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Resumo
Nesta tese são estudados o amortecimento magnético e os efeitos de reticação de spin que
ocorrem devido às correntes de spin em anti-ferromagnetos sintéticos (SAF). Estas propriedades
foram estudadas usando técnicas de ressonância ferromagnética (FMR) de banda larga e medidas de voltagem DC gerado por ressonância ferromagnética. As amostras analisadas foram SAF
simétricos NiFe/Ru/NiFe/NM baseados em Permalloy (Ni81 Fe19 ), com espaçador de Rutênio
(Ru) de diferentes espessuras, e com uma camada de cobertura não magnética (NM) de Ru,
tântalo ou platina.
Para o estudo do amortecimento magnético, foram medidas as larguras de linha em frequência
e em campo, para os modos de ressonância óptico e acústico do SAF, ao longo da toda a
relação de dispersão, nos estados magnéticos saturados e não colineares. Os resultados obtidos
foram comparados com um modelo baseado na equação de Landau Lifshitz Gilbert sem termos
adicionais de bombeamento de spin ou torque induzido por transferência de spin. É mostrado
que este modelo explica a maioria das caraterísticas observadas nas medidas de largura de linha
em campo, com muita boa concordância para o modo acústico. Enquanto para o modo óptico
é observado que a largura de linha medida é maior que a do modelo LLG. Estes resultados
concordam com os reportados na literatura, onde é esperado que no modo acústico as correntes
de spin entre as camadas sejam canceladas entre si, enquanto no modo óptico o aumento do
amortecimento extra é explicado pelo bombeamento de spin entre as camadas do SAF. A
contribuição desta tese é apresentar medidas detalhadas para as magnetizações não colineares,
além de analisar o efeito do alargamento inomogêneo da linha de FMR nestas medidas.
No estudo da reticação de spin, foram identicados dois efeitos que geram voltagem DC: o
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efeito inverso Hall de spin (ISHE) e a reticação por magneto resistência anisotrópica (AMR)
transversal conhecida também como efeito Hall planar. Este segundo efeito acontece devido à
geometria particular do nosso sistema de medida, onde a guia de onda tipo microstrip utilizada
induz uma corrente de rádio frequência (RF) na amostra. É mostrado que o sinal do ISHE é
observado para camadas nas de NiFe, enquanto para camadas maiores de 10 nm o efeito da
AMR é dominante. A reticação de spin em SAFs foi medida para o modo acústico ao longo de
toda a relação de dispersão, incluído o estado antiparalelo, não colinear e saturado. No estado
não colinear é observada e analisada a inversão do sinal da voltagem DC quando a magnetização
entre as camadas do SAF fazem um angulo de 90º. O estado antiparalelo também gera um
sinal de voltagem DC com um perl antissimétrico em relação ao campo zero. Estes resultados
são explicados pela reticação de uma corrente RF, induzida na amostra, devido à magneto
resistência anisotrópica e tem como resultado a geração de uma voltagem DC transversal à
direção da corrente.

Palavras chave
Dinâmica de magnetização , anti-ferromagnetos sintéticos, amortecimento magnético, reticação de spin.
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Abstract
In this thesis the magnetic damping and spin rectication eects that occur due to spin
currents in synthetic anti-ferromagnets (SAF) are studied.

These properties were studied

using broadband ferromagnetic resonance (FMR) techniques and measurements of DC voltage generated due to ferromagnetic resonance. The analyzed samples were symmetrical SAF
NiFe/Ru/NiFe/NM based on Permalloy (Ni81 Fe19 ), with Ruthenium (Ru) spacer of dierent
thicknesses, and with a non-magnetic (NM) capping layer of Ru, tantalum or platinum.
For the study of magnetic damping, frequency and eld line widths were measured in the
optical and acoustic resonance modes of the SAF. These were carried along the entire dispersion relation, in the saturated and non-collinear magnetic states.

The results obtained were

compared with a model based on the Landau Lifshitz Gilbert equation without additional
terms of spin pumping or spin transfer torque. It is shown that this model explains most of
the characteristics observed in eld linewidth measurements, with very good agreement for the
acoustic mode. While for the optical mode it is observed that the measured linewidth is greater
than the obtained from the LLG model. These results are in agreement with those reported
in the literature. It is expected that in the acoustic mode the spin currents between the layers
cancel each other, while in the optical mode the increase in extra damping is explained by
the spin pumping between the layers of the SAF. The contribution of this thesis is to present
detailed measurements for non-collinear magnetizations, in addition to analyze the eect of
phenomenological inhomogeneous linewidth not predicted in the LLG model.
In the study of spin rectication, two eects that generate DC voltage were identied: the
inverse spin Hall eect (ISHE) and the recticationd due transverse anisotropic magneto re-
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sistance (AMR), also known as the planar Hall eect (PHE). This second eect is due to the
particular geometry of our measurement system, where the microstrip waveguide induces a radio frequency (RF) current in the sample. It is shown that typical ISHE signals are observed for
NiFe thin layers, while for layers larger than 10 nm the AMR eect is dominant. Spin rectication in SAFs was measured for the acoustic mode over the entire dispersion relation, including
the antiparallel, non-collinear and saturated state. In the non-collinear state, an inversion of
the DC voltage signal is observed when the magnetization between the SAF layers makes an
angle of 90º. The antiparallel state also generates a DC voltage signal with an antisymmetric
prole with respect to the zero eld. These results are explained by the rectication of an RF
current, induced in the sample, due to the anisotropic magneto resistance eect, which results
in the generation of a DC voltage transverse to the current direction.

Keywords
Magnetization dynamics, synthetic anti-ferromagnets, magnetic damping, spin rectication.
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1 Introduction
In a Ferromagnetic materials atoms are arranged in a lattice, and their magnetic moments
interact each other to align themselves parallel to each other.

The ferromagnetism eect is

described in classical theory by the presence of a molecular eld within the ferromagnetic
material.

This eld is large enough to magnetize the material to saturation.

In the 20th

century, the quantum mechanics revealed the concept spin of electron. Many famous names
comes e.g Pauli, Dirac, Fermi, Heisenberg, Bloch and Neel for the signicant contributions to
the theory of metals and magnetism. The Heisenberg model of ferromagnetism describes the
parallel alignment of magnetic moments in terms of exchange interactions between neighboring
moments.

With the evolution of time, the phenomenon of giant magnetoresistance (GMR)

was discovered by Baibich et al. in 1988 [1], then this concept is used to prepare spin valves
and magnetic tunnel junction, thus introducing the new eld, called spintronics, where spins
of electrons are used to transfer information.
In spintronics, ferromagnetic materials have caught extensive interest due to their applications. Moreover, in recent times, the discovery of new ferromagnetic materials and exploration
of their dynamic magnetic characteristics, open new horizons to develop and optimize the wide
range of technological devices. [25].
Dynamical measurements provide a lot of information about magnetic materials [6]. They
have an ability to determine the magnetic parameters (magnetization, bulk and surface anisotropies,
exchange constants, dipole elds) of individual lms and can also determine the strength of the
exchange bias and Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling.

Dynamical measure-

ments also give insight of one additional parameter, linewidth of resonance absorption that

1

characterizes the damping in the system. narrower is the linewidth, better will be the quality
of ferromagnetic lm.
At present, research on magnetic devices operating at high frequencies is at the peak. Particularly, spintronics devices with applications in sensing and data storage are used at frequencies
comparable to the natural ferromagnetic resonance frequency.

Complex magnetization dy-

namics relies on the anisotropy and non-uniformity of the magnetization, which are governed
by structural properties of the samples [7].

Due to structural imperfections, we observe the

magnetic noise and unpredictable magnetic responses in our spintronics devices, which alters
the proper functioning of magnetic sensors [810]. This intensied the eorts to develop the
soft magnetic materials with high magnetic homogeneity for fast magnetic switching or high
frequency applications [8].
Ferromagnetic resonance (FMR) is one of the basic physical phenomena of soft magnetic
materials, which dictates the operational speed of these magnetic materials in devices [1113]
.

Radio-frequency (RF) and microwave devices based on FMR are extensively used in in-

formation, aerospace, communication and many other elds, where high FMR frequency

fr

is required [14]. Broadband ferromagnetic resonance is a well understood experimental technique [1518] which not only provides, information about the intrinsic and extrinsic magnetic
properties but also gives insight about magnetic anisotropies, magnetization relaxation mechanisms, microscopic interactions and high frequency magnetic response of ferromagnetic thin
lms . Furthermore, due to broadband system, FMR system has great advantage on other techniques that the measurements can be performed without remounting the sample on dierent
waveguides and cavities.
In this scenario, A synthetic antiferromagnet (SAF), which, consists of two magnetic layers,
coupled antiferromagnetically through a thin metallic layer via the Ruderman-Kittel-KasuyaYosida (RKKY) interaction [1925].

SAF systems are proved far better candidate in high

frequency devices because of their thermal stability and easy to control in magnetic eld [26,
27].

Moreover, SAF systems are important constituents of complex layered structures used

in magnetic sensors, magnetic random access memories, nano-oscillators, and other spintronic
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devices [2834].
Concerning the magnetization dynamics, it is also important to analyze the two observed
ferromagnetic resonance (FMR) modes: an in-phase precession (acoustical mode) and out-ofphase precession (optical mode) [3538]. Until now, only the acoustic modes are well studied
and employed in practical devices, while, optical modes are neglected because of their rather
small permeability [3941].
The linewidth is a fascinating feature in FMR measurements.

There exists two kinds of

linewidths, intrinsic linwidth, is due to damping and it is a fundamental property of the material,
while the second is extrinsic linwidth due to magnetic inhomogeneities within the sample and
the anisotropy dispersion in the lm, it does not depend on the microwave frequency [42, 43]. In
all these applications the magnetic damping is an important issues dening the performance and
general behavior [44]. To analyze damping is important to take into account the magnetization
states, where the relative angle between the magnetizations denes three magnetic regions:
saturation, spin-op and antiparallel. [27, 4547].
It is well established that FMR in SAF systems produces spin currents through the nonmagnetic spacer, resulting in spin pumping and spin transfer torque eects.

Spin pumping

theory predicts enhancement on the magnetic damping when the ferromagnetic layers oscillate
with dierent amplitudes or opposite phases [4852]. This behavior has been experimentally
observed for the saturated state, where the layers magnetization are in the same direction
[48, 49, 5355].

On the other hand, the spin op or noncollinear state has been addressed

theoretically by Chiba et. al. [56], while no detailed analysis is found on the very few [47, 57, 58]
experimental investigations found on the literature.
In an anisotropic magnetoresistance (AMR) eect, the electrical resistance depends on a
relative angle between the magnetization direction and the electric current direction.

It has

been studied extensively both experimentally and theoretically. A voltage signal generated in
FM/NM and FM/SAF may contain the contribution from anisotropic magnetoresistance (a
DC voltage is generated because of nonlinear coupling between an oscillating current and an
oscillating resistance, this eect is known as spin rectication eect (SRE).
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The inverse spin Hall eect [5963] is a remarkable phenomenon that turns so-called spin
current into an electric current.

and it has many technical applications.

The inverse spin

Hall eect (ISHE) is induced by spin pumping, generated by the precession of ferromagnetic
resonance magnetization in an interface of a FM/NM. ISHE is commonly used to study the
spin orbit interactions in non-magnetic (NM) heavy metals in contact with a ferromagnet (FM)
using FM/NM bilayers. In the experiments, in most cases, the ISHE signal is mixed with spin
rectication eect (SRE) signal, because the SRE cannot be neglected in the transmission line
(CPW or short circuit microstrip ), and it may contribute voltages with the same line shape as
the ISHE [6467]. Then, it is necessary to extract the ISHE signal from the mixed signal.
In this work, we study the anisotropies, damping and linewidth of a symmetric NiFe/Ru/NiFe
synthetic antiferromagnet using broadband ferromagnetic resonance.

We measure eld and

frequency linewidth for both, acoustic and optical modes, all along the dispersion relations. We
rst analyzed the acoustic mode. For a symmetric SAF, as it is our case, we do not expect
any linewidth enhancement due to interlayer spin pumping, as both spin currents compensate
each other [51, 68].

The sole addition of the

∆H0

(inhomogeneous linewidth, not predicted

by LLG equation) to the results from our LLG model ends in an excellent agreement with
the experimental data not only for the saturated state but also for the spin op state. This
agreement with the LLG theory indicates that in fact, the interlayer spin current interactions
do not produce any signicant damping enhancement in neither saturated nor spin op states.
As our

∆H

vs.

f

relationship in the spin op region is almost linear. In the case of the optical

mode, we observed a disagreement between the LLG model and the experimental results. For
this mode, the LLG model shows that

∆f

is smaller when compared to the acoustic mode

and decreases with H in the spin op region. While experimental

∆f

is larger for the optical

mode and increases with eld. We correlate these linewidth enhancements to the optical mode
out-of-phase oscillations, where the interlayer spins currents do not compensate each other.
Furthermore, we studied the spin current to charge current conversion in NiFe based bilayers
and SAF systems. For this end, we have measured the generated DC voltage in the samples due
to spin currents exited by broadband ferromagnetic resonance. We have studied the DC voltage
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signal generated by inverse spin hall eect in NM/FM and FM/NM. Spin to charge conversion
in NiFe based systems is also studied, in which, we reinforce the fact that the DC voltage
signal we observe in or experiments is dominated by the NiFe signal.

Finally, we presented

and discussed the measured DC voltages in SAF systems, in all their magnetic states. we have
studied the spin rectication and ISHE signal in FM/NM, NM/FM and SAF/NM by means
of broadband FMR. Due to our extended research, we are able to dierentiate the

VDC

due to

ISHE and SRE .
This thesis is structured as follows. Chapter 1 shows the motivation and the literature review
on the topics studied by this work. In Chapter 2 a detailed theoretical concepts relevant to this
thesis are presented including magnetization dynamics and spin rectication eects. Chapter 3
presents the experimental techniques that were used to produce and characterize the samples.
The main results are presented in chapters 4 and 5.

Chapter 4 is devoted to the study

of magnetic damping on synthetic antiferromagnets, while on chapter 5 the spin rectication
eects on these systems is analyzed. Finaly the conclusion and future prespectives are shown
in chapter 6.
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2 Theoretical background
In this chapter, detailed theoretical concepts relevant to this thesis are presented. The concept of magnetization and its relationship to angular momentum is given in rst section. In
the following section, the dierent energetic contributions to the free energy of a ferromagnetic
system are presented. Subsequently, the Landau-Lifshitz-Gilbert equation, which describes the
magnetization dynamics of ferromagnetic systems, is discussed. In later section, spin pumping
and inverse spin hall eect is included. Finally at the end, spin rectication efects in ferromagnets and anisotropic magnetoresistance is presented.

2.1 Magnetic materials
Magnetic materials can be represented as a set of magnetic moments [69] or spins that interact
with each other and / or with an external magnetic eld

~.
H

The type of interaction of these

spins, between them or with the external eld, leads to dierent types of the magnetism such
as: diamagnetism, paramagnetism, ferromagnetism and anti-ferromagnetism, etc.
From a microscopic point of view, a magnetic material is constituted by a set of spins
at the

~ri

positions within the material.

~i
S

These spins generate a eective magnetic moment

that can be described in terms of a vector eld called magnetization

~ (~r)
M

which completely

characterizes the magnetic state of the material and represents the magnetic moment density
per unit of volume within the material.

Local magnetization is related to the spin

6

~
S

at the

position of the magnetic ion

~r

by the following expression [70]:

~
~ (~r) = gµB S(~r)
M
~ (~r)
Ω
where g is the Landé factor,(µB

=

(2.1)

e~
) is the Bohr magneton and
2me

~~
Ω
(r)

is the atomic volume per

magnetic ion. This expression can be rewritten in terms of the gyromagnetic factor
which relates the magnetization to the angular momentum per unit volume

γ = gµB

~
L
.
V

~
~ (~r) = γ L
M
V

(2.2)

In ferromagnetic materials (FM) the spins interacts through the exchange energy and they
align parallel to each other. In this case the intensity of the local magnetization
the saturation magnetization

~S
M

~ is
M

always

characteristic of the material. The magnetization then can

be described only by its direction, given by the vector eld

m
~

with

~ (~r) = M
~ sm
M
~ (~r)

kmk
~

= 1

(2.3)

2.2 Magnetic free energy
The behavior of a ferromagnetic sample as a function of the magnetic eld can be explained
by analyzing its free energy [6971].

This free energy can be expressed as the sum of the

energy contributions dependent on magnetization. The contributions of interest to this work
are: the exchange energy, anisotropy interactions and magnetostatic energy. When the system
is composed of more than one magnetic element, it also has interaction energies among them
we have the exchange energy by contact between a FM and an antiferromagnet (AFM); and the
coupling energy between two FMs which can be by Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, dipolar coupling or direct contact exchange interaction.
In the following subsections, the dierent energy terms that contribute to free magnetic energy
will be described.
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2.2.1 Exchange energy
The exchange energy is the product of a quantum eect of the electrostatic interaction
between two electrons.

In the interaction between neighboring atoms, this interaction tends

to guide the electronic spin in a parallel or antiparallel way.

In the quantum calculation of

the energy involved there is a certain integral of energy J whose algebraic sign describes the
orientation of the spins.

EEx = −2

X

~i .S
~j
Jij S

(2.4)

i6= j

Where, S is the spin of the atoms in the material.

This interaction has a very short-range.

If only interactions between the closest neighbors are considered, then the exchange energy
density can be written as [70]:

eEx = −2JS 2

1X
m
~ i .m
~j
Ω i6= j

where the sum of the dot product of the directions

m
~i

(2.5)

and

m
~j

of the magnetic moments is

performed only for the rst neighbors. The value of J denes the type of magnetic ordering
of the material. In the case of FM materials J > 0, , and the spins tend to orient themselves
in a parallel way. When J < 0 the material is an AFM. For isotropic materials or with cubic
symmetry, the exchange energy can be expressed as a function of the continuous eld of the
magnetization direction

m
~

as [72]

eEx = A(∇m)2

(2.6)

where A is the exchange stiness constant (of dimension erg/cm) which is, in the case of a
simple cubic crystal, a function of the exchange integral

J0 ,

of the number of atoms of a unit

cell of the lattice n, of the network parameter a and the spin of the atoms of the network S.

A=

nj0 S 2
a
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(2.7)

2.2.2 Anisotropy energies
The free energy in a magnetic material can depend on the orientation of the magnetization
in relation to one axis or several preferred axes of magnetization. The energy density per unit
volume

eK

can be modeled using the following mathematical expression:

eK = −K1

where the

ui

Ki

1
~ .~u1 )2 − K2 1 (M
~ .~u2 )4 − ...
(M
2
4
(Ms )
(Ms )

values are the anisotropy constants with units of erg /

dene the preferred magnetization axis.

cm3 ,

(2.8)

and the unit vectors

In polycrystalline materials, this energy is the

result of dierent factors, among them: the magneto crystalline anisotropy of the material,
the texture of the material, the possible internal stresses and the defects within the material.
When anisotropy is small, the material is considered to be magnetically soft.

In magnetic

materials, whether soft or not, an eective anisotropy can be explicitly induced by some type
of process, among them: the application of a magnetic eld during production or during the
thermal treatment of the material; and deposition of the material with moving substrate. This
induced anisotropy can be described by an eective anisotropy, usually of a uniaxial nature
and can be described by the rst term of equation 2.8. In order to compare the contribution of
this energy with the other energies involved in the system, it is convenient to dene a uniaxial
anisotropy eld

K1
.
HK = 2 M
s

Therefore; the energy density can be expressed as:

ek = −

where

HK
(m.~
~ uk )2
2(Ms )2

uk is the unit vector that denes the direction of the anisotropy axis.

(2.9)

In the magnetization

curves (M vs. H) of a magnetic sample described only by a uniaxial anisotropy, the

HK

eld

is equal to the coercive eld or the saturation eld, when the external eld is applied along or
perpendicular to the anisotropy axis respectively.
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2.2.3 Magnetostatic energy
Magnetostatic energy originates from the interaction of the sample's magnetization with the
magnetic eld generated by itself, and also with the applied external magnetic eld. This energy
can be divided into two parts, external eld energy or Zeeman energy and the demagnetization
eld energy. The Zeeman energy is due to the interaction between the magnetization
sample and the external eld

~.
H

~
M

The local density per unit volume of Zeeman's energy is:

~ M
~
eZeeman = −H.

The demagnetization energy

of the

(2.10)

Edemag is related to the eld generated by the sample magnetization

itself, known as the sample demagnetizing eld

Edemag

1
=
2

Z

∞

Hd2 dV

~d
H

.

1
=−
2

Z

~ d .M
~ dV
H

(2.11)

sample

The problem for calculating this energy is in the calculation of the demagnetizing eld itself,
which depends on the sample geometry and the conguration of the magnetic domains within
it. For a uniformly magnetized element, the demagnetizing energy can be calculated using the
demagnetizing factors obtained from the sample geometry. These factors are

ηx + ηy + ηz = 4π
the axes

x̂, ŷ

and

ηx , ηy

and

ηz

with

relate the demagnetizing eld to the magnetization of the sample in each of

ẑ .


~ .x̂)x̂ − ηy (M
~ .ŷ)ŷ − ηz (M
~ .ẑ)ẑ
~ d = 1 −ηx (M
H
2

(2.12)

This demagnetizing eld is uniform within a magnetic element only if that element has ellipsoid
geometry. But in the general case, while uniform magnetization, demagnetizing factors can be
calculated for dierent geometries [73, 74] . In this approximation, the demagnetizing energy
density per unit volume can be expressed as:

edemag


1
2
2
2
~
~
~
=
−ηx (M .x̂) − ηy (M .ŷ) − ηz (M .ẑ)
2
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(2.13)

2.2.4 Exchange interaction FM / AFM
The contact between a ferromagnetic material and an antiferromagnetic material leads to the
coupling of its magnetizations through an exchange interaction. The main manifestation of this
phenomenon is the displacement in the eld of the magnetization curve (M vs. H) of samples
that present this type of system, this displacement is associated with an exchange interaction
eld or exchange-bias eld. This type of samples usually also presents a shift in frequency of
the resonance frequencies as a function of the external eld (fR vs. H), an eect associated with
a rotatable anisotropy eld. In polycrystalline materials, these phenomena are well described
by the model presented by Harres and Geshev [75].

This model considers the interaction of

FM with two types of interfacial grains in AFM. These grains are classied according to their
anisotropy and coupling with the FM. The resulting coupling energy for each grain can be
described as:

EF M/AF M = −JF M/AF M S(m
~ F M .m
~ AF M )

where

JF M/AF M

and the FM, and

(2.14)

is the coupling constant, S is the eective contact surface between the grain

mAF M

is the direction of AFM magnetization in the surface layer of the grain.

AFM grains with strong anisotropy are classied as stable grains, which are responsible for the
exchange-bias eld. In these grains, the anisotropy sets

mAF M

in a specic direction, so the

magnetization of the FM tries to orient itself in the same direction. The sum of the interaction
of all stable grains from the origin to an eective unidirectional anisotropy, the related energy
density term is:

EEB = −HEB Ms (m.
~ ~uEB )

here

uEB

is the direction of unidirectional anisotropy, and

anisotropy, or exchange-bias eld.

(2.15)

HEB

is the eective eld of this

For grains with low anisotropy,

following the magnetization of the FM. The angle between

m
~ AF M

m
~ AF M

and

m
~ FM

is free to rotate
depends on the

relationship between the anisotropy of the grain and the coupling with the FM, and also depends
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on the magnetic history of the sample.
oriented in the same direction as

m
~ FM

When a grain has a very low anisotropy,

m
~ AF M

is

, the collective eect of this type of grains gives rise to

a rotatable anisotropy, and the associated energy density is described by:

eRA = −HRA Ms ( m.
~ ~uRA )

with

~uRA ≈ m
~

, and an eective anisotropy eld given by

(2.16)

HRA ,

The eects of this type of

anisotropy can be observed in measures of magnetization dynamics such as the frequency shift
in the curves (fR vs. H). For static measurements (M vs. H) the eects depend on the type of
measurement. No eect is observed when the angle of
of

m
~ is reversed abruptly,

m
~ varies gradually, but when the direction

an increase in the eld required for this inversion is observed. In this

sense, the rotateable anisotropy is responsible for the increase in the coercive eld in samples
that exhibit the eect of exchange-bias.

2.2.5 Interaction between two ferromagnetic lms
There are several mechanisms for coupling or interacting between two ferromagnetic elements. One mechanism to highlight is the dipolar interaction, mediated by the magnetic eld
generated by the magnetization of each element, this interaction is long-range and depends
on the geometry of the elements and the spatial distribution between them.

For thin lms

of FM materials separated by a metal spacer or not, the relevant coupling mechanisms are:
Exchange interaction, when the elements are in direct contact, either on the entire surface of
the elements, or due to faults ("pin-holes") in the spacer; Neel interaction, also known as Orange peel interaction, observed when the surface roughness generates magnetic charges on it,
which are coupled by dipolar interaction. Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which in the case of metallic spacers, the layers interact by itinerant magnetism mediated
by the conduction electrons that pass through the spacer between the two magnetic layers. The
magnetic energy density, per surface unit, related to this type of interactions, for two elements
with magnetization

~A
M

and

~B
M

, can be described by the terms of bilinear and biquadratic
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coupling.

eint = −J1

where

J1

and

J2

~ A .M
~B
M
MsA MsB

!
+ J2

~ A .M
~B
M
MsA MsB

!2
(2.17)

are the bilinear and biquadratic interaction constants respectively.

2.3 Magnetization dynamics
The magnetization dynamics of a ferromagnetic material is governed by Landau-LifshitzGilbert (LLG) equation [76].

~
dM
~ ×H
~ ef f ) + α
= − γ(M
dt
Ms

~
~ × dM
M
dt

!
(2.18)

The rst term of above equation corresponds to the torque that makes the magnetization
vector precesses around the eective magnetic eld in an orbit as shown in gure 2.1a, with an
angular frequency

ω = γHef f .

Where the eective magnetic eld

Hef f

is sum of all the eld

like contributions obtained from the energy terms. i.e.

Heff = H0 + h(t) + HEx + Hdem + Hani

Here

(2.19)

H0 is the applied magnetic eld, h(t) is the dynamic component of external eld, HEx is the

exchange eld and

Hdem

represents the demagnetization eld created by the dipolar interaction

of magnetic surface and volume charges. The eld

Hani

includes all kinds of anisotropic elds.

All these magnetic elds can be calculated as the rst derivatives of the corresponding energies
with respect to the magnetization vector.

~ eff = − defree
H
~
dM

(2.20)

The second term in the LLG represents the damping in the magnetic systes. Due to damping the
precession amplitude of the magnetization decreases with time, and the tip of the magnetization
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vector follows a spiral path (see gure.

2.1b).

The damping is related to the rate at which

energy is lost from the precessing magnetization.

Figure 2.1: Precession of magnetization vector (M) around magnetic eld (H) (A) in absence
of damping term and (B) in presence of damping term. [77]

The solutions of the LLG equation show that when the magnetic system is out of balance, the
magnetization vector describes a precession movement around its equilibrium position. If there
is no force to keep the system out of balance, the oscillating part of the magnetization vector
oscillates with the natural frequency of the system, and its amplitude decreases exponentially
with a rate proportional to the damping parameter

α.

When the magnetization is forced to

oscillate at a given frequency, for example by the action of an external radio frequency eld, the
amplitude of the oscillating part of the magnetization vector depends on the damping parameter, as well as the dierence of the system natural frequency and the frequency of the excitation
eld. When these two frequencies are equal, the amplitude of oscillation is maximum, and the
system is in the condition of ferromagnetic resonance (FMR). FMR can be measured by obtaing
the power absortion proles with respect to the eld at a xed frequency (Traditional FMR)
or varing both, frequency and eld (Broadband FMR) [78].
In terms of ferromagnetic resonance, the damping is responsible for the nite linewidth of the
measured FMR power absorption prole, as shown in gure.2.2. The widths of half maximum
power

∆ω

(in frequency unit) and

∆H

(in magnetic eld unit), which are shown in gure.2.2

(a) and 2.2(b), respectively, are the standard experimental measurements of loss in ferromagnetic materials.

The damping parameter

α

can be extracted from the analysis of the FMR

linewidths [79].
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Figure 2.2: Schematics of ferromagnetic resonance (FMR) power absorption proles. (a) FMR
power absorption prole for sweeping the microwave frequency at a xed external
magnetic eld. (b) FMR power absorption prole for sweeping the external magnetic eld at a xed microwave frequency [79].

In the literature we can nd very important solutions to the LLG equation for simple magnetic
systems [78]. The formula obtained from the Smith-Beljers approach [80] relates the resonance
frequency

fR

of the polar

θ

with the curvature of the free energy density (E) and the system, as a function
and azimuthal

φ

angles of the magnetization, with equilibrium positions

θ0

and

φ0 .
1
γ
2πfR = ωR = √
2
1 + α Ms sin θ0

s

∂ 2 E∂ 2 E
−
∂θ2 ∂φ2



∂E
∂θ∂φ

2
(2.21)

This expression has evolved as the standard method to determine the precession frequency of
the magnetization.

2.4 Spin currents and spin rectication eects
As compared to simple charge based electronics, spintronics has an extra degree of freedom,
which is known as spin polarized current. There are several methods of producing spin currents
in FMs and non magnetic metal (NM) e.g.:
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(1) In FMs, spin currents are mostly generated by virtue of applied magnetic eld or radio
frequency eld

hrf .

(2) In NM metals, spin currents can be produced from FM by pumping of spins.
Spin rectication eect is discussed in section 2.4.3.

2.4.1 Spin Pumping
We can generate a spin current by pumping the spins from a ferromagnet into an adjacent
non magnetic (NM) metal structure using the magnetization precession caused by ferromagnetic
resonance (FMR) [8183]. When this eect happens, from the FM a spin current
the non-magnetic layer, the spin polarization

JS

G↑↓

ows into

carried by this spin current is given by [82]:



dm
h ↑↓
JS =
G
m×
4π
dt
where

¯
J̄
S

(2.22)

is the interface spin mixing conductance, which describes eciency of the spin

transport through the interface [84].
Due to the emission of a spin current from the FM into the NM, the magnetization precession
looses spin angular momentum, which gives rise to additional magnetic damping.

2.4.2 Inverse Spin Hall Eect (ISHE)
In solids spin of the electron is coupled with its momentum due to the spin-orbit interaction.
This coupling gives rise to mutual conversion between charge and spin currents: the direct and
inverse spin Hall eects [85]. The process in which a spin current
current

JC

¯
J̄
S

is converted into charge

is known as Inverse Spin Hall Efect (ISHE) as shown in gure 2.3.
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Figure 2.3: The generation of an unpolarized charge current in a normal metal perpendicular
to a spin-polarized electron current. [86]

The existence of a pure spin current can be seen as the two electrons traveling in the opposite
directions along the spin current ow direction and with opposite spins, as shown in gure 2.3,
then in the NM metal the spin-orbit interaction bends these two electrons in the same direction
and induces a charge current
direction. Finally,

JC

JC

transverse to both the spin current polarization and ow

generated by the ISHE causes charge accumulation at the edges of the

NM layer, and setup a electric potential dierence between the edges.

Therefore, from this

method we can detect the ISHE as a DC voltage on the NM layer [83].
Mathematically the ISHE can be understood as the following: A spin current
to the spin polarization density

P,

JS

is related

through the spin diusion equation [87], and can be written

in tensor form as

∂Pj
JS ij
= −D
}
∂xi
where the index
is owing,

D

i

corresponds the direction of ow and

is the diusion coecient and

charge current

JC

}

is related to the rotational of

(2.23)

j

is the reduced Planck constant. In ISHE, the

P

and can be written as:

JC
= ΘSH D(∇ × P )
e
where,

e

is the electron charge and

ΘSH

indicates wich component of the spin

(2.24)

is the spin hall angle of the material. The components
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of

∇×P

can be written in terms of the Levi-Civita tensor

[∇ × P ]i =

X

ijk

j,k

ijk

as:

∂Pk
∂xj

(2.25)

then, mixing equations 2.25, 2.24 and 2.23 we obtain the relation between the charge current
components

JC i

and the spin current components

JC i = −eΘSH

X

ijk

j,k

the term
vector

n̂

ijk JS jk

JS jk

X
∂Pk
e
= − ΘSH
ijk JS jk
∂xj
}
j,k

can be understood as the cross product

that indicates the ow direction of

orientation and amplitude of

JS .

JS

(2.26)

ijk n̂j ~σk = [n̂ × ~σ ]i

and the vector

~σ

Thus, the charge current vector

between the unit

that correspond to the spin

JC

can be expressed as

e
JC = − ΘSH (n̂ × ~σ )
}

(2.27)

.

2.4.3 Spin rectication eects in ferromagnets
By the rectication eect of high frequency magnetization dynamics dc currents and dc
voltages can be generated, which are known as spin rectication current and spin rectication
voltage. [8892].
Under the application of resonance eld
eld

H

hrf

magnetization start precessing around the static

and this precession will produce an dynamic resistance

is the production of a dc voltage
between a dynamic resistance

VDC

R(H(t) )

R(H(t) ) .

Spin rectication (SR)

in a ferromagnetic structure due to the nonlinear coupling
and a dynamic current

I(t) .

As a consequence, a nonzero

time averaged voltage can be measured along the current direction.

VDC =< Re[R(H(t) ) ]Re[I(t) ] >
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(2.28)

So, we can summarize that for spin rectication following three conditions must be satised:
(1) Presence of magnetoresistance eect (2) A torque which drives the magnetization, resulting
in a time varying magnetoresistance (3) An rf current which can couple to the resistance and
produce a dc voltage. These conditions are shown in gure 2.4

Figure 2.4: Three conditions of spin rectication eect. [93]

In this gure, we can see that the precessing magnetization is producing rf resistance. Furthermore, magnetization is precessing by eld torque or from spin torque, produced by
and spin current

js

respectively.

hrf

The rf resistance can then couple nonlinearly to an rf cur-

rent and produce a rectied voltage

Vdc .

The well known magneto resistance are: anisotropic

magnetoresistance (AMR) and giant magnetoresistance (GMR ) etc.

2.4.4 Anisotropic magnetoresistance
The magnetoresistance which dependence on the relative angle between the direction of the
current and the magnetization is known as anisotropic magnetoresistance.
magneto resistance eect is shown in gure 2.5:
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The anisotropic

Figure 2.5: Anisotropic magnetoresistance, Left panel: direction of magnetic eld, magnetization and current are held perpendicular to electronic orbit (yellow color), Right
panel: direction of magnetic eld, magnetization and current are held parallel to
electronic orbit

In this gure (left panel), electronic orbital is shown in yellow color, which is oriented perpendicular to current direction (red color) , thus increasing the scattering cross section, therefore,
AMR will be increased. In right panel of gure, we can see that electronic orbital is oriental
parallel to current direction, decreasing the scattering cross section, the system will have low
AMR.
The physical origin of AMR is spin-dependent scattering in ferromagnetic metals due to
their band structure and the spinorbit interaction [94, 95], also it is highly angular dependent,
mathematically :

ρ(θm ) = ρ⊥ + (ρk − ρ⊥ ) cos2 (θm )

where,

ρ⊥

θM

is the angle between the current and the magnetization direction, while

(2.29)

ρk

and

are the resistivities, when current and the orientation of magnetization are parallel and

perpendicular, respectively.
AMR produces a rectication eect (already explained in 2.4.3).
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2.4.5 Giant magnetoresistance (GMR)
The phenomenon of GMR was discovered by Baibich et al. in 1988 [1] and its orign lies in
the spin dependent scattering of electrons under the action of applied magnetic eld. Moreover,
it is associated with spin valve structures (FM/NM/FM) . GMR of magnetic system, changes
with the relative magnetization orientation of the ferromagnetic layers and it is maximum when
the orientation of magnetization is antiparallel in both FMs and is minimum when orientation
of magnetization is parallel, mathematically it is written as (2.30):

GM R =

where

RAP

and

RAP

RAP − RP
%
RP

represents resistance in antiparallel and parallel state respectively.
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(2.30)

3 Experimental Techniques
This chapter presents the experimental techniques that were used to produce and characterize
the samples, analyzed in this work. In section 3.1 I will discuss all about sample fabrication
techniques while in section 3.2, I will discuss sample characterization techniques in detail.

3.1 Sample Preparation Techniques
3.1.1 Magnetron sputtering
Deposition of lms was carried out with magnetron sputtering technique, as shown in the
gure 3.1.

Figure 3.1: Left: Physical Process of sputtering, Right: Magnetron sputtering deposition system in CBPF.

Sputtering is based on the momentum transfer process and this process consists of ionizing
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a gas between two electrodes, generating an ion plasma. These ions are then accelerated by
a electric eld towards the target where, when collide, they are able to eject the atoms from
the target that will nally be deposited on the surface of a substrate placed in the vicinity.
Free electrons are trapped in the presence of magnetic eld increasing the ionization rate, thus
more ions are available to hit the target. The sputtering process can be seen at left side of the
gure 3.1. This is a basic technique for the production of single layers and multilayers samples,
which are studied in this work.

Most deposition processes of magnetic layers, oxide layers,

metallic non-magnetic layers, have been realized in the AJA sputtering machine , that is part
of the equipment of the multi-user laboratory LABSURF/LABNANO/CBPF, that can be seen
at right side of the gure 3.1.

This system has capacity of six targets installed at the same

time.The targets are connected to DC and RF sources to power the plasma. In general , the
RF-powered discharge operates in the same way as the dc-powered. In both cases, a voltage
is applied between the cathode and the anode, a breakdown occurs and plasma is formed and
sustained.RF power, though, allows the use of insulating materials as sputtering targets, and
it increases the level of ionization in the plasma.
The main vacuum pump is a turbo pump that allows a pressure down to

10−8

Torr in the

main chamber of the system.A secondary load-lock chamber allows the exchange of samples
without breaking the vacuum in the main chamber.
The samples are placed in a rotating turret that allows you to take them to the position of
each target and control the distance between the target and the substrate. A shutter over the
target allows the control of exposure on the substrate and the precise control of the deposition
time via software. Dierent substrate holders allow the application of a magnetic eld over the
substrates during deposition.
The entire system is automated and controlled by a computer, allowing automated production
of multilayers and other complex structures. The deposition times of each layer, the pressure
of argon gas during deposition, and the powers of the DC and RF sources can be automated.
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3.1.2 Calibration of deposition rates
The deposition rates were calibrated with X-ray reectometry (XRR), which is an analytical
technique for investigating thin layered structures, surfaces and interfaces using the eect of
total external reection of X-rays.

Reectometry is used to characterize single and multi-

layer structures and coatings in magnetic, semiconducting and metals among others. X-Ray
Diraction (XRD) is a basic technique for the structural characterization of deposited lms.
It allows the calibration of the deposition rate, lm thickness and roughness by low angle
diraction.

XRD measurements were performed in the crystallography and Xray laboratory

using a Panalytical X Pert PRO (Philips, Panalytical) diractometer.
diractometer emits

Cu − Kα

radiation with a waveform of 1.54045

A◦ .

The source of this
The lm thickness is

calculated by analyzing the Bragg interference peaks obtained experimentally. For each peak
found at angle

θn

, the scattering vector

qn

is found given by:

qn =

4π sin θn
λ

(3.1)

The linear tting of (q = an + b) of these values vs. the peak number found n the thickness
is obtained

t = 2π/a

that of the measured lm.

deposition time is found to deposition rate

τ=

(τ )

When dividing this thickness between the

.

Thickness
Deposition Time

(3.2)

The X-ray spectrum at grazing angles for Ni81Fe19 thin lm deposited on Si (100) is shown in
gure 3.2.(adopted from [96] ), along with the graph of the scattering vector q vs. index n and
the linear tting (q

= an + b)

of each measured value [97].
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Figure 3.2: (a) X-ray spectra at grazing angles of a Ni81Fe19 lm. (b) Shows the linear tting
(q = an + b) of each measured value. The black dots indicate the n indices and
the red line is the linear tting .

The deposition rates and deposition parameters are shown in table 3.1.

Target

Sputtering Source

Current(DC)/ Power(Rf )

Deposition Rate (A/s)

IrMn

DC

200 mA

4.25

CoFe

DC

200 mA

2.15

Ru

DC

100 mA

0.570

NiFe

DC

100 mA

0.970

CoFeB

DC

100 mA

0.626

Al2 O3

RF

75 W

0.155

Al

DC

150 mA

1.283

Ta

DC

150 mA

1.995

Cu

DC

150 mA

3.940

Table 3.1: Deposition rates, calculated by XRR, for various sputtering targets.
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3.2 Sample Characterization Techniques
3.2.1 Alternative Gradient Field Magnetometer (AGFM)
The Alternating Gradient Field Magnetometer is used to obtain the magnetization curves
and it works on the principle of the vibration of a magnetic sample due to the force resulting
from the interaction between its magnetic moment and an alternating magnetic eld gradient
applied on it. In addition to the eld gradient, a static eld is applied through a Helmholtz coil.
The amplitude of vibration is amplied when the frequency of the eld gradient approaches the
resonance frequency of the rod that holds the sample. This vibration is transduced to a signal,
using a piezoelectric sensor, which is subsequently measured by a Lock-In amplier, and this
signal is proportional to the magnetic moment of the sample in the direction of the static eld.
This system has a sensitivity of

10−7

emu, sucient for measurements of the sample studied in

this project. The schematic presentation of the AGFM is shown in gure 3.3

Figure 3.3: The experimental setup of AGFM.

26

3.2.2 Vibrating sample magnetometer (VSM)
The vibrating sample magnetometer is a magnetometer whose operation principle is based
on Faraday's law of induction (a variable magnetic ux induces an electromotive force in a
closely located conductor).

The sample is attached to the end of a rod that vibrates with

constant amplitude at a certain frequency. A VSM operates by rst placing the sample to be
studied in a constant magnetic eld. If the sample is magnetic, this constant magnetic eld will
magnetize the sample by aligning the magnetic domains, or the individual magnetic spins, with
the eld. The stronger the constant eld, the larger the magnetization will be. The magnetic
dipole moment of the sample will create a magnetic eld around the sample, sometimes called
the magnetic stray eld.

As the sample is moved up and down, this magnetic stray eld is

changing as a function of time and can be sensed by a set of pick-up coils. The alternating
magnetic eld will cause an electric eld in the pick-up coils according to Faraday's Law of
Induction. This current will be proportional to the magnetization of the sample. The greater
the magnetization, the greater the induced current. Our PPMS dynacool system for measuring
the M x H response is shown in 3.4

Figure 3.4: PPMS dynacool in CBPF
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3.2.3 Broadband Ferromagnetic Resonance
Conventional ferromagnetic resonance is one of the best established techniques for measuring
spin waves in magnetic systems.

In this technique, a electromagnetic wave with constant

frequency is applied over the magnetic system, by means of a resonant cavity. By varying the
external magnetic eld, the system can be carried to the ferromagnetic resonance condition.
When measuring the absorption of the electromagnetic wave within the cavity, the resonance
eld is obtained when the absorption is maximum.

A broadband ferromagnetic resonance

system is a system that, in contrast to the conventional FMR technique, allows us to explore
the dynamic response of a magnetic system by varying both the frequency of the excitation
wave and the applied magnetic eld.

In this system the resonant cavity is replaced by a

broadband waveguide connected to a vector network analyzer (VNA), allowing measurements
over a wide range frequencies ranging from a few MHz to several GHz. The power absorption in
the magnetic system is obtained form the electrical properties (S parameters) of the waveguide
. The VNA can measure beyond the total absorption in the waveguide, both the real part and
the imaginary part of the response of the system.



PAbsorbed = PIncident 1 − |S21 |2 − |S11 |2

Where,

S11

and

S21

(3.3)

are the reection and transmission coecients.

The typical setup of our VNA-FMR system is show in gure 3.5. Our system is able to measure not only the broadband power absorption spectra but also the absorbed power derivative
with respect to the external eld

(dP/dH) for a broadband frequency range around a xed eld

(see left panel of gure 3.5c), and
panel of gure 3.5c). In both

dP/dH

dP/dH

for a xed frequency and variable eld (see right

measurements, at xed frequency or xed eld,

calculated numerically from the absorption measurements around a set eld

P (H0 + δH) − P (H0 − δH)
dP
=
dH (H0 )
2δH
where

δH

dP/dH

is

H0 ,
(3.4)

is a small DC eld applied using the same solenoid or Helmholtz coil used to apply
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the

H0

eld. In the xed frequency sweep we can measure the eld linewidth

the xed eld case we obtain the frequency linewidth

(a)

∆H ,

while on

∆f

(b)

(c)
Figure 3.5: (a) Scheme of a Broadband-FMR spectrometer (b) An example of a broadband
FMR spectrum. (c) L,

dP/dH

dP/dH

as function of frequency measured at a xed eld, R

as function of eld measured at a xed frequency.
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Dispersion relations and eective damping
In order to obtain the values of resonance eld

HR

or resonance frequency

fR

and their

dP/dH curves we t them using the following equation

respective linewidths form the measured
[98]:

dP
2(X − XR )
∆X 2 − (X − XR )2
= K1
+
K
2
dH
∆X 2 + (X − XR2 )2
∆X 2 + (X − XR2 )2
where
and

K1

X

and

K2

are the amplitudes of the asymmetric and symmetric parts of the equation,

can be replaced with eld

the resonance eld
nance frequency

(3.5)

fR

HR

H

f.

or frequency

and eld linewidth

∆H

and frequency linewidth

Thus we can obtain, as tting parameters,

for xed frequency measurements or the reso-

∆f

for xed eld measurements. The dispersion

relation is obtained from the correspondences of resonant frequency to measurement eld (fR )
vs.

H)

or resonant eld to measurement frequency (HR ) vs.

Once we have obtained the eld linewidths
by tting

∆H

as function of frequency

f

∆H

FMR line. To obtain

α

them to eld linewidths

∆H0

α

can be obtained

(3.6)

is attributed to the inhomogeneous widening of the

∆f

one must rst transform

∆H :
∆H =

dfR /dH

4π
f + ∆H0
γ

from the measured frequency linewidths



where

the damping parameter

to:

∆HMeasured = α

here the line width at zero frequency

f ).

dfR
dH

−1
∆f = α

4π
fR + ∆H0
γ

(3.7)

is the derivative of the dispersion relation.

The result obtained from the measurement of a 100 nm NiFe lm is shown in gure 3.6.

(Pabs ) vs.

H vs. f is displayed using a color map [ gure 3.6 (a)] where the color of each point in

space H vs. f represents the intensity of

(Pabs )

in the respective elds and frequencies, the blue

colors represent low or no absorption, while the red color indicates high absorption which occur
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in FMR condition. In the color map presented, two branches can be clearly seen, which vary
in position in the eld and frequency, follow the dispersion relation (fR Vs

H)

of the sample.

In the color map cross sections are made at a xed frequency, in these sections it is possible
to observe the amplitude and resonance peaks as a function of the external eld [gure 3.6 (b)
and (c)]. It is also possible to carry out cross sections for a xed eld [gure 3.6 (d) and (e)].
In these graphs, resonance peaks are also observed where the maximum amplitude of the peak
occurs at a certain frequency of resonance

fR .

Figure 3.6: Resonance measurements for a sample composed of Ta (5 nm) / NiFe (100 nm) /
Ta (5nm). (a) Color map depicting the broadband resonance spectrum. (b) and
(c) Absorption proles at 4 GHz and 2 GHz frequencies, respectively. (d) and (e)
Absorption proles in the elds of 100 Oe and 300 Oe respectively.
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3.3 Spin rectication voltage measurements
The experimental setup for measuring spin rectication voltage is shown in gure 3.7

Figure 3.7: Experimental setup for measuring

VDC

The sample (FM/NM, NM/FM or SAF/NM) is placed on a short circuit microstrip waveguide.

The Helmholtz coils are connected to KEPCO power supply, by Helmholtz coils we

generate a static eld

H.

H

of 350 Oe applied to align the magnetization of sample along the eld

For excitation, a rf eld

hrf

is applied through a signal generator (Rohde and Schwardz,

with broadband frequency range 1 GHz to 22 GHz). Furthermore, for

VDC

measurements, a

nano voltmeter (Keysight 34420A) is connected to a sample using DC probes. The measured
voltage signal (spin rectication or ISHE) as a function of applied magnetic eld in NM by
using nano voltmeter is shown in gure 3.8.

32

SiμSiO2μNiFe(3 nm)μRu(10 nm)

0.0

3.0

R = 114.1 Ω

VISHE (μV)

1 GHz
2 GHz
3 GHz
4 GHz

R = 95.8 Ω

VISHE (μV)

1.5

SiμSiO2μRu(10 nm)μNiFe(3 nm)

0.0

−1.5
−300
Figure 3.8:

−150

VISHE

vs

0

H (Oe)
H

150

300

−3.0

1 GHz
2 GHz
3 GHz
4 GHz
−300

−150

0

H (Oe)

150

300

response, over xed frequencies for the samples, presented in gure 5.1.

Voltages signal are shown at dierent broadband frequencies. The peak value of voltage signal is
presenting the resonant modes over the dispersion relation of sample, while the overall amplitude
signal is due to NiFe and Ru layers.
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4 Intrinsic and spin pumping damping
in synthetic antiferromagnets
In this chapter we will extensively study, synthetic antiferromagnet systems, their fabrication
method, static and dynamic, magnetization. In the rst section and its subsections, we will
discuss basic concept about SAFs. The purpose of study and their applications are also included
in this section. In the second section, we will provide samples details and fabrication techniques.
Third section and its subsection will be about static magnetization experimental results of
all our samples.

In the fourth section, we will discuss our macrospin model.

Fifth section

will be about dynamic magnetic characterization including broadband FMR, calculation of
magnetic anisotropies and comparing them with macrospin model results. The sixth section
and its subsections, will be about linewidth and damping calculations, including absorbed
power derivative. In the 7th section, we will disscuss all the results. Lastly, we will conclude
the chapter in the 8th section.

4.1 Introduction
A SAF consists of two magnetic layers, coupled through a thin metallic layer via the Ruderman - Kittel- Kasuya - Yosida (RKKY) interaction [19, 20]. The coupling between ferromagnets
can be ferromagnetic (when orientation of magnetization in both magnetic layers are parallel)
or anti ferromagnetic (when orientation of magnetization in both magnetic layers are antiparallel magnetic layers are antiparallel), and it depends on the sign of coupling constant J as
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mentioned in equation 2.5 in chapter 2. It is reiterated that the equation 2.5 clearly indicates
that for negative value of J SAF has antiferromagnetic coupling between both magnetic layers and for positive values of J it has ferromagnetic coupling.

This dependence is shown in

gure 4.1 In this gure a stack of two ferromagnets(FM) separated by a non magnetic (NM)

Figure 4.1: In SAF(a) Ferromagnetic coupling, (b) Antiferromagnetic coupling and (c) Relationship between coupling constant J and the separation distance r between two
ferromagnetic layers.

spacer (Ru) is presented. The direction of magnetization is indicated by arrows. Figure 4.1 (a)
presents ferromagnetic coupling between the two magnetic layers , gure 4.1 (b) presents the
antiferromagnetic coupling, while 4.1(c) shows the relationship of the exchange coupling constant J with respect to the thickness of the spacer. The interaction between the ferromagnets
is of oscillatory kind, and it dies out when the separation distance becomes large.
SAF systems are important constituents of complex layered structures used in magnetic sensors, magnetic random access memories, nano-oscillators, and other spintronic devices. Thermal
stability is a important feature of SAF, [2834, 99, 100] which reduces the thermal uctuations
and the probability of a spontaneous switching.

Moreover, SAF structure has gained more

attention since it enhanced the output power of STOs (spin torque oscillators) and for the possibility to show two excitations modes (1-10GHz) at zero applied eld [101]. Also, the magnetic
orientations of the SAF can be manipulated, providing an important magnetic versatility. So,
in order to optimize and design futures spintronic devices, the understanding, of the mechanism
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of the magnetization dynamics i.e. the excitations modes in the SAF, in the dierent magnetic
congurations, is required.

In all these applications, the magnetic damping is an important

issue, dening the performance and general behavior. To analyze damping it is important to
take into account the magnetization states, where the relative angle between the magnetizations
denes three magnetic regions: saturation, spin-op and antiparallel. [4547].
To understand the SAF structures, we must study their static and dynamics properties. Different methods have been implemented in the past in order to study the excitations modes or
ferromagnetic resonance (FMR) in thin lms. In this work, the broadband ferromagnetic resonance, based on a network analyzer (VNA-FMR), is used to study the high frequency magnetic
response of a SAF. In broadband FMR, an external rf magnetic eld (hrf ) is responsible for
inducing the excitation in the range of few MHz to dozens of GHz. The relative orientation
between the

hrf

and the sample magnetization (M ) will dene which fundamental resonant

mode is excited. Concerning the magnetization dynamics, it is also important to analyze the
two observed ferromagnetic resonance modes: an in-phase precession (acoustical mode) and
out-of-phase precession (optical mode) [35, 36].
It is well established that FMR in SAF systems produces spin currents through the nonmagnetic spacer, resulting in spin pumping and spin transfer torque eects.

Spin pumping

theory predicts enhancement of the magnetic damping when the ferromagnetic layers oscillate
with dierent amplitudes or opposite phases [4851]. This behavior has been experimentally
observed for the saturated state, where the layers magnetization are in the same direction
[48, 49, 5355].

On the other hand, the spin op or noncollinear state has been addressed

theoretically by Chiba et. al. [56], while no detailed analysis is found on the very few [47, 57, 58]
experimental investigations found on the literature.
In this work, we study the damping and linewidth of a NiFe/Ru/NiFe SAF systems by
means of broadband FMR. We measure the FMR response of two congurations, with the
radio frequency eld either perpendicular or parallel to the applied DC eld. Over the observed
acoustic and optical FMR modes, we measured, both, eld and frequency linewidth all along
the dispersion relation. We also calculate the FMR linewidth using a numerical model based
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on the Landau Lifshitz Gilbert (LLG) equation without any additional spin torque terms. Our
eld linewidth results for the acoustic mode are well explained by the model, with an excellent
agreement not only for the saturated region but also for the spin op region. For the optical
mode, the LLG model is not sucient to explain the linewidth enhancement observed in the
experimental data. We correlate these results to the spin pumping theory, where the interlayer
spins currents compensate each other in the acoustic mode but not in the optical mode.

4.2 Sample Preparation
Synthetic antiferromagnets with structure
netron sputtering on a

SiO2 /Si(100)

Ni81 Fe19 /Ru/Ni81 Fe19

were produced by DC mag-

substrate as shown in gure 4.2. Total six samples were

Figure 4.2: SAF structure

prepared and labelled as S, T, U, V, W and X. Ruthenium (3 nm) is used as buer layer in all
samples. Permalloy

Ni81 Fe19

(20 nm) is used as magnetic layers. Ru spacers (0.8 nm or 0.95
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nm) are used to set up interlayer exchange coupling between both ferromagnetic layers. For
capping Ta(10 nm), Ru(10 nm) and Pt(10 nm) are used.
For deposition in our sputtering chamber, we established a working pressure of 5 mTorr and
Ar gas ow rate equal to 50 SCCM, after we attained a base pressure of

1 × 10−8

Torr. The

deposition rates of each target were calculated by XRR and shown in the table 3.1. An in-plane
magnetic eld of around 1.6 kOe was applied during the lm's deposition in order to induce
an in-plane magnetic anisotropy. This eld also keeps the magnetic layers aligned during the
deposition process.

4.3 Experimental Results
4.3.1 Static magnetic measurements (M x H)
Synthetic antiferromagnets have a characteristic magnetization curve, where the relative
angle between the magnetizations denes three magnetic regions:

saturation, spin-op and

antiparallel [102]. These regions can be seen in the static magnetic measurements (M vs.
with the external eld

H

H)

aligned with the sample anisotropy axis.

Experimental results for sample T are shown in gure.

4.3 (a), compared to a macrospin

model (see section 4.4) shown as a solid green line. Figure 4.3(b) presents the angle alignment
between top (T) and bottom (B) ferromagnetic layers with respect to H. The top layer is
presented with red color while, the bottom layer is presented with blue color.
The relative magnetic orientation of the constituting magnetizations on a SAF denes three
regions on the

H,

M

vs

H

curve. The saturation region, is where both spins are aligned towards

and are parallel to each other, this happens when the applied magnetic eld has defeated

both, the anisotropy and the interlayer exchange coupling. In gure 4.3 positive (or negative)
saturation is seen for

H

larger than the saturation eld

Hsat .

In the spin op region, also

described as the canted state or the non co-linear state, the spins deviate from the

H

direction

and away from each other. For a symmetric SAF, as is this case, both spins deviate with the
same angle with respect to the external eld. This region can be observed in gure 4.3 for the
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Figure 4.3: (a) Magnetization curve of the SAF system: experiment (symbols) and simulation
(solid line). (b) magnetization angles

ϕ for top T

and bottom

B

layers with respect

to applied external magnetic eld direction.

elds between

Hsat

and the spin op eld

small, it increases towards

Hsf

Hsf .

and then at

Near

Hsf

Hsat

the angle between T and B spins is

the spins "ops" into the anti parallel state

where both spins make a 180º angle. The saturation

Hsat

and spin op

Hsf

elds of sample T

are shown in table 4.1.

Sample T
Fields

Values (Oe)

Hsat

222

Hsf

33

Table 4.1: Saturation (Hsat ) and spin op (Hsf ), elds of sample T

We have also performed static magnetization (M x H) measurements of all other samples
mentioned in gure 4.2, and all of them shows the typical SAF behavior described before.
These measurements are shown in gure 4.4. The main dierence between them are the observed saturation

Hsat

and spin op

Hsf

elds, due to the dierences in the coupling elds of

each sample. The dierence of elds is summarized in table 4.2. Also, we observed that the
magnetization curve of U and V is a bit dierent in antiparallel state, this dierence will be
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Figure 4.4: Magnetization curve of all SAF samples.

explained in broadband section. 4.5.

Samples
Samples

S

T

U

V

W

X

Hsat (Oe)
Hsf (Oe)

168

222

78

113

171

226

17

33

17

26

17

33

Table 4.2: Saturation (Hsat ) and spin op (Hsf ), elds, of all samples.

4.4 Macrospin LLG Model
In this thesis we have used a macrospin model to describe and calculate the magnetic behavior/anisotropies, damping and linewidth of SAF samples. The macrospin model is shown
in gure 4.5.

The magnetization vectors (lled arrows) are in the plane of the sample, and

their orientations are dened by the angles

θ

and

φT /B

measured from the plane's normal and

the easy axis (e.a.), respectively. Oscillating vectors (hollow arrows) are perpendicular to the
magenetization directions. The radio eld frequency
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hrf

(not shown) can be parallel or per-

Figure 4.5: Pictorial description of our macrospin model showing top and bottom ferromagnetic
layers with applied eld H parallel to easy axis.

pendicular to the sample plane. The external eld

H

(green arrow), is applied along the easy

axis of the sample.
The free energy on our SAF systems is the sum of the Zeeman's, in plane uniaxial anisotropy,
shape anisotropy and out-of-plane anisotropy energy contributions of each layer, plus the interaction energy. The total energy density

eTotal

of the system can be written as:

eTotal = eT + eB + eI

where

eT

and

eB

are the energy density of top, bottom layers while

(4.1)

eI

is the interaction energy

density of both layers. The energy density of top layer is expressed as :



1 T
1 T
2
2
2
~ T .n̂) − H(m
~ T .ûH ) − HK (m
~ T .ûe.a )
eT = Ms 2πMs (m~T .n̂) − H⊥ (m
2
2

(4.2)

while the energy density of bottom layer is written as :


eB = Ms

1 B
1
~ B .n̂)2 − H(m
~ T .ûH ) − HK
(m
~ B .ûe.a )2
2πMs (m~B .n̂) − H⊥B (m
2
2
2


(4.3)

and the interaction energy is written as :

h
i
eI = MS −HJ1 (m~T .m~B ) + HJ2 (m~T .m~B )2

where

HJ1

=

J1
,
tMS

HJ2

=

J2
,
tMS

MS (emu/cm3 )
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(4.4)

is saturation magnetization of Permalloy and

t

is the thickness,

m
~T

and

of top and bottom layers,

m
~B
n̂

are the unit vectors that indicate the magnetization direction

is the unit vector normal to the sample surface,

that denes the uniaxial anisotropy axis , and

H , H⊥

and

Hk

~ue.a

is a vector

are the external, out-of-plane

anisotropy and in-plane sample anisotropy elds, respectively.
For the analysis of the system, it is convenient to express the free energy in terms of the polar

θ

and azimuthal

φ

angles of the magnetization. In this model the magnetization is considered

always in the plane of lms, so

θ

=

π
. The external eld is applied in the direction of easy axis.
2

And we suppose we have a symmetric SAF, therefore,

H⊥T

=

H⊥B

=

H⊥

and

HkT

=

HkB

=

Hk .

Under these conditions, for the spin op and saturated states, both layers deviates with same
angle from the anisotropy axis, thus the in plane angles

φ

can be written as:

φT = 2π − φB = φ,

The normalized free energy density
pendent on

φ,

(η

=

(4.5)

e
) can be expressed keeping only the terms deMs

such as:

1
ηT = ηB = −H cos (φ) − Hk cos2 (2φ)
2

(4.6)

ηI = −HJ1 cos (2φ) + HJ2 cos2 (φ)

(4.7)

and

We can then obtain the magnetization equilibrium angle

ηB

+

ηI

φ

values by minimizing

η

=

ηT

+

for each H eld value along the hysteresis curve.

To calculate the magnetic dynamic properties, we used the model described in reference [78].
The dispersion relation is calculated by solving the eigenvalue problem shown in equation 4.8,
by obtaining

ωr

=

2πfr

as a function of

H.

−ΛηΩΩ δΩ = jωr δΩ
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(4.8)

where


γ
[Λ] =
1 + α2

α

1



0

(4.9)

and

αT

ηΩΩ

matrix is composed by the derivatives of the normalized free energy density with respect

to the

=

φ

and


ηΩΩ

=

θ

α

0


0

α 1

0 −1 α


−1 α

0 0

0

αB

0

are the intrinsic damping of our top and bottom ferromagnetic layers. The

angles

∂θT ∂θT η

∂θT ∂φT η

∂θT ∂θB η

∂θT ∂φB η





ηθT φT

ηθT θB


 
∂φT ∂θT η ∂φT ∂φT η ∂φT ∂θB η ∂φT ∂φB η  ηφT θT
 
=
∂ ∂ η ∂ ∂ η ∂ ∂ η ∂ ∂ η  = η
 θB θT
 θB θT
θ B φT
θB θB
θB φB 

η φT φT


ηφT θB ηφT φB 

ηθB θB ηθB φB 

ηφB θB ηφB φB

∂φB ∂θT η ∂φB ∂φT η ∂φB ∂θB η ∂φB ∂φB η
The non zero values of the matrix

ηΩΩ

ηθB φT

ηφB θT ηφB φT

ηθT φB



ηθT θT

(4.10)

are:

ηθT θT = ηθB θB = 4πMeff + H cos φ + Hk cos2 φ + HJ1 cos 2φ − 2HJ2 cos2 2φ
ηφT φT = ηφB φB = H cos φ + Hk cos2 2φ + HJ1 cos 2φ − 2HJ2 cos2 4φ
ηθT θB = ηθT θB = − HJ1 + 2HJ2 cos 2φ

(4.11)

ηφT φB = ηφB φT = − HJ1 cos 2φ + 2HJ2 cos 4φ
where

Meff

is the eective magnetization

Meff = MS − H⊥ /4π

For power absorption calculations, we rst obtain the susceptibility tensor

(4.12)

[X], (see equation

6.17 of reference [78])

[X] = [j2πf + ηΩΩ ]−1
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(4.13)

and then the mean absorbed power is calculated by

< P >= πf

n
X

rf
hrf
Ωk [Xkl ]hΩl

(4.14)

k,l=1

where, for

hrf ⊥ H

hrf
Ω

and for





cos φ

= |h | 
 0 


cos φ
rf

(4.15)

hrf k H

hrf
Ω

As

0

0







−
sin
φ

= |hrf | 
 0 


sin φ

(4.16)

< P > is calculated for all elds H and frequencies f, we can also calculate the derivatives

d<P >
numerically.
dH

Oscillation modes
In a magnetic system, coupled spins can oscillate simultaneously in dierent resonance modes.
For example, in the case of two spins in FMR, acoustic mode appears when the two spins
oscillate in phase

(0◦ ) , and an optical mode appears when the oscillation is out of phase (180◦ ).

To discuss these cases, it is necessary to analyze the spin oscillating part of magnetization vector.
For the case of harmonic oscillations, the

δMi

oscillating vectors are:

δM i = MSi [δθi θˆi + sin θi δφi φ̂i ]
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(4.17)

where

θˆi = cos φi cos θi x̂ + sin φi cos θi ŷ − sin θi ẑ

(4.18)

φ̂i = − sin φi x̂ + cos φŷ

dene the unit vectors perpendicular to the magnetization vector of element i. It can be seen
from equation (4.17) that the amplitude and instantaneous direction of the oscillating vector
depends of the intensities and temporal phases of

φi

δθi

and

δφi ,

and also of the angles

θi

and

that dene the orientation of the magnetization vector. The oscillation modes can then be

described as the dierent possible congurations of the oscillating vectors.

As an example,

Figure 4.6: Examples of oscillation modes for dierent magnetic congurations in a two-spin
system. Magnetization vectors (lled arrows) and oscillating vectors (hollow arrows)
are shown. The magnetizations are shown in parallel states (a) and (b), antiparallel
states (c) and non-collinear states (d) and (e). At oscillations are in phase in (a),
(c) and (d) or out of phase in (b) and (e).

in gure 4.6 some simple cases of oscillation modes are presented for a system of two spins
oscillating in a plane

θi = π2 , δθi = 0.

arrows and oscillating vectors

δM

The static magnetization vectors are represented by lled

by hollow arrows.

◦
The time phase (0 or

180◦ )

of

δM

is

represented by the direction of the hollow arrow in relation to the magnetization vector arrow.
Cases (a) and (b) present magnetized spins in the same direction (as in the case of saturation
system). In case (a) the oscillating vectors are in phase, and corresponds to the acoustic mode.

45

The optical mode is represented in the case (b) where the oscillating vectors are out of phase.
Cases (c), (d) and (e) present spins outside the saturation setting. In case (c) the oscillations
are in phase, but due to the conguration of antiparallel spins the oscillating vectors are in
a conguration similar to that of the mode optics of the case (b).

In cases (d) and (e), in

phase and out of phase, respectively, the oscillating vectors are no longer collinear due to the
direction of the respective magnetization vectors.

It is clear that to analyze the oscillation

modes it is necessary to know the angles that dene the directions of the system spins and the

δΩ

oscillations of these angles.

4.5 Broadband FMR
Broadband ferromagnetic resonance measurements were performed using a short-circuited
microstrip waveguide (the whole setup is shown in gure 4.7 ). The microstrip contains the

Figure 4.7: Micro-strip method for VNA-FMR dierential measurements.

sample and is connected to vector network analyzer (VNA). The microstrip waveguide can
generate a rf signal (10MHz to 26GHz) on the sample surface.

HDC is applied through a solenoid

connected to a Kepco power supply. The whole setup is controlled through a computer (PC).
The absorbed power (P) in the magnetic sample was obtained from the
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S11 parameter measured

by the vector network analyzer with respect to the substrate reference

Pref .

P = 1 − |S11 |2 − Pref

(4.19)

We measured the broadband absorbed power spectra of all our samples with, both, the radio
frequency eld

hrf

parallel and perpendicular to the DC eld

H.

The SAF systems present two oscillating modes , in phase precession FMR mode (acoustic)
and out of phase precession FMR mode (optical) of top and bottom magnetizations.

These

two modes are shown in gure 4.8, where top and bottom magnetizations are represented as

Figure 4.8: (a) Ferromagnetic acoustic mode and, (b) optical mode

M1

and

M2

respectively.

The broadband results of Sample T are shown in the gure. 4.9 (a and b). In this gure,
the color scale denotes

P

amplitude from blue (minimum) to red (maximum). The amplitude

maxima on the branches correspond to the resonant modes.
surement schemes (hrf

⊥ H,

gure. 4.9 a) and (hrf

k H,

As we can observe, both mea-

gure. 4.9 b), are complementary to

each other. In the saturation region, we only observe the acoustic resonance mode, where the
spins precess in phase to each other. In this region, for our symmetric SAF, the optical mode
(out-of-phase mode) can not be excited with a uniform

hrf .

On the other hand, in the spin

op region, we can observe both resonant modes due to the relative orientation of

hrf

to the

oscillating magnetizations. In the antiparallel state, only the higher frequency mode is excited
by

hrf ⊥ H .

Figure 4.9 also includes the dispersion relations calculated using the macro spin model (see
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Figure 4.9: Experimental broadband spectra for our SAF (T) measured with (a)
(b): same as (a) but with

hrf k H .

200
hrf ⊥ H

.

(c) Dispersion relations for the acoustic mode

(green solid lines) and (d) Optical mode (dashed green lines). The optical mode is
observed (dashed lines) only on the spin op state. Resonant conditions not excited
by an uniform

section 4.4).

hrf

are drawn as dotted magenta lines.

In gure 4.9 c, the dispersion relation of the acoustic mode is presented by a

continuous green line while in gure 4.9 d, the optical mode are presented by a dashed green
line. The magenta dotted line presents the modes which could not be excited with uniform rf
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eld. The parameters used in the dispersion relation calculation of sample T are presented in
table 4.3

Sample T
magnetic anisotrpies

Values

HkT = HkB = Hk (Oe)

7

HJ1

(Oe)

-94

HJ2

(Oe)

10.2

Meff (emu/cm3 )

780

Table 4.3: Parameters used in dispersion relation calculation of sample T

The broadband measurements for all the other samples also showed similar results, and are
shown below one by one.

hrf ⊥ H ,

FMR spectra of sample S is shown in gure 4.10. In this gure, for
that the broadband spectra is of V shape and a transition from
change in the slope of the dispersion relations.

Hsf

to

Hsat

we observed

is observed as a

Also the resonant mode of antiparallel state

is shifted towards a lower frequency when compared to sample T, this eect is due to lower
coupling constants

HJ1

and larger

HJ2 .

We also observe a clear arc shape in optical modes wich

is more bent when compared to sample T this is due to the larger

HJ2

coupling. In gure 4.10

c, the dispersion relation of the acoustic mode is presented by a continuous green line while in
gure 4.10 d, the optical mode are presented by a dashed magenta line, this time we did not
dierentiate the regions where this mode is observed or excited.
The broadband spectra of sample U and V are shown in gure 4.11 and 4.12, respectively.
Coupling elds for sample U are

HJ1

= -33 Oe and

HJ2

= 3.5 Oe.

For these values we can

expect the shifting of the spin op and antiparallel state FMR modes to lower frequencies and
elds. Similarly, coupling elds for sample V are

HJ1

= -56 Oe and

HJ2

= 3 Oe. Therefore, we

observe a similar behavior of resonant modes.
For U and V samples, we observed that the antiparallel state is not fully straight in the M
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Figure 4.10: Experimental broadband spectra of S, measured with (a)
(a) but with

hrf k H .

hrf ⊥ H

200
. (b): same as

(c) Dispersion relations for the acoustic mode (green solid

lines) and (d) Optical mode (dashed green lines). The optical mode is observed
(dashed lines) only on the spin op state.

x H curves. They also have dierent broadband spectra for

hrf k H

as compared to other sam-

ples. The experimental resonant modes are sharper in the spin op region than the calculated
dispersion relation. We have also noticed that they have less eective magnetization value as
compared to other samples. We attribute these eects to a large out of plane anisotropy
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Figure 4.11: Experimental broadband spectra of U, measured with (a)
(a) but with

hrf k H.

hrf ⊥ H

200
.(b): same as

(c) Dispersion relations for the acoustic mode (green solid

lines) and (d) Optical mode (dashed green lines). The optical mode is observed
(dashed lines) only on the spin op state.

that not only reduces the eective magnetization (see table 4.4) but could also make that the
spin op transition occurs with out of plane components in the layers' magnetization.
later eect is not taken into account in our model.
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This

Figure 4.12: Experimental broadband spectra of V, measured with (a)
(a) but with

hrf k H.

hrf ⊥ H

. (b): same as

(c) Dispersion relations for the acoustic mode (green solid

lines) and (d) Optical mode (dashed green lines). The optical mode is observed
(dashed lines) only on the spin op state.
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The broadband spectra of samples W and X are shown in gures 4.13 and 4.14.
samples behave very similar to samples S and T, including similar

HJ1

and

HJ2

These

coupling elds,

but have a slightly smaller efective magnetization (see table 4.4)

Figure 4.13: Experimental broadband spectra of W, measured with (a)
(a) but with

hrf k H.

hrf ⊥ H

.(b): same as

(c) Dispersion relations for the acoustic mode (green solid

lines) and (d) Optical mode (dashed green lines). The optical mode is observed
(dashed lines) only on the spin op state.
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Figure 4.14: Experimental broadband spectra of X, measured with (a)
(a) but with

hrf k H .

hrf ⊥ H

.(b): same as

(c) Dispersion relations for the acoustic mode (green solid

lines) and (d) Optical mode (dashed green lines). The optical mode is observed
(dashed lines) only on the spin op state.
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We summarize the magnetic anisotropies obtained from dispersion relations of all samples in
table 4.4

Samples
Samples

S

T

U

V

W

X

(Oe)

7

7

7

7

7

7

Hk

HJ1

(Oe)

-62

-94

-33

-56

-55

-90

HJ2

(Oe)

15.5

10.2

3.5

3

15

11.5

Meff

(emu /

780

780

680

680

740

744

cm3 )

Table 4.4: Parameters used in broadband FMR for calculations of anisotropies

We can see that the dierence between the samples are only the coupling elds, which is
expected to change with the Ru thickness and the small dierences during the fabrication
process. But we also observe dierent eective magnetization which should be attributed to
the capping of the top layer, and thus aect only this layer making the SAF not symmetric.
Even so our symmetric model explains very well all samples.

4.6 Linewidth and damping
In order to obtain precise linewidth

∆H and damping α measurements in acoustic and optical

mode, we calculated the absorbed power derivatives
for

hrf ⊥ H

were

δH

and

hrf k H.

dP/dH

with respect to the applied eld

This is performed by doing accurate measurements of

S11

at

H ± δH

= 2 Oe and then calculate the derivative numerically:

(|S11 |2(H−δH) − |S11 |2(H+δH) )
dP
=
dH
2δH
For sample T,

(4.20)

dP/dH measurements were carried over xed frequencies, while sweeping H and

also for a broadband frequency around a xed eld. In all our measurements we apply
perpendicular to H or parallel to H. For both

hrf ⊥ H
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and

hrf k H,

the

dP/dH

hrf

either

measurements

over xed frequencies and sweeping

a)

H,

are shown in gure 4.15.

b)

hrf ⟂ H

dp/dH

dp/dH

3.5 GHz

1.5 GHz

For

hrf ⊥ H,

hrf ∥ H

2.5 GHz

3.0 GHz

4.5 GHz

0

100

200

H (Oe)

the absorbed

2.0 GHz
300 100

150

H (Oe)

200

250

dP
vs H at xed frequency of 1.5 GHz
dH
dP
vs H at xed
, 3.5 GHz and 4.5 GHz (b) For hrf k H, absorbed power derivative
dH
frequency of 3.0 GHz , 2.5 GHz and 2.0 GHz.

Figure 4.15: (a) For

hrf ⊥ H,

absorbed power derivative

power derivatives vs eld for 1.5 GHz , 3.5 GHz and 4.5 GHz are shown in gure 4.15a. From
these spectra we can obtain values of resonance eld

HR

and

∆H.

At higher frequencies, we

observe those resonant modes, occur at high magnetic eld and vice versa Similarly, for

hrf k H,

the absorbed power derivatives vs eld for 2 GHz , 2.5 GHz and 3 GHz are shown in gure
4.15b. We observe that with high frequency, we can excite the resonant modes, occur at low
magnetic eld and vice versa. For sample T, absorbed power derivatives vs frequencies over
a xed eld of 75 Oe, 150 Oe and 260 Oe are shown in gure 4.16a, when
calculate resonance frequency fr and frequency linewidth

∆f

from each

hrf ⊥ H.

dP/dH.

We can

Moreover, lower

magnetic eld corresponds to resonant modes at lower resonant frequency.
For

hrf k H,

absorbed power derivatives vs frequencies over a xed eld of 200 Oe, 150 Oe

and 100 Oe are shown in gure 4.16b. For optical mode, we can calculate resonance frequency

fr

and frequency linewidth
For

hrf ⊥ H, dP/dH

∆f

from each

dP/dH.

vs f, has a positive slope around resonant eld and for

hrf k H

the slope

is negative. This is due to the opposite dispersion relation slopes of the optical and acoustic
modes around the measurement eld.
By tting the

dP/dH

or frequency linewidth

using equation 3.6 measurements we obtained the eld linewidth

∆f

∆H

for both, optical and acoustic, modes. Also, using our LLG model
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Figure 4.16: (a) For

4

f (GHz)

200 Oe
6

0

100 Oe
2

f (GHz)

4

6

hrf ⊥ H, absorbed power derivative dP/dH vs f at xed eld of 75 Oe , 150
hrf k H, absorbed power derivative dP/dH vs f at xed

Oe and 260 Oe. (b) For

eld of 200 Oe , 150 Oe and 100 Oe.

described in section 4.4, we obtained the

dP/dH

and from there we have calculated

∆H

or

∆f ,

numerically. These numerical solutions only take into account the LLG equation without spin
pumping or spin torque eects.
The experimental results of
that

∆H

increases with f.

∆H

vs.

f are shown in gure.

4.17.

In this gure, we observe

For the acoustic mode, we see two dierent regimes, one for the

spin op region and the other for the saturated region, with a signicant increment in

∆H

in

the transition between these regions at around 4.3 GHz. The optical mode has always larger
experimental

∆H

when compared to the acoustical mode, also the growth rate is much larger.

In gure. 4.17 we also present the
a constant

∆H0

∆H

calculations from our LLG model with the addition of

= 2.3 Oe. For optical mode, on the contrary of the calculated results,

∆H

is

smaller than on the acoustic mode up to around 2.7 GHz. We also noticed that, for this mode,
the growth rate on the experimental

∆H

is larger than the obtained from the LLG model.
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Figure 4.17: Field linewidth measurements vs. frequency for the acoustic mode (circles) and
the optical mode (squares). The corresponding numerical values obtained using
an LLG model plus a manually added

∆H0

= 2.3 Oe: acoustic mode (solid line)

and optical mode (dashed line).

In order to compare linewidth in dierent magnetic states, we must look upon the frequency
linewidth

∆f

measured at a xed H, where the magnetic state is stable. These measurements

are shown in the top panel of gure. 4.18.
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Figure 4.18: Top: Experimental frequency linewidth

∥00

∆f

300

for the acoustic (circles) and optical

(squares) modes as a function of measured eld H. Bottom: numerically calculated

∆f

from the LLG model for the acoustic (solid line) and optical (dashed line)

modes.

Here, we observe that for the acoustic mode, experimental
slightly decreases with the eld. While

∆f

∆f

is almost continuous and

for the optical mode has a larger value and slowly

increases with the eld up to 200 Oe, where then sharply increases. Calculated

∆f

values are

also shown in the bottom panel of gure. 4.18. The LLG model does not display any abrupt
transition on

∆f

the LLG model

between the spin op and saturation region for the acoustic mode. Also, for

∆f

the optical mode is always smaller than the acoustic mode.

Other samples also showed the similar behavior in acoustic and optical modes all along the
dispersion relation. The acoustic mode

∆H

results are shown in gure 4.19.
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Figure 4.19: Field linewidth measurements vs. frequency for the acoustic mode of all samples.

Our experimental data is well-tted to our LLG +

∆H0

model with manually added

∆H0

(see table 4.5) for each sample, except for a bit deviation in sample U and V. We believe this
deviation comes from the perpendicular anisotropy eld

H⊥ ,

which we already explained in

earlier section 4.5.

Samples
Samples

∆H0
α

(Oe)

S

T

U

V

W

X

1.32

2.3

6.86

5.14

4.25

3.06

0.008

0.008

0.0098

0.011

0.010

0.010

Table 4.5: Damping

The

∆H

α

and inhomogeneous linewidth

∆H0

used in gure 4.19

results of optical mode for all samples are shown in gure 4.20.
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Figure 4.20: Field linewidth measurements vs. frequency for the optical mode

We can see a clear enhancement linewidth in all samples as compared to our LLG model. We
believe that these linewidth enhancements to the optical mode out-of-phase oscillations, are due
to the interlayer spins currents do not compensate each other. All the magnetic parameters
used in calculation of linewidth

∆H

and damping parameters

α

are given in table 4.5

4.7 Discussion
Our main results on analysis of

∆H

in SAF systems are summarized in gures. 4.17, 4.18

, 4.19 and 4.20, where we present the experimental linewidth in both the saturated and spin
op states of a SAF system. We will rst analyze the acoustic mode. For a symmetric SAF,
as it is our case, we do not expect any linewidth enhancement due to interlayer spin pumping,
as both spin currents compensate each other [51, 68]. Thus, for a saturated state the linewidth

∆H

should behave in the well known linear relation

∆H = 2πα0 f /γ + ∆H0
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(4.21)

where
and

γ

is the gyromagnetic ratio,

∆H0

α0

is the intrinsic damping coecient of the magnetic layers

is the phenomenological inhomogeneous linewidth not predicted by the LLG theory.

The sole addition of the

∆H0

to the results from our LLG model ends in an excellent agreement

with the experimental data not only for the saturated state but also for the spin op state. This
agreement with the LLG theory indicates that in fact, the interlayer spin current interactions
do not produce any signicant damping enhancement in neither saturated nor spin op states.
As the

∆H

vs.

f

relationship in the spin op region is almost linear, one could be temped

to use equation 4.21 for this region, this would result in a lower damping parameter
larger

∆H0 ,

α

and a

when expressed into a saturated state. But this interpretation is wrong. A better

picture is obtained from the frequency linewidth

∆f

measurements (only calculated for sample

T) that are almost continuous and slightly decrease with the eld.

∆f

calculated from the LLG

model, like the experimental data, does not show a transition between the magnetic states. In
fact, the dierent

∆H

slopes on the spin op and saturated regions are governed by the slopes

in their respective dispersion relation. This eect is clear in gure 4.19 where the transitions
occur at dierent frequencies due to the dierent coupling elds in the samples.
On the contrary, in the case of the optical mode, we observe a disagreement between the
LLG model and the experimental results.
shows that

∆f

For this mode (see gure 4.18), the LLG model

is smaller when compared to the acoustic mode and decreases with H in the

spin op region. While experimental

∆f

is larger for the optical mode and increases with eld.

Although the sharp increase over 200 Oe could be an experimental artifact due to the large slope
of the dispersion relation over this eld. Measured

∆H

linewidth is also larger than the LLG

model prediction. We correlate these linewidth enhancements to the optical mode out-of-phase
oscillations, where the interlayer spins currents do not compensate each other.

4.8 Conclusions
In conclusion, we have measured the FMR response of a six SAF systems for both RF eld
perpendicular and parallel to the DC eld to obtain the acoustic and optical FMR modes
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responses. For these two modes, we obtained both, eld and frequency linewidth, along the
dispersion relations in the spin op and saturated magnetic states. Our results for the acoustic
mode are well explained by using the LLG equation with the addition of the inhomogeneous
linewidth broadening, but without the need of additional spin torque terms. For the optical
mode, we observed an increase in the experimental linewidth which should be explained by
the non compensated interlayer spin currents in the SAF. Nevertheless, the LLG model already
explained most of the features observed in the eld linewidth measurements. Our results provide
further insights into the magnetic damping behavior in SAF systems.
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5 Spin current to charge current
conversion in SAF systems
In this chapter, we study the spin current to charge current conversion in NiFe based bilayers
and SAF systems. For this end we have measured the generated DC voltage in the samples due
to spin currents exited by broadband ferromagnetic resonance. First section, will be dedicated
to geometry considerations on the DC voltage signal generated by inverse spin hall eect.
Second section, will be about spin to charge conversion in NiFe based systems. In third section,
we present and discuss the measured DC voltages in SAF systems, in all their magnetic states.

5.1 Geometry considerations in ISHE
The voltage measured in ISHE experiments will depend not only on the ISHE angle of the
materials used or polarization orientation of the spin currents, but also on the chosen polarity on
the voltage terminals in the experimental setup. To show all this we considered two geometries
of NiFe/Ru bilayers grown on

Si/SiO2 substrate.

These samples are show in gure 5.1, in which,

(a) NiFe is under the ruthenium and (b) NiFe is over the ruthenium layer. The direction of
spin current

JS

(presented by the black arrow) always ows from the ferromagnet towards the

ruthenium layer.
Our experimental geometry for the ISHE measurements is shown in gure 5.2. According to
this gure the magnetic eld

H

is applied in the

ŷ

direction and the radio frequency eld

hrf

is perpendicular to it. Due to the spin pumping induced by the ferromagnetic layer, the spin
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Figure 5.1: Samples for investigating ISHE, (a) NiFe/Ru, (b) Ru/NiFe

current

JS

will ow in the

+ẑ

or in the

−ẑ

direction depending on the ferromagnet position in

the sample stack. For saturated samples, the polarization of

JS

will be along the

H

direction.

The important parameter on our setup is the chosen polarity of the voltage terminals placed
on top of the sample, that will determine the sign of the measured ISHE voltage. We place the

+V

terminal on the

+x̂

side of the sample, while the

−V

terminal is on the

−x̂

side.

Figure 5.2: Geometry in ISHE experimental setup

JS

Consider the sample shown in 5.1a, the
polarization is in the

+ŷ

is ows towards

direction. So only the

JS ẑŷ

+ẑ

axis, while, for

+H ,

its

component is not zero and equation 2.26

takes the form

Jx̂C = −

as

xzy

e
S
ΘSH x̂ẑŷ Jẑŷ
}

= - 1, therefore, equation 5.1 becomes,

JC = +

As

(5.1)

ΘSH

e
ΘSH |JS |x̂
}

(5.2)

is positive for Ru then the positive sign in equation 5.2 indicates that the electrical

charge current will ow towards

+x̂

axis i.e. from
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−V

voltage terminal towards

+V

voltage

terminal. Therefore, we will get
eld, we will get
towards

+H

or

−ẑ

+VISHE .

−VISHE

for

If we reverse the direction of applied magnetic

For sample geometry shown in 5.1b, the spin current is

axis, then the charge current

−VISHE

+H .

for

JC

will ow towards

−x

axis, and we get

JS

owing

+VISHE

for

−H .

In gure 5.3 we show the measured ISHE voltages for the samples shown in gure 5.1. In
this gure we observe the correct voltage signs predicted by the previously described theory,
including the sign inversion on reversing the eld direction and on inverting the layers order.
We also observe the basic features of ISHE signals [67]: The maximum amplitude of
seen at the resonance elds of the NiFe.

The

VISHE

VISHE

is

peaks elds positions changes with the

frequency following the FMR dispersion relation. And the peaks shape is almost symmetric
around the resonance elds.
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0.0
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Figure 5.3:
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response, over xed frequencies for the samples presented in gure 5.1.

5.2 Spin to charge conversion in NiFe
ISHE is commonly used to study the spin orbit interactions in non-magnetic (NM) heavy
metals in contact with a ferromagnet (FM) using FM/NM bilayers. At resonance frequency,
the FM layer pumps a spin current into the NM layer and ISHE converts the spin current to
charge current. In this experiments, it is very dicult to distinguish the contribution from the
FM and from the NM layer in the conversion of spin to charge current, so this dierence is
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mostly neglected [67]. Self induced charge current can be generated in NiFe [103, 104] at room
temperature, and it occurs through ISHE by spin orbit interactions in ferromagnets. This self
induced voltage in NiFe samples are studied in details in ref [67, 105107].
For a bilayer NiFe/Ru system, the overall voltage amplitude is a combination of NiFe and
Ru layers contributions, mathematically:

C
VDC (Total) = R JC (Total) = R [JC
ISHE (Ru) + JDC (NiFe)]

where

(5.3)

R is the sample's resistance between the voltage contacts and JC
DC are the charge currents.

For convenience we express equation 5.3 in terms of the voltages generated by each layer,

VISHE (Ru) = R JC
ISHE (Ru)

and

VDC (NiFe) = R JC
DC (NiFe),

and obtain

VDC (Total) = VISHE (Ru) + VDC (NiFe)

(5.4)

although this interpretation has no direct physical signicance as the Ru and NiFe contributions
do not behave as two voltage sources connected in series.
For the geometry shown in gure 5.2 the signal contribution of a NM capping layer with
positive

ΘSH

ISHE voltage

is a negative ISHE voltage

+VISHE

−VISHE .

While the NiFe layer produces a positive

with amplitude dependant on the NiFe layer thickness. This can be seen

in gure 5.4 where we present the measured DC voltage of this system, at 3.0 GHz, for dierent
NiFe layer thickness. In this gure we observe that NiFe(3 nm)/Ru(10 nm) sample presents a
negative voltage which correspond to the sign of

VISHE (Ru).

On the hand, the other samples

with shows positive voltages, with increasing amplitude for thicker NiFe. All this observations
are easily explained using equation 5.4. Where we can take
with the same amplitude for all layers, while

VDC (NiFe)

VISHE (Ru)

as a negative voltage

is positive, but its amplitude depends

on the NiFe layer thickness.
To reinforce the fact that the DC voltage signal we observe in our experiments is dominated
by the NiFe signal, we show in gure 5.5 measurements for NiFe/Pt and NiFe/Ta systems.
Even if Pt and Ta have opposite ISHE angles, both systems produce positive voltages for all
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Figure 5.4: Measured DC voltage of NiFe/Ru systems for dierent NiFe layer thickness. In order
to eliminate the geometry factors, the measured
sample's resistance

VDC

is divided by its corresponding

R.

the excitation frequencies. But using equation 5.4 we can explain the dierence in the amplitude
of the signals. In the NiFe/Ta system both NM and NiFe contributions are positive, while in
the NiFe/Pt system they are opposite. This results in a larger signal for NiFe/Ta and smaller
signal for NiFe/Pt, yet still positive due to the NiFe contribution.

Si/SiO2/NiFe(20 nm)/Ta(10 nm)
VDC/R (μV/Ω)
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0.0
0
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Figure 5.5: Generated

VDC
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signals for the NiFe/Ta and NiFe/Pt systems. Even if Pt and Ta

have opposite ISHE angles, both systems produce positive voltages for
to the NiFe

300

VDC

contribution, that is larger than the
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VISHE

H>0

due

in the capping layers .

5.3 Spin to charge conversion in SAF systems
In this section we analyse the generated
presented in chapter 4 (see gure 4.2).

VDC

due to FMR excitation in the SAF systems

First we will show the complete picture of

VDC

of

sample T in all the magnetic states (saturation, spin op and anti-parallel) and for a large
range of frequencies. This is done in gure 5.6 where we plot the

VDC

H

curves vs

measured at

xed excitation frequencies. These measurements were performed for frequencies ranging from

VDC

1 GHz up to 5 GHz with frequency steps of 0.2 GHz. The vertical oset of each

series was

chosen such that its baseline is aligned with its corresponding measurement frequency showed
on the frequency scale on the right of the gure.

T

H ∥ e. a.

5

f (GHz)

VDC a. u.

4
3
∥
1
−300

−150

0

H (Oe)

150

300

Figure 5.6: Measured DC voltages for a SAF system (sample T) for dierent xed frequencies,
along all the magnetization states. The vertical oset of each

VDC

series is chosen

such that its baseline is aligned with its measurement frequency on the frequency
scale on the right. The dashed lines correspond to the dispersion relations of the
FMR modes plotted against the right axis.

From gure 5.6 we observe two voltage peaks at each excitation frequency. The eld position
of these peaks follows the dispersion relation of the acoustic FMR mode (dashed lines). Also,
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these peaks are almost symmetric with respect to the resonant eld. In the regions far from
the FMR condition the

VDC

amplitude is very small. On the saturated state, for

signal is positive and large when compared to the other magnetic states. The
reduces its peak intensity and then invert its sign in the spin op region.
happens at around 2.6 GHz We have also noticed a

VDC

+H ,

VDC

the

VDC

gradually

This transition

signal corresponding to the FMR

mode in the antiparallel state. For all the measured spectra we can see that the voltage is an
odd function of

H

and behaves just like ISHE signals.

5.3.1 DC voltage sign inversion in the spin op state
In this section, we will focus on the experimentally observed

VDC

sign inversion on the spin

op state. We will show that this sign inversion is a feature of SAF systems and occurs when
the angle between the top and bottom magnetization is
The

VDC

90◦ .

sign inversion in the spin op state for sample T is presented in gure 5.6.

also measured DC voltages for sample X in the spin op state, for external eld
(H

k e.a)

and perpendicular (H

⊥ e.a)

to the anisotropy axis.

presented in gure 5.7, in both cases we observe the

VDC

H

We

parallel

These measurements are

sign inversion. This inversion can

be seen around the point where the layers' magnetization make an angle of

90◦ ,

which eld

H

is marked by the vertical dotted line. This line crosses the dispersion relation at a frequency
of around 2.5 GHz and 2.7 GHz for
inversion is indeed related to the

90◦

H k e.a

and

90◦

respectively. Thus the

VDC

sign

angle between the layers' magnetization, independent on

which eld or frequency it occurs. The measured
than

H ⊥ e.a,

and negative when in larger than

For Sample U, we have measured the

VDC

will be positive when this angle is smaller

90◦

VDC

in slip op state for

H k e.a.

(see gure 5.8);

VDC

amplitude signal is positive around resonance frequency of 2.0 GHz and gradually decrease in
amplitude for lower frequency values and then the signal inverts just as the other samples, but
for lower elds and frequencies due to the reduced coupling interactions. The peak positions and
inversion of

VDC

does not exactly follows the presented dispersion relation. This is probably an

eect of the large out of plane anisotropy present in this sample (see section 4.5) that can also

70

X

∥.5

f (GHz)

VDC a. u.

∥.0
2.5

H ⟂ e. a.

∥.5
∥.0

f (GHz)

H ∥ e. a.

VDC a. u.

X

2.5

2.0
50

100

H (Oe)

150

2.0

200

50

100

H (Oe)

150

Figure 5.7: Measured DC voltages for sample X in the spin op state, for
perpendicular (right) to the anisotropy axis.

H

200
along (left) and

The dashed lines correspond to the

FMR dispersion relations and the dotted vertical line correspond to the eld where
◦
the layers' magnetization make a 90 . The vertical osets scheme is the same as in
gure 5.6.

induce an out of plane magnetization component in the analyzed elds. Even so, we observe
the

VDC

sign inversion close to the calculated

90◦ ,

indicating that this eect is related to the

magnetization directions in the SAF systems.

H ∥ e. a.

2.0

f (GHz)

VDC a. u.

U

∥.5

∥.0
25

50

H (Oe)

75

Figure 5.8: Measured DC voltages for sample U in the spin op state. The dashed lines correspond to the FMR dispersion relations and the dotted vertical line correspond
to the eld where the layers' magnetization make a 90º angle. The vertical osets
scheme is the same as in gure 5.6.
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5.3.2 DC voltage in the antiparallel state
In this section we focus on the experimental

VDC

measured in the antiparallel state, this

signal is shown in gure 5.9 for sample T and sample X. In both samples
amplitude close to

H = 0.

−VDC

for

−H ,

+VDC

1

for

has an odd symmetry with

H.

+H

X

VDC a. u.

VDC a. u.

T

0

−1

this

has a zero

+VDC

Also, both samples show positive voltage amplitude

and negative voltage amplitude

1

VDC

0

−50

0

H (Oe)

3.5 GHz
3.6 GHz
3.7 GHz
50

3.1 GHz
3.2 GHz
3.3 GHz

−1
−50

0

H (Oe)

50

Figure 5.9: Measured DC voltages for samples T (left) and X (right) in the anti-parallel state.
The chosen measurement frequencies are around the resonant frequency of the exited
FMR mode in the anti-parallel state of each sample.

5.3.3 Discussion and conclusions
In the SAF systems we have measured a characteristic

VDC

signal including a sign inversion

in the spin op state and a particular response in the antiparallel state. Here we will present a
simple model that explains the signals measured for the saturated and antiparallel state, and
discard other models presented in literature [108] as they do not reproduce the experimental
data. We propose that each NiFe layer contributes independently with a DC voltage, due to
the anisotropic magneto resistance AMR, that is proportional to the amplitude of oscillating
part of the magnetization

|mosc |

and has a angle dependence like

VDC ∝ |mosc | cos φ cos 2φ
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cos φ cos 2φ
(5.5)

~ 0 , magnetiM
zation oscillating vector m
~ , angle between magnetization and easy axis φ, voltage
terminals, directions of H and hrf and induced a radio frequency current Iy (due

Figure 5.10: Schematic for measurements of

VDC

of SAF. Magnetization vector

to shortcircuit microstrip waveguide) are shown.

where

φ

is the angle between the layer's magnetization and the eld direction.

We present this model using the gure 5.10. Here, the central conductor of the microstrip
waveguide (not show) is along the
pendicular to the external

H

ŷ

direction and generates a radio frequency eld

eld. This

hrf

hrf

per-

eld, makes the magnetization oscillate and also

induces, due to Lenz law, a radio frequency electric current

Iy .

This current has the same di-

rection as the current in the central conductor of the microstrip waveguide, but opossite phase.

Iy

is related to a current density

Jy

and is proportional to the amplitude of

Jy =

Iy
∝ |hrf |
A

On the other hand, the total magnetization
oscillating part

hrf .

~
M

(5.6)

is the sum of the static part

~0
M

and the

m
~.
~ =M
~0 +m
M
~

The static magnetization

~0
M

has an amplitude
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MS

and makes an angle

(5.7)

φ

with the electric

current

Iy

direction. So, we can write

M0

in terms of it's

x̂

and

ŷ

components.

~ 0 = MS (sin φ x̂ + cos φ ŷ)
M

Similarly, the in plane oscillating part of

m
~

has an in plane amplitude

(5.8)

mosc

and

x̂

and

ŷ

components:

m
~ = −mosc (cos φ x̂ + sin φ ŷ)

(5.9)

with

mosc = χ cos φ|hrf |

where

(5.10)

χ is the in plane magnetic susceptibility and the cosφ term in this equation is due to the

coupling eciency between

hrf

and

~0
M

In order to obtain the spin rectication voltage

VDC , due to the coupling of the magnetization

oscillation and the oscillating electric current, we start with the generalized Ohm law´s (see
equation 2.5 in ref [93]).

E = ρ⊥ J +

∆ρ0 ~ ~
∆ρ0 ~ ~
ρH
ρAHE
(
J.
H)H
+
(
J.
M
)M
−
(J
×
H)
−
(J × M )
H2
M2
|H|
|M |

(5.11)

In this equation, we have included the nonlinear eects introduced by the presence of magnetic
elds and a nonzero magnetization. The second and third terms describe ordinary magnetoresistance (OMR) and AMR respectively while the fourth and fth terms describe the ordinary
Hall eect (OHE) and the anomalous Hall eect (AHE). The AHE will not produce any voltage
along the current direction due to the cross product, and therefore in a microstrip conguration
there will be no AHE voltage along the length of the strip.
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Taking only the AMR term

~M
~ )M
~
~ = ∆ρ0 (J.
E
M02
and plugging the total magnetization

~ =M
~0 +m
M
~

(5.12)

expression, we get:

h
i
~ M
~ m
~ = ∆ρ (J.
~M
~ 0 )M
~ 0 + (J.
~ M~0 )m
~ m)
~ 0 + (J.
~ m)
E
~
+
(
J.
~
M02
furthermore, to obtain

x̂

VDC

we need to calculate the temporal average of the

direction, and multiply it by the distance

l

between the

+V

and

−V

(5.13)

E

eld along the

electrodes. So, the rst

and last term of equation 5.13 will vanish as the rst is constant and the former is very small,
and we get:



~ > l = ∆ρ l − < Jy mosc > cos2 φ + [< Jy mosc > sin2 φ
−VDC =< E.x̂
M0

(5.14)

Finally, simplifying and using equations 5.10 and 5.6 we obtain:

VDC ∝

∆ρ
l|hrf |2 χ cos 2φ cos φ
M0

This equation is equivalent to equation 5.5 if we use

|mosc | = χ|hrf |

(5.15)

as the oscillating magneti-

zation amplitude, which is independent of the radio frequency eld coupling with the magnetization.
For our SAF system, we use this model and consider that the contribution from the Ru
layer is negligible, which is in agreement with the experimental data seen in section 5.2. Using
the same idea as in equations 5.3 and 5.4 we express the measured DC voltage as the voltage
contributions from each layer

Total
T
B
VDC
= VDC
+ VDC

75

(5.16)

or expressed in terms of

|mosc |

and

φ

Total
B
VDC
∝ |mT
osc | cos φT cos 2φT + |mosc | cos φB cos 2φB

For the saturated states both magnetization are parallel to
for

+H

or

φ=π

for

−H ,

also both oscillations are equal

H

and

(5.17)

φB = φT = φ,

B
mT
osc = mosc = mosc .

with

φ=0

Therefore, the

solution to equation 5.17 in the saturated state is

Saturation
VDC
∝ ±2|mosc |

which is positive for

+H

and negative for

−H

(5.18)

and agrees with the experimental data presented

in gure 5.6.
In a antiparallel (AP) state, we suppose that the bottom layer is in
while for the top layer

φT = π

+H

direction or

φB = 0

so we obtain:

AP state
T
VDC
∝ |mB
osc | − |mosc |

(5.19)

But, unlike the saturated state, the oscillations in the AP state are not equal, the layer oriented
towards the eld direction will have larger oscillation. This can be clearly seen in gure 5.11
where we present calculated oscillation amplitudes for the AP state. On the
graph, the bottom layer has larger
amplitude.

The

T
|mB
osc | − |mosc |

|mB
osc |,

while on the

−H

+H

side of the

the top layer oscillates with larger

term is also shown in this gure and it has a similar shape

observed to what is observed in the experimental voltage. The left panel of gure 5.11 shows that
the experimental

H

AP state
B
T
VDC
does not have sharp transitions like the |mosc | − |mosc | calculated with

◦
oriented exactly towards the anisotropy axis (0 in the rigth panel of g. 5.11). We attribute

this to the expected anisotropy distributions present in the SAF that will smooth any sharp
magnetic transition. For this reason we also included the calculation of
the

H

makes an angle of

10◦

T
|mB
osc | − |mosc |

when

with the anisotropy axis that behaves more like the experimental

data.
For the spin op region, in the acoustic mode, both oscillation have the same amplitude
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Figure 5.11: Left: Measured DC voltage at 3.6 GHz for sample T in the anti-parallel state.
Right: Calculated in plane magnetization oscillation amplitudes

|mosc | at 3.6 GHz,

for the top and bottom layers of sample T, around the anti-parallel state. Note

|mosc | calculated for H parallel to the anisotropy axis
(dashed lines) are smoothed for |mosc | calculated when H makes a 10 degree angle
that the sharp transitions in

with the anisotropy axis (solid lines).

|mosc |

and opposite angles

φB = −φT .

So, by using equation 5.17 we obtain:

Spin flop
VDC
∝ 2|mosc | cos φ cos 2φ

Here, the

cos 2φ term will invert it sign when φ = ±45◦

(5.20)

and as both magnetization orientations

deviate from each other, at this point the angle between the magnetization will be

Spin flop
VDC

90◦ .

This

sign inversion is in accordance to the experiments.

Reference [108] proposed a model for the
propose/ suppose that

VDC

VDC

generated in a SAF system.

This model

is generated only by the ISHE on the capping layer due to only

the top layer generated spin current. This implies that

VDC

is proportional to

earlier this model will fail for the antiparallel state as it were the

VDC

cos φT .

As seen

solution should have

a shape as the red line on the right panel of gure 5.11, and will also fail to explain the sign
inversion in the spin op state.
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5.4 Conclusion
In the study of spin rectication, the eects that generate DC voltage were identied: the
inverse spin Hall eect (ISHE) and the transverse anisotropic magnetoresistance (AMR) rectication, also known as the planar Hall eect.

This second eect is due to the particular

geometry of our measurement system, where the microstrip type waveguide used induces a radio frequency (RF) current in the sample. It is shown that the ISHE signal is observed for NiFe
thin layers, while for layers larger than 10 nm the AMR eect is dominant. Spin rectication
in SAFs was measured for the acoustic mode over the entire dispersion relation, including the
antiparallel, non-collinear and saturated state. In the non-collinear state, the inversion of the
DC voltage signal is observed and analyzed when the magnetization between the SAF layers
makes an angle of 90º. The antiparallel state also generates a DC voltage signal with an antisymmetric prole with respect to the zero eld. These results are explained by the rectication
of an RF current, induced in the sample, due to the anisotropic magnet resistance and result
in the generation of a DC voltage transverse to the current direction.
In the future, we can further extend our work by studying the damping and linewidth in
both ferromagnetic modes in systems with antiferromagnets e.g. SAF/AFM. In the future , we
can use laser writer and e line to prepare the SAF structures in reduced dimensions, and study
their dynamic magnetization properties. It will give us more understanding about the damping
and linewidth in acoustic and optical ferromagnetic modes.
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6 Conclusion and future perspectives
We have successfully prepared symmetric SAFs NiFe/Ru/NiFe with dierent capping layers
of Pt, Ru and Ta. Moreover, we have investigated, not only the magnetization damping in SAFs
using broadband ferromagnetic resonance but also calculated the eld and frequency linewidth
for both FMR dynamical modes of the system, i,e. acoustic and optical modes, were measured
all along the dispersion relation. The obtained results were compared with a model based on
the Landau Lifshitz Gilbert equation without additional spin pumping or spin torque terms.
The results show that this model explains most of the features observed in the eld linewidth
measurements, with very good agreement for the acoustic mode, while for the optical mode
it is clear that spin pumping is needed to explain the observed linewidth enhancement. Our
results provide further insights into the magnetic damping behavior in SAF systems.
Furthermore, we have studied the geometric importance for ISHE measurements and moreover, we have prepared and studied the FM/NM, NM/FM and SAF/NM samples with FMR,
for voltage measurements

VDC

induced due to, (1) spin rectication (because of dynamic AMR,

present in these systems by virtue of FMR radio frequency eld

hrf

and static eld

H)

and (2)

ISHE.
In the study of spin rectication, the eects that generate DC voltage were identied: the
inverse spin Hall eect (ISHE) and the transverse anisotropic magnet resistance (AMR) rectication, also known as the planar Hall eect.

This second eect is due to the particular

geometry of our measurement system, where the microstrip type waveguide used induces a radio frequency (RF) current in the sample. It is shown that the ISHE signal is observed for NiFe
thin layers, while for layers larger than 10 nm the AMR eect is dominant. Spin rectication
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in SAFs was measured for the acoustic mode over the entire dispersion relation, including the
antiparallel, non-collinear and saturated state. In the non-collinear state, the inversion of the
DC voltage signal is observed and analyzed when the magnetization between the SAF layers
makes an angle of 90º. The antiparallel state also generates a DC voltage signal with an antisymmetric prole with respect to the zero eld. These results are explained by the rectication
of an RF current, induced in the sample, due to the anisotropic magnetoresistance and result
in the generation of a DC voltage transverse to the current direction.
In the future, we can further extend our work by studying the damping and linewidth in
both ferromagnetic modes in non symmetric SAF systems, symmetric and non symmetric SAFs
with antiferromagnets e.g. SAF/AFM. AMR spin rectication will be further studied in nano
structures and and nano antennas. We can extend this work by preparing the SAF based on
CoFe or CoFeB and study the AMR and ISHE. All these results will give us, more insight of
these phenomena.
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