saturada en el plano muestra un incremento notable cuando
el campo magnético aplicado se aproxima al valor del campo de nucleación de los
vórtices.
El estudio de una posible dependencia angular de los campos de resonancia ha

con�rmado la presencia de una anisotropía débil en las muestras donde la distancia
entre los puntos era menor o comparable al diametro del puntos.
Hemos detectado e investigado los modos de alta frecuencia en el estado de vórtice

con diferentes esquemas de excitación (esquema paralelo y perpendicular de cam-
pos). Se ha observado múltiples ondas de espín resonantes en el estado metaestable
y cerca de campo magnético cero. Con ambos esquemas se ha observado que el
primer modo azimutal se desdobla con una variación cuadrática de la frecuencia con
respecto al campo magnético cuando el vórtice es estable. Este gran desdoblamiento
del primer modo azimutal puede ser una consecuencia de la hibridación de este modo
con el modo girotrópico.
Finalmente, el Capitulo 5 ha presentado los resultados experimentales de la

in�uencia de tratamientos térmicos de recocido, oxidación y temperatura en la
dinámica de la imanación en uniones túnel magnéticas con un electrodo magnética-
mente blando de Permalloy y con barreras aislates amorfas de Al2O3:
Hemos encontrado una fuerte correlación entre las regiones donde el ancho de

la línea de la resonancia ferromagnética de la capa blanda incrementa su valor y
las regiones donde la capa blanda o dura invierte la dirección de su imanación. El
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estudio de la posible in�uencia de la historia magnética, i.e la dependencia con el
estado inicial de la unión túnel magnética, nos ha permitido observar una reducción
en el ancho de la línea cerca de las regiones de campo magnético donde se produce
la inversión de la imanción en la capa dura o blanda, dependiendo de si el campo
magnético aplicado aumentaba o disminuía su valor.
Hemos estudiado el efecto de la oxidación cuando ésta se aplica justo antes de

depositar la barrera túnel en la calidad de la uniones. Para ello hemos estudiado la
dinámica de la imanación a temperatura ambiente hasta 20GHz. Las oxidaciones
han sido de dos tipos: oxidación con O2 y con plasma. Para el segundo tipo de
procesos hemos observado una reducción del ancho de la línea en las regiones donde
la capa blanda y dura invertía la direción de su imanación. Esto podría indicar
una reducción de la rugosidad de la capa sobre la que se realiza la oxidación con el
plasma.
Hemos estudiado la dependencia con la temperatura hasta 5K de las propiedades

estáticas y dinámicas de la imanación en películas de Permalloy y en Permalloy in-
corporado como capa magnética blanda en uniones tunel. Se ha observado una
anomalía en las propiedades dinámicas en las péliculas de Permalloy cerca de 60K.
En el caso de las uniones túnel magnéticas, la anomalía en las propiedades dinámicas
depende de la composición de la capa magnética blanda. Esta anomalías indican
una reorientación de la imanación en la intercara de Permalloy. De las propiedades
estáticas hemos observado diferencias cualitativas entre las películas de Permalloy y
el Permalloy icorporado en la unión túnel. Para explicar este efecto, se ha consider-
ado una posible in�uencia de la capa dura acoplada antiferromagnéticamente con la
capa blanda debido a una rugosidad anticorrelacionada entre las capas magnéticas
que están a ambos lados de la barrera aislante.
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Appendix A

Transmission lines theory

The key di¤erence between circuit theory and transmission line theory is the elec-
trical size. In circuit theory the dimensions of the electrical circuit (network) are
much smaller that the electrical wavelength, while a transmission line may be a con-
siderable fraction of the wavelength in size. This makes that voltages and currents
will be a distributed parameter that can vary their magnitude and phase over the
length of the circuit.
A transmission line is often schematically represented as a two-wire line, since

transmission lines consist of two parallel conductors. A short segment �z of the line
can be modeled as a lumped element circuit, as shown Fig. A.1 , where R, L, G
and C are the series resistance for both conductors, series inductance for both con-
ductors, shunt conductances and shunt capacitance per unit of length respectively.
L represents the total self-inductance of the two conductors, and the C is due to
the close proximity of the two conductors. R appears due to the �nite conductivity
of the conductors, and G appears due to the dielectric loss in the material between
the two conductors. The two parameters, R and G; represent loss.
Applying the Kircho¤ voltage law and the Kircho¤ current law and taking the

Figure A.1: Schematic representation of a transmission line.
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limit �z ! 0 one obtains the following di¤erential equations for the voltage and
current:

@v(z; t)

@z
= �Ri(z; t)� L@i(z; t)

@t
, (A.1)

@i(z; t)

@z
= �Gv(z; t)� C@v(z; t)

@t
, (A.2)

theses equations are the time domain form of the transmission lines,called telegra-
pher equations. For the sinusoidal steady-state condition, with cosine based phasors,
these equations are simpli�ed to

dV (z)

dz
= �(R + j!L)I(z) , (A.3)

dI(z)

dz
= �(G+ j!C)V (z) . (A.4)

The solution to these di¤erential equations leads to travelling voltage and current
waves on the transmission line and can be written as:

d2V

dz2
� 2V (z) = 0 , (A.5)

d2I

dz2
� 2I(z) = 0 , (A.6)

where  = � + j� =
p
(R + j!L)G+ j!C is the complex propagation constant.

The � parameter is the phase constant and � the attenuation constant. The solution
to equation gives:

V (z) = V +0 exp(�z) + V �0 exp(z) , (A.7)

I(z) = I+0 exp(�z) + I�0 exp(z) . (A.8)

The �rst term on the right hand represents the wave propagation in the +z
direction and the second term represents the wave propagation in the �z direction.
Applying Eq. A.1 to the voltage Eq. A.7 gives the current on the line.

I(z) =


R + j!L

�
V +0 exp(�z)� V �0 exp(z)

�
,

where the characteristic impedance Z0 of the line is de�ned as:

Z0 =
R + j!L


=

s
R + j!L

G+ j!C
. (A.9)
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Notice that Z0 does not depend on the line length, only of the properties of the
conductors and the dielectric material surrounding these conductors.
The wavelength of the travelling waves is de�ned as the distance between two

successive points of equal phase on the wave at a �xed instant of time:

� =
2�

�
. (A.10)

In the special case of a lossless transmission lines R = G = 0. Then � =
!
p
LC and � = 0. The characteristic impedance reduces to

Z0 =

r
L

C
. (A.11)

The standard value for microwave components such as cables, connectors, etc.,
is 50 
:
The wavelength of the line is :

� =
2�

!
p
LC

. (A.12)

In order to have a good control on the behavior of a high frequency circuit,
is very important to realize transmission lines as uniform as possible along their
length, so that the impedance behavior of the line does not vary and can be easily
characterized. A change in transmission line properties, wanted (circuit elements)
or unwanted (welding, matching connections), entails a change in the characteristic
impedance, which causes a re�ection � of the travelling wave, de�ned as.

� =
V �0

V +0
=
ZL � Z0
ZL + Z0

, (A.13)

where ZL is the impedance in the point where the line is mismatched.
It is interesting emphasize that a perfect matching will not produce re�ections

on the line.
Scattering Matrix
When one works with a Vector Network Analyzer (VNA), one can obtain the

real and the imaginary parts of the transmission and re�ection parameters. The
ports of the VNA are connects the microwave circuit. For a two port network one of
the port is connected to the input and the other one to the output of the microwave
circuit under study.
Let us de�ne V +(�)n the incident (+) voltage and the re�ected voltage (-) on port

n. The scattering matrix, for an 2-Port VNA is de�ned in relation to these incident
and re�ected voltage wave as:�

V �1
V �2

�
=

�
S11 S12
S21 S22

��
V +1
V +2

�
, (A.14)
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where S parameters are de�ned as;

Sij =
V �i
V +j

(A.15)

Equation A.15 says that Sij is found by driving port j with an incident wave of
voltage V +j , and measuring the re�ected wave amplitude V

�
i coming out of port i.



Appendix B

Fitting routines

The experimental ferromagnetic resonance curve is �tted to a theoretical model in
order to obtain the frequency and the linewidth of the resonance.
This thesis uses two di¤erent theoretical model.
When the magnetic response U(f) of the sample is evaluated by using Kuanr

method

U(f)Ku =
jS21�H(f)j
jS21�ref (f)j

,

being jS21�H(f)j the magnitude of S21 parameter for a �xed magnetic �eld H
and jS21�ref (f)j the magnitude of S21 measured at the reference �eld, where the
magnetic signal of the sample is out of the frequency range, the experimental data
are �tted to the lorentzian curve

U(f) = U0(f) +
2A�(�f)

4� (f � f0)2 + (�f)2

where U0(f) is the o¤set of the signal, A is the area over the curve and f0 and �f
are the frequency and the linewidth, de�ned as the full width at half maximum of
the response, of the resonance. With U0(f) = 0 and A=1 the model is based in a
two �tting parameters; f0 and �f .
This method is used in the case of arrays of magnetic dots, where the magnetic

signal is considerably less than in the case of magnetic tunnel junctions.
The second method is used when the magnetic signal of the sample is evaluated

with Kalarickal method;

U(f)Ka = �i
ln [S21�H(f)=S21�ref (f)]

ln [S21�ref (f)]
,

The �tting routine consists of dividing the magnetic signal into real and imagi-
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nary part and �tting simultaneously both to the curves to;

ReU(f) = (1 + Re[U0(f)]) +
A�[f ��f � sin(�) + (f 20 � f 2) + cos(�)]

(f 20 � f 2)2 + (f ��f)2
,

ImU(f) = (Im[U0(f)]) +
A�[�f ��f � cos(�) + (f 20 � f 2) + sin(�)]

(f 20 � f 2)2 + (f ��f)2
.

where Re[U0(f)] and Im[U0(f)] are the o¤sets of the real and imaginary parts re-
spectively, A is the area and � is a phase angle. With Re[U0(f)] =Im[U0(f)] = 0
and A=, 1, the model is based in a three �tting parameters; f0, �f and �:



Appendix C

The cryogenic system
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Figure C.1: A detailed scheme of the Janis cryostat used for the low temperatures
measurements. All the distances are in inches.



Appendix D

Calibration curve of the
commercial stick

Figure D.1: Calibration curve of the cable in the commercial stick.
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