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Resumo

Actualmente, as spinvalve sao um dos sensores magnetoresistivos mais utilizados. A lista de aplicacdes
€ extensa, abrangendo varias areas cientificas, sendo demarcada pelos limites de detecgao destes
sensores. As técnicas mais eficientes, gue permitem melhorar esta caracteristica, requerem a utilizacdo
de estruturas com areas extensas.

O trabalho presente nesta tese destina-se a estudar uma nova técnica, que permite melhorar a de-
tectividade destes sensores magnetoresistivos, sem requerer maiores areas que as do préprio sensor.
Esta técnica baseia-se na utilizacao de spinvalves conectadas em paralelo através de empacotamento
vertical, invés da actual conexao paralela no plano, que envolve o aumento da area ocupada. As
medigoes do ruido demonstram uma redugao do ruido térmico com o nimero de spinvalves empa-
cotadas M, em fungdo de /v, tal como esperado teoricamente. Contudo, para o ruido 1/f, esta
dependéncia nao foi observada, tendo sido encontrada uma relagdo entre este ruido e a estabilidade
magnética dos momentos magnéticos.

Os sistemas de spinvalves empacotadas revelaram ainda redugéao da sensibilidade, o que indica
que existem acoplamentos magnéticos entre estas spinvalves, afectando negativamente a sua de-
tectividade. Ainda assim, foram observadas melhorias na detectividade, visto que um sistema com-
posto por quatro spinvalves empacotadas apresentou melhores niveis de detectividade, especifica-
mente 7.6nT/vHz a 30 Hz (4.4nT/v/Hz a 100 Hz), comparativamente com os valores de detectividade
obtidos para uma spinvalve individual, 12.3nT/v/Hz a 30 Hz (7.6 nT/v/Hz a 100 Hz).

Esta influéncia foi investigada e, com base nas conclusodes retiradas, sao evidenciadas ideias para

um futuro desenvolvimento desta técnica.

Palavras-chave: spinvalve, ruido, detectividade, empacotamento
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Abstract

Spinvalves are one of the most used magnetoresistive sensors nowadays. The range of applications
is countless and is only limited by the detectivity performance of these sensors. The most efficient
techniques, to improve sensors’ detectivity, comprehend a trade-off between detectivity and the spatial
footprint.

The work in this thesis aims to study a new technique, to improve detectivity without the loss in spatial
resolution. It is based in the connection of spinvalve sensors in parallel by means of vertical packaging,
instead of in-plane parallel connections. The results of the noise measurements demonstrated a reduc-
tion of the thermal noise as a function of the number of spinvalves packaged (M) as /v, as expected.
The same dependency was not observed for 1/f noise, instead, a dependency with the magnetic stability
of the magnetic moments was obtained.

SV packaged structures revealed loss in sensitivity, when compared with individual SV, indicating
magnetic coupling effects between the SV elements, thus, negatively influencing the detectivity. Nev-
ertheless, detectivity improvements were obtained, since packaged structures with four spinvalves pre-
sented better detectivity limits, specifically 7.6 nT/v/Hz at 30 Hz (4.4nT/v/Hz at 100 Hz), compared to
individual spinvalves with detectivity values of 12.3nT/v/Hz at 30 Hz (7.6 nT/+/Hz at 100 Hz).

These sensitivity loss was investigated, and, based on that, ideas to future work on this technique

are presented.

Keywords: spinvalve, noise, detectivity, packaging
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Chapter 1

Introduction

1.1 Motivation

Nanotechnology is an area of recent research that has gained increasing interest due to its promising
applications in our everyday lives and also for supporting the development of many other scientific fields.
Among many other things, nanotechnology allows the creation of sensors, namely magnetoresistive
(MR) sensors, which are used in a wide range of applications such as bacteria detection [1], hard drive
read heads [2], magnetoresistive RAM [3], study and cure of certain diseases like cancer [4], DNA
sequencing [5], and monitor and study some organs, with great emphasis on the brain [6].

Magnetoresistive sensors use the magnetoresistance characteristic of materials to sense and, con-
sequently, measure magnetic fields. Magnetoresistance is described as the change in the resistance of
a magnetic material by an applied magnetic field. There exist several sources for magnetoresistance,
which originate different magnetoresistive sensors. Spinvalves (SV) and magnetic tunnel junctions (MTJ)
are the most used magnetoresistive sensors nowadays [7]. Although the operation mechanism is based
in the relative orientation of their ferromagnetic layers, the physical principle is different, thus, promoting
different characteristics. Spinvalve are based in the scattering dependence on magnetization orientation,
while MTJs are based on the spin-dependent tunnelling effect through an oxide barrier[8]. MTJs show
higher sensitivity than spinvalves. However, the high noise levels of MTJs at low frequencies negatively
influence the detectivity limits, which promotes SVs has reliable sensors [9].

Some important applications, such as the study of the human brain using magnetoencephalography
(MEG), demand for high spatial resolutions and high detectivity levels (in the order of few fT) at low
frequencies (<10 Hz), meaning high sensitivity capabilities and low noise characteristics on these sen-
sors. Therefore, extended research is performed to improve these characteristics by means of: stack
development [10—14], meander structures [15, 16], microelectromechanical systems (MEMS) integration
[17—-20], magnetic flux guides (MFG) [13, 21-23], and circuit configurations, such as sensor arrays or
Wheatstone bridges [14, 24, 25]. Some examples of these strategies are represented in figure 1.1.
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(a) Microscopic view of MFGs [26]. (b) Scanning electron microscopic view of MEMS cantilevers with flux guides
on top [18].

(c) In the left, microscopic view of meander struc- (d) Representation of spinvalves connected in series.
tures in Wheatstone bridge configuration. In the
right, meander structure’s geometry scheme [15].

Figure 1.1: Examples of approachs used for MR sensors optimization.

1.2 Topic Overview

Noise is an important limitation element for magnetoresistve sensors, influencing the ultimate detectivity.
Most application require the measurement of magnetic fields in a low frequency range, at which, the 1/f
noise is dominant. Therefore, the detectivity levels for spinvalves in this low frequency range can be

described as:

AH QX Hooge

Dgy = ——
SV MR\ Nof

(1.1)

where AH defines the linear range of MR sensors, M R the magnetoresistance value, afrooqe is the
Hooge constant, N¢ is the number of charge carriers, and f is the measured field frequency. These
parameters are the focus of the techniques mentioned to improve MR sensor’s detectivity.

In 2001, Hitoshi Kanai et al. [11] demonstrated the use of nano oxide layers (NOL) to improve the
GMR of spinvalves. These layers are placed between the pinned layer and the capping layer or between

the free layer and the buffer layer, which confines the scattering process in middle layers where the



GMR effect prevails. These improved stacks demonstrated GMR ratios of 14% [27], a considerable
improvement considering the GMR ratios of 8% for conventional SV stacks.

Another important technique consist in the use of magnetic flux guides, which consist in a magnetic
structures that concentrates the magnetic field in the sensor’s region [20]. Therefore, it promotes an
increase in the sensitivity by decreasing the linear range (AH).

In 2007, André Guedes et al. [21], and, later in 2012, Diana Leitao et al. [13] presented the use of
MFGs made of an amorphous alloy of CoZrNb, represented in figure 1.1 a), to improve the detectivity
of spinvalve sensors. André Guedes showed the improvement of the detectivity limit, at 10 Hz, from
47.4nT/v/Hz t0 2.2nT/v/Hz by incorporating the MFG structure. Similar results were achieved by Diana
Leitdo, presenting an enhancement of the detectivity, at 10 Hz, from 61.2nT/vHz to 1.8nT/vHz. The
drawback of this approach is the increase of spatial footprint, due to the large dimensions of MFG
structures, in the order of 0.1 mm?.

MEMS technology, represented in figure 1.1 b), creates an ac modulated field from a static magnetic
field, thus shifting the signal to be measured to a frequency range with lower noise levels [20]. This
is achieved by placing MFGs on top of this MEMS structures actuated by an alternating voltage with a
certain frequency f, which causes the cantilever to vibrate at a frequency 2f, creating an ac field.

In line with the strategy to increase the N parameter, one can increase the effective volume of
magnetic material of the sensing film. This can be done by increasing the thickness of the film or the
sensor area. One approach to increase the sensor’s area is arrays of sensors, which has proven to
improve the detectivity capabilities of MR sensors.

In 2009, Guerrero et al. [28] demonstrated theoretically that series of N magnetic tunnel junction
(MTJ) sensors decrease the overall 1/f noise of the system as 1/v/~, however, the thermal noise presents
an increase with v/N. In the same way, M MTJ sensors in parallel configuration was proven to decrease
both noise types as 1/vas. In this thesis, the same analysis is performed for spinvalves’ noise, and the
same result is achieved.

Since then, several groups [9, 29-40], following this strategy, reported the use of sensors in series
or parallel configurations to improve their detectivity capacities. Some of these groups compared the
results of the array with the individual sensors.

For example, Kosuke Fujiwara et al. [40] presented the use of an array of 100 x 100 MTJ sensors
to reduce the noise spectral density approximately by one order of magnitude, from 1073 V2/Hz to
10715V2/Hz at 10 Hz.

Likewise, José Amaral reports in its work [29], the use of two arrays with 992 (16 in series and
62 in parallel, occupying an area of approximately 1 mm?) and 6200 (50 in series and 124 in parallel,
occupying an area of approximately 5 mm?) spinvalve (SV) sensors that improved the detectivity limits at
30 Hz respectively to 3nT/v/Hz and 1.3nT/+v/Hz, compared to the detectivity of the individual SV sensor
presented as 21 nT/+/Hz, for the same frequency. Still in this work, is presented the use of 952 MTJ
sensors in series that reach a detectivity of 0.84 nT/v/Hz, while for a individual sensor it was obtained
1.51nT/VHz.

Filipe Cardoso et al. [36] reported the use of MTJ sensor in series, having ensitivity levels improved



from 50.8 mV/mT, for 6 MTJ sensors in series, to 84.5mV,/mT, for 10 MTJ sensors.

1.3 Obijectives

From the techniques presented in the previous section,the combined use of MFGs and array of sensors
present the best detectivity improvements. However, both are based in a trade-off between detectivity
enhancement and spatial footprint increase.

N

(a) Spinvalves in parallel configuration in-plane. (b) Spinvalve in parallel configuration by vertical packaging.

Figure 1.2: Representation of two techniques to create spinvalves in parallel configuration. Figure a)
represents the configuration used nowadays with the associated increase of spatial footprint. Figure b)
represents the novel technique proposed and studied in this thesis.

The work in this thesis aims to take advantage of the parallel configuration strategy by vertical pack-
aging, thus, obtaining spinvalves connected in parallel without the drawback of spatial resolution loss,
as illustrated in figure 1.2. Another important advantage of this technique is the fact that, contrarily to
in-plane arrays, it can be complemented with the MFGs approach.

In this thesis, the packaged structures are microfabricated and studied in terms of magnetic interac-
tion, electrical contact, and noise and detectivity levels. The magnetic interactions study demands the
use of a spacer insulator layer, used to vary the distance between the spinvalves in the package system,
which, consequently, requires investigation to obtain the most reliable spacer material. The electrical
contact study aims to verify if the metallization process ensures the electrical contact for the package
system, which can be problematic considering the decrease in the available contact area. Lastly, with
the measurements of the noise and detectivity levels, the performance of different structures can be

assessed, and, therefore, validate success of this novel technique.

1.4 Thesis Outline

« Chapter 2 - Theoretical Background: In this chapter, the theoretical knowledge obtained and

used in the course of this thesis is presented. First, a description of the different types of magnetic



materials is performed, along with a explanation about the energy contributions present in a ferro-
magnetic material. This knowledge will be specially important in the understanding of linearization
of a spinvalve sensor. Besides this, a historical and phenomenological explanation of spinvalve
sensor is presented. Finally, it is analysed the noise types existent in spinvalves, along with a

demonstration of detectivity enhancement using series and parallel arrays of sensors.

Chapter 3 - Experimental Methods: This chapter gathers information about the experimental pro-
cesses necessary to create the spinvalve sensor in this thesis. Along with each step, the machines
used, and the physical process being their operation, are introduced. Moreover, a description of

the characterization methods is presented.

Chapter 4 - Results: Here, the experimental results obtained within this thesis are presented
and discussed. These results include data from the spacer material studies, the electrical contact
examination, and the measurements of the noise and detectivity levels. Finally, a discussion about

the sensitivity variation in the packaged system is performed.

Chapter 5 - Conclusions: In this final chapter, an overall discussion about this work is done, with
conclusions and considerations on the results and suggestions obtained along with ideas for future

work.






Chapter 2

Theoretical Background

2.1 Magnetic Materials

All the materials that exist in nature can be grouped in five different categories:

+ Diamagnetic

+ Paramagnetic

» Ferromagnetic

* Ferrimagnetic

» Antiferromagnetic

The magnetism of a material arrives mostly from electron spins and the way they interact with each
other. Diamagnetic and paramagnetic materials are characterized by not having long-range interactions
and, as consequence, not being magnetically ordered. On the contrary, ferromagnetic, ferrimagnetic,
and antiferromagnetic materials are distinguished by having long-range interactions which make them
magnetically ordered. However, antiferromagnetic materials tend to align in such a way that their net

magnetic moment is approximately zero, so, along with the first two, they are normally referenced as

nonmagnetic [41].

2.1.1 Diamagnetism and Paramagnetism

Diamagnetic and paramagnetic materials obey to the expression:
M = xH, (2.1)

where, M and y are, respectively, the magnetization and susceptibility of the material, and H is the
applied field.
Although diamagnetism exists in all materials, it tends to be very weak. It arrives from atoms with

all bands full, which means that there are no unpaired electrons and thereupon they are devoid of net
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Figure 2.1: Behaviour of diamagnetic and paramagnetic materials in the presence or absence of a
magnetic field. Adapted from [7].

magnetic moment. When a magnetic field is applied, a magnetization opposite to the field appears,
which is represented as a negative susceptibility.

Paramagnetic materials, contrarily to diamagnetic ones, possess unpaired electrons, which means
that some atoms inside these materials carry non-zero magnetic moment, as illustrated in figure 2.1.
However, since this atoms don’t interact, the random distribution of the atoms induces a null net mo-
ment. When a magnetic field is applied, paramagnetic materials tend to partially align with it, which is

represented by a positive susceptibility.

2.1.2 Ferromagnetism

As in paramagnetic materials, atoms from ferromagnetic materials reveal unpaired electrons, thus ex-
hibiting non-zero magnetic moment. However, opposite to paramagnetic material, ferromagnetic materi-
als have strong interaction forces, which are a result of electronic exchange forces: a quantum mechan-
ical effect that occurs due to the relative orientation of electrons spins. This interaction promotes parallel
alignment between the atoms, producing high net magnetic moment, even in the absence of a magnetic
field.

Above a certain temperature, called Curie temperature, the thermal energy surpasses the exchange
energy, thus suppressing the interactions between atoms. Hence, it promotes a random configuration
that causes a zero net magnetic moment, which means that the material starts behaving has a param-
agnetic material.

Another important characteristic of ferromagnetic materials is hysteresis. When a magnetic field is
applied to a ferromagnetic material, its atoms tend to align in the field’s direction. If enough field is
applied, all the atoms align with it, and the magnetization measured in its direction corresponds to the
saturation magnetization of the material (Ms).

Nevertheless, when the field is removed, the magnetization does not necessarily returns to the same
configuration. This occurs due to the presence of magnetic domains that require energy to be reori-
ented. Therefore, in the absence of field, the material can have different values of magnetization, called

remanent magnetization (M), which causes the so called hysteresis loop shown in figure 2.2.



Figure 2.2: Histeresis loop representation. M represents the saturation magnetization, M, the remanent
magnetization and H. the coercivity field.

Finally, the coercivity of a ferromagnetic material is the value of field (H;) needed so that the magne-

tization component in that direction becomes zero.

2.1.3 Ferrimagnetism and Antiferromagnetism

As ferromagnetic materials, ferrimagnetic and antiferromagnetic materials are distinguished by their long
range interactions between atoms. However, contrarily to ferromagnetic materials, these interactions
promote antiparallel alignment. This occurs predominantly in ionic compounds in which the magnetic
sublattices tend to acquire this antiparallel state. When the magnetic moment of sublattices is not equal,
the net magnetic moment is non-zero, representing a ferrimagnetic material. On the contrary, if lattices’
magnetic moment are equal, the net becomes zero and therefore corresponds to an antiferromagnetic
material. These characteristics are represented in figure 2.3, where the magnetic moment alignment is
illustrated for the three materials.

As ferromagnetic materials, below a certain temperature, called Néel Temperature, antiferromagnetic
materials lose their antiparallel alignment, and thus start behaving like paramagnetic materials. Unlike

ferromagnetic and ferrimagnetic materials, antiferromagnetic materials don’t reveal hysteresis.
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Figure 2.3: Magnetic moment alignment in ferromagnetic, ferrimagnetic and antiferromagnetic materials.
Adapted from [7].

2.1.4 Micromagnetism in Ferromagnetic Materials

To study the behavior of spinvalves, is necessary to understand the behaviour of ferromagnetic layers.
For this reason, is fundamental to present and analyze more advanced equations, which account for
quantum mechanical mechanisms [42, 43].

The first approach is to simplify the ferromagnetic layer by considering it as a single domain with a
magnetization equal to the net magnetic moment from all the atoms inside the volume V' of the respective
layer. This can be described as:

Msm(r) inside V
M{(r) = : (2.2)
0 outside V'

where M; is the net magnetic moment magnitude and m(r) is its direction.

The second strategy consists in describing the energy terms that constitute the system. Since the
atoms behave to minimize the total energy of the system, this approach can be used to determine the
behaviour of individual ferromagnetic layers and also of composed system as spinvalves, as performed
in section 2.2.2. Here, the terms considered are:

+ Zeeman Energy: represents the effect of the applied magnetic field;

» Anisotropic Energy: describes the effect caused by the crystalline anisotropy of the material;

+ Exchange Energy: defines the effect from the interaction of two dipoles;

+ Demagnetizing Energy: resulted from the magnetic domains induced in the surfaces of a mag-

netized layer;

« Néel Energy: induced by the roughness in the ferromagnetic interfaces.

Zeeman Energy

Zeeman energy defines the interaction between the applied field and the magnetic moment of the atoms

that constitute the ferromagnetic layer. It is the same energy that rotates a compass’s needle due to
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the earth’s magnetic field. Therefore, each atom is considered as a magnetic dipole with a magnetic

moment (n). When a magnetic field is applied to this atom, the energy of the system is be given by:

Eatom = —p.Ha = —pH, cos(0), (2.3)

where H, is the vector of the magnetic field applied and 6 the angle between the magnetization of the
atom and the direction of the applied field. It can be seen immediately that the energy is minimized when
the moment of the atom is parallel to the applied field.

To get the total energy of the layer, it is necessary to determine the contribution of all the N atoms

and thus:

N N
EZeeman - - Z Catom; — — Z ui~Ha~ (24)
=1 =1

Also, considering a large number of atoms (N — o) inside a volume V, the continuum definition is

expressed by:

EZeeman = _/ eatomdv = _MO/ MHadV (25)
\% \%

Exchange Energy

As mentioned in section 2.1, the difference between, for example, paramagnetic and ferromagnetic ma-
terials is the interaction between their atoms. The atoms of paramagnetic materials have weak exchange
interaction contrarily to ferromagnetic and antiferromagnetic materials, for which this interaction is much

larger. The exchange interaction implies an exchange energy between the two atoms given by:

€exchange = Jmc,,,jsi-sj, (26)

where S; and S; represent the spins of the atoms pair considered and J.,, is the exchange integral
between the wave functions of atoms ¢ and j, which can be assumed constant inside the material. This
parameter is positive for ferromagnetic materials, which represents their parallel alignment propensity,
and negative for antiferromagnetic, expressing the antiparallel alignment that characterize these materi-
als.

The value of the total energy is then provided by:

N
Eezchange = Jea:i] Z SIS_] (27)

0.
The continuum approach to this expression is rather complex and comprises different approaches
and approximations [44—48]. First, it is considered the classical approach by defining the spin matrices

as classical vectors, arriving to:

N N
Eexchange = Jemsz Zcos(aij) = 2JemS2 Z COS(F)ij)v (28)

(2] 1<j

11



where S is the magnitude of the spin, 6;; the angle defined by the two neighbour atoms, and the factor
2 appears by considering the summation over non repeated pairs.

The next approximation arrives from the proposal that the angle between neighboured atoms is small,
0;; < 1, thus:

1

cos (6;;) ~1— 593].. (2.9)
Resulting for the non-constant term in equation 2.8:
N
Eemchange = Jemsz Z 622] (21 0)
1<j
Now, for a small angle 67
10:5] ~ [m; — my], (2.11)

where m; ; is a unit vector parallel to the local spin direction.

Defining the Taylor series expansion around the lattice point of each atom (r;) it's obtained:

my —1m; = (rj.V)mj. (212)
Thus, from equation 2.10:
N N
Eeachange = JexS® Y 13.Vmy? = JouS? Y ((15.Vmy,)? + (1;.Vmy,)* + (1;. V., )?). (2.13)
i<j i<j

For a body-centered cubic lattice with lattice a:

Eezchange =A Z (mG‘)2a (214)

k=xy,z
where A = a?J,, 5S>
In this last equation it is noticed that if the magnetization variation is large so will be the energy.

Therefore, as mentioned before, this interaction introduces a preference for the alignment between the

atoms.

Also, this form of interaction is more dominant inside a distance called Exchange length, represented

| B
Lez - ma (215)

by L.. and expressed by:

where K,, is a energy density given by:

K = _NOM527 (216)



and B is a material constant defined by:

B = J..S:/a. (2.17)

For a NiFe permalloy this distance is the order of nm.

Anisotropic Energy

The anisotropy effect arises from the interaction between the atoms and the crystallographic structure
of the material. Thus, anisotropic energy describes the phenomenon at which the magnetic moments
of the atoms in a crystalline material tend to align with a specific direction, designated by Easy-axis
and expressed by the anisotropic vector K. Therefore, the easy-axis is the direction in the material that
minimizes its energy. This preferential direction can arise from the crystalline structure of the material,
the shape, the stress, among others. Usually, this direction is established by applying a magnetic field
during the deposition process of the material.

The anisotropic energy is a function of the angles between the magnetization and all the axis of the
crystalline structure. Nonetheless, the materials used in this study are most of the time characterized for
having only one easy-axis. Thus, the anisotropic energy is described as the energy necessary to rotate

the magnetization of the material from its easy-axis to its hard-axis, and is defined as [46]:

Ej, = Z K, Sin2n(9)a (21 8)

n=1
where 0 is the angle between the magnetization and the easy axis and K, is a constant. Notice that only
even powers of sin(f) are included because magnetically a positive rotation relative to the easy-axis is
equivalent to a negative rotation.
Experimental observations evidence that, for the materials under study in this thesis, a good repre-
sentation of the anisotropic energy is given by the first two terms [46]. Based on this, the total anisotropic

energy is described as:
By = / (K, sin®(6) + K sin(9)) dV. (2.19)
14

Magnetostatic Energy

Whenever a magnetization is present with a component normal to the surface, it promotes the arising of
poles at the surface. This distribution creates a magnetic field that is opposite to the field that originated
it, and thus called Demagnetizing field (Hp) (figure 2.4). A higher magnetization implies that more virtual
magnetic charges arise in to the surface, which, in turn, creates a higher demagnetizing field.
Magnetostatic energy, also called demagnetizing energy, has an origin similar to the Zeeman energy
previously described. While the last one describes the interaction between the magnetization and the
applied field, magnetostatic energy describes the interaction of magnetization with the demagnetizing

field, and so defined as:

13
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Figure 2.4: Demagnetizing field representation in a ferromagnetic material.

o / Hg.MdV, (2.20)
2 Jy

where Hy is given by [49]:

H,=-D.M, (2.21)

where D is the demagnetizing matrix. This matrix depends on the shape of the material and its cal-
culation is complex, which makes it one of the critical points related with micromagnetic and energy

minimization studies [50].

The energy includes the /2 multiply factor coming from the fact that the demagnetizing field was
created by the magnetization and so it is an intrinsic energy term. The same occurs, for example, when
calculating the energy of a charge distribution, where is considered 1/2 term so that the energy between

the same two charges is not counted twice.

The minimization of this energy implies the rotation of the magnetic dipoles at the surface which
causes the material to create domains. This way, the magnetic charges from one domain cancel the

charges form an adjacent domain.

In the limit, the material would break successively into smaller domains until the magnetization
achieve zero value. Nevertheless, the exchange interaction described previously acts in an opposite
way, since it promotes the alignment of the atoms inside the material. However, demagnetizing en-
ergy is a long-range effect whereas the exchange interaction is short-range, quantitatively given by the
exchange length L.,. This results in the formation of domains walls with thickness of order of L.,.

To minimize the energy, this domain walls align in an antiparallel configuration. However, the change
in spin between two adjacent layers with opposite magnetization cannot occur abruptly since the equa-
tion 2.7 expresses that the energy is minimized for small variations of magnetization’s direction ().

For this reason, between these adjacent layers exists transition layers, where the magnetization

variation is done through atomic layers, which are called Bloch Walls.

Considering a rectangle shape ferromagnetic layer, the demagnetizing field can have a = (Hp,) and

y (Hp,) components, depending on the magnetization orientation, given by the following equations [51]:

14



Hp, — 47TMS% cos(6) (2.22)

Hp, = 47TM3% sin(0) (2.23)

where M, is the magnetization of the ferromagnetic layer, t is the thickness, W and L are, respectively,
the width and length of the layer, and 6 is the angle between the magnetization and the x-axis.

Néel Energy

When thin films of ferromagnetic materials are deposited, its surface is not completely flat. Instead,
it presents roughness on the surface with a topography usually referenced as “Orange-peel”. When

dealing with multiple ferromagnetic layers, this roughness have an important influence on their behaviour.

Considering a structure composed by two ferromagnetic layers with one nonmagnetic spacer in be-
tween, due to the roughness, their magnetic dipoles interact creating a magnetic field (figure 2.5). As
explained before for the Zeeman energy and for the Demagnetizing field, any field interacts with the
material’s magnetization in the form of equation 2.5. Hence, in this case, Néel Energy is expressed as:

ENeel = _,UO/ MHNdVY, (224)
\4

where Hy is the Néel field.

In 1962, Néel derived an expression for this field considering a sinusoidal roughness profile [52]:

2 2
e h 27\/2ts
= — Mpre x -

where h and A are the amplitude and the wavelength of the profile, ¢t; and t, are the thicknesses of the

(2.25)

free layer and the spacer, and Mp_ is the magnetization of the pinned layer.

Figure 2.5: Néel Field origin in a FM/NM/FM structure with finite thickness. Mpy, and Myy, are, respec-
tively, the magnetizations of the pinned and free layers, h and A are the amplitude and the wavelength
of the sinusoidal profile, and ¢ is the free layer’s thickness. Adapted from [52].
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2.2 Giant Magnetoresistance

2.2.1 Origins of GMR

The discover of Giant Magnetoresistance (GMR) was impelled by the development of thin films depo-
sition processes, which allow to deposit almost monoatomic layers. This technique was used to create
multilayered systems that revealed properties that were not observable in bulk materials. One interest
system is a multilayer system of magnetic and nonmagnetic materials which effectively take advantage
of the magnetoresistance property of the materials.

Magnetoresistance is the change of the resistance of a material by applying a magnetic field, which
can occur due to different processes that define different types of magnetoresistance as: Anisotropic
magnetoresistance (AMR), Giant magnetoresistance (GMR), Colossal magnetoresistance (CMR), Tun-
neling magnetoresistance (TMR), among others.

GMR was discovered by Baibich et al. in 1988 [53] by studying antiferromagnetically coupled
Fe/Cr multilayers. Since then, GMR has been observed in other multilayer structures of the form of
(FM/NM), [54] where FM is a ferromagnetic material (N4, Fe, Co, or their alloys) and NM is a

nonmagnetic material, usually a noble metal (Cu, Ag, Au, Ru, among others).

“------ FM
—

NM

 — N

NM

“------ FM
—}

NM

Figure 2.6: GMR multilayer representation. Solid lines represent the magnetizations’ directions for anti-
ferromagnetic coupling, while dashed lines represent ferromagnetic alignment.

GMR multilayers are composed by ferromagnetic layers separated by non magnetic layers, repre-
sented in figure 2.6. When two ferromagnetic materials are separated by a nonmagnetic one, they
can reveal antiferromagnetic or ferromagnetic coupling, which means that the layers’” magnetization is
antiparallel or parallel aligned, respectively. This coupling is mediated by the electrons in the nonmag-
netic layer and oscillates between ferromagnetic and antiferromagnetic as a function of the nonmagnetic
layer’s thickness. The oscillation is described by the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.

As demonstrated in section 2.2.3, the resistance of this multilayer system changes with the relative
orientation of the layers’ magnetization due to spin scattering dependency on the layers’ magnetization.
The high resistance state occurs for an antiparallel alignment of the magnetizations, and the low resis-
tance state is obtained for a parallel alignment. To be used as a magnetic field sensor, the ferromagnetic

layers, which compose the GMR multilayer system, must be antiferromagnetically coupled ' so that the

Actually, it is possible to create a GMR sensor without antiferromagnetic coupling. By introducing two types of ferromagnetic
materials with different coercivities, called soft and hard magnetic materials. This means that the field necessary to rotate each
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magnetic field can rotate the magnetizations, changing the resistance state as represented in figure
2.7. However, the necessary field to rotate an antiferromagnetic coupled layer is extremely large (for the
mentioned Fe/Cr system, this field is approximately 2 T), which makes it infeasible for practical magnetic

field sensors [55].

Figure 2.7: Schematic representation of the GMR effect. a) and c) represent the change in the resistance
and magnetization of the system, respectively. b) represents the rotation of each layer’'s magnetization.
H;, is the field at which the magnetization is maximum (M), which means that it is totally align with the
field. R,, and R, express the resistance at antiparallel and parallel states, respectively. Adapted from
[55].

This problem has been overcome by the development of noncoupled magnetic layers structures,
which can be switched from an antiparallel to a parallel configuration with lower fields, and are called

spinvalves.

2.2.2 Spinvalves

Spinvalve structure was first proposed in 1991 by Dieny et al. [56] and later developed by Heimi et
al. It can be described by a four layered structure that consists in two ferromagnetic (F M) layers,
one antiferromagnetic (AF'M) and one nonmagnetic (NM). One of the ferromagnetic layers has its
magnetization "pinned” (Pinned layer) by the exchange coupling with the antiferromagnetic layer (Pinning
layer) adjacent to it. The other ferromagnetic layer (Free layer) is free to rotate since the thickness of
the nonmagnetic layer (Spacer) is enough to make the coupling between the two ferromagnetic layer
negligible [55]. This arrangement is represented in figure 2.8. Due to weak coupling between the

ferromagnetic layers, these structures present better sensitivities than the GMR multilayer structures

magnetization differs, thus providing field ranges where antiparallel alignment of the magnetizations is achieved.
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[55].

Pinning Layer
Pinned Layer
Spacer

Free Layer
Buffer

Figure 2.8: Spinvalve representation.

As for the GMR multilayer, the spinvalve’s resistance will vary with the relative orientation of the
magnetic layers. The maximum value of resistance is achieved when the free and pinned layers are
antiparallel (R,,) while the minimum value is obtained for a parallel state (R,). Numerically, Magnetore-

sistance (MR) is characterized by:

Rap— R,

MR =
Ry

(2.26)

Spinvalve sensors can be used in two different configurations, related to the way the sensor is biased
and consequently measured, represented in figure 2.9. The most used geometry is current-in-the-plane
(CIP), where the biasing current is applied parallel to the layers. On the contrary, current-perpendicular-
to-the-plane (CPP) configuration is less used since the resistance of the nanometric layers is very small

which makes the measurements of the sensor more difficult.

V)
N\

Current In The Plane Current Perpendicular
to the Plane (CPP)

Figure 2.9: Representation of CIP and CPP configurations.

Interlayer Coupling

Figure 2.10 shows the standard R(H) curve for a spinvalve sensor. It is observed a similar behaviour
to the curve for a ferromagnetic material. However, a spinvalve sensor shows better linearity and also a

shift of the curve, called fringe field (Hy).
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Figure 2.10: Representation of a magnetoresistive curve of a spinvalve sensor.

The shift occurs due to exchange coupling between the free and the pinned layers, although they
are separated by the spacer, the coupling still occurs. The energy of the exchange coupling can be
described by the following expression [57, 58]:

Mpy, X MpL

EFp,=—-J—————— =——J;ycos(f 2.27
Mpr M| 1 cos(6) (2.27)

where Mp; and Mg are the magnetizations of the pinned and free layers, respectively, and 6 is the
angle between these magnetizations. J; is the coupling coefficient whose signal indicates the coupling
type.

The coupling is a cumulative effect of different mechanisms, being the most important the Néel
coupling, the RKKY coupling, the magnetostatic field from the pinned layer, and direct coupling [52, 59].

Néel coupling, described in section 2.1.4, consists in an interaction of the magnetic dipoles of each
layer due to the roughness that exists in every thin film.

Considering a sinusoidal profile for the roughness, Néel coupling is given by [60]:

w2 h2 27 /3t
JINeel —NO$T<MPLMFL)6 o (2.28)

where h and X\ are the amplitude and wavelength of the sinusoidal profile. Mp; and Mgy are the
magnetizations of the pinned and free layers, respectively, and ¢ is the spacer thickness. Néel coupling is
a ferromagnetic coupling, meaning that it induces a parallel alignment between the two magnetizations.
Considering the magnetoresistive curve in figure 2.10, Néel coupling produces a shift to the right of that
curve.

The RKKY coupling was previously mentioned as the mechanism that defines the antiferromag-
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netic/ferromagnetic coupling between two ferromagnetic layers separated by a nonmagnetic spacer. It

occurs due and the quantum interference in the conduction electrons in the nonmagnetic layer. RKKY

ot
A P>

where Jj is the RKKY coupling coefficient, ¢ is the thickness of the spacer, and A and ¢ are the period

coupling is described as:

(2.29)

Jo .
JREKY = 2 Sin

and phase of oscillation, respectively.
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Figure 2.11: Representation of the oscilattory behaviour of RKKY coupling. Adapted from [61].

As observed in figure 2.12, in spinvalves, RKKY coupling is often neglegible when compared with

the Néel coupling created by the roughness.
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Figure 2.12: Simulated RKKY and Néel interlayer coupling from [58].

Another effect that causes the shift of the curve is the demagnetizing field from the pinned layer
sensed by the free layer, which is only observed in patterned structures. The small dimensions (in the
order of um) increase the interactions between the virtual magnetic charges created in the surfaces of
the sensor. This interaction generates a magnetic field opposite to the magnetization.

Considering that the magnetization of the pinned layer doesn’t rotate, its demagnetizing field will

be constant, creating a shift in the M(H) curve. Since the demagnetizing field from the pinned layer is
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sensed by the free layer in the opposite direction of the pinned layer's magnetization, it constitutes an

antiferromagnetic coupling, inducing a shift to the left in the transfer curve presented in figure 2.10.
Finally, direct coupling can occur through pinholes in the nonmagnetic layer. These pinholes appear

in thin layers due to roughness and also inter-difusion between the nonmagnetic and ferromagnetic

layers. For the spacer’s thickness range used in this thesis (¢ > 20 A), this influence is not relevant.

Linearization

An ideal transfer curve of a sensor is defined by having no fringe field, no coercivity and also being
linear.

As mentioned previously, the fringe field occurs due to interlayer coupling. For a patterned spinvalve,
the more relevant mechanisms that contribute to the interlayer coupling are the Néel Coupling and the
demagnetizing field from the pinned layer. Accordingly, the optimization strategy consists in changing
the thickness of the spacer and the pinned layer. To reduce the exchange coupling is necessary to
increase the spacer thickness to increase the distance between the layers, or reduce the thickness of
the pinned layer to reduce its magnetization.

Linearity can be achieved in two ways. One consists in depositing the spinvalves with crossed
anisotropies, meaning that the anisotropy of the free layer is rotated 90° relative to the pinned layer.
Notice that the anisotropy is defined by the magnetic field that is applied during the deposition of the
magnetic layers.

The second approach relies in defining a shape that will create an effect called 