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Résumé:

Les capteurs magnétorésistifs (MR) sont trés intéressents dans de nombreuses
applications, notamment les détections biologiques, les applications spatiales, les
applications automobiles, les applications industriel, et la magnétométrie pour la
caractérisation des nanomatériaux magnétiques. La clé importante des capteurs MR dans
ces applications est la mesure des champs magnétiques locaux créés a partir d'objets
magnétiques ou des courants électriques. Un capteur MR convertit le champ magnétique
en une tension de sortie électrique afin d'étre mesurée au moyen d'un voltmetre. Pour
s'intéresser a ces applications émergentes, il faut des capteurs magnétiques a haut
rendement aux propriétés uniques telles qu'une réponse électrique linéaire au champ
magnétique, une sensibilité trés élevée, une excellente reproductibilité, une faible limite
de détection, des bruits faibles, une stabilité thermique élevée, et leur compatibilité avec
la technologie des circuits intégrés (IC), et avec les systéemes de détection biologique
miniatures.

Au cours des dernieres décennies, les progrés de la fabrication des matériaux
magnétiques de faible dimension accompagnés avec une comprehension approfondie des
phénomenes spintroniques ont conduit a l'invention de plusieurs types de capteurs
magnetoresistance, notamment le capteur a magnétorésistance géante (GMR) et le capteur
a résistance de Hall planaire (PHR). Le capteur GMR modifie sa résistance par le filtrage
des électrons en utilisant I’orientation relative de la magnétisation des couches des
capteurs. En revanche, pour le capteur PHR sa résistance change en raison du changement
de son aimantation. De maniére intéressante, ces capteurs magnétorésistifs possedent les
caractéristiques requises pour les applications mentionnées ci-dessus, notamment en la
nouvelle génération de biopuce, et en micromagnétométrie ultrasensible pour la
caractérisation de micro et nanoobjets magnétique.

De plus, l'utilisation de capteurs a magnétorésistance pour la détection de
nanoparticules magnétiques est une perspective prometteuse pour le développement des
systéemes technologiques innovants pour la science fondamentale et appliquée. Par
exemple, les propriétés inconnues du nanomagnétisme dans les nanoparticules d'or le
rendent attractif pour de nouvelles applications. La possibilité d'activer et de controler le
magnétisme provenant d'une nouvelle réorganisation des charges électriques sur les

nanoparticules d'or via l'interaction entre leurs surfaces et des particules biologiques ou



polymeéres pourrait conduire a I'émergence de capteurs bio-magnétiques ultra-sensibles.
Le développement de tels dispositifs nécessite une compréhension approfondie des
interactions chimiques entre les surfaces des nanoparticule d'or et les molécules
biologiques par la caractérisation des faibles quantités des nanoparticles. Les dispositifs
conventionnels tels que le SQUID et le magnétométre a échantillon vibrant (VSM) ne
peuvent étre utilisés que pour caractériser les propriétés magnétiques de grand volume
d'échantillon de matériaux magnétiques, alors que les micro-SQUIDs pourraient
caractériser les propriétés magnétiques a I'échelle nanométrique des matériaux avec la
contrainte de fonctionnement & basse temperature (T < 4K). Par conséquent, le
développement de nouveaux dispositifs de capteurs ultrasensibles consacrés a la détection
de tres petites quantités de nanoparticules de la température ambiante a des températures
élevées est un sujet important pour amener les connaissances physiques des
nanomatériaux a la frontiére de la science.

Le capteur a effet Hall planaire est I'un des capteurs a magnetorésistance les plus
prometteurs pour la caractérisation et la détection de petits échantillons de nanoparticules
magnétiques. Au cours des deux derniéres decennies, les améliorations des structures du
capture Hall planaire [1-3] et des géométries [4,5] du capteur Hall planaire ont permis
d'améliorer sa stabilité thermique, sa sensibilité au champ magnétique, et augmenté sa
réponse électrique,. En comparaison avec d'autres capteurs a magnétorésistance, le
capteur a effet Hall planaire a un rapport signal sur bruit élevé, une réponse linéaire a
faible champ magnétique, de grandes surfaces actives qui est une caractéristique
importante pour les applications biologiques, et une stabilité thermique élevée. A base de
ces avantages, le capteur PHR a éte utilisé dans de nombreuses applications biologiques
pour la detection et la manipulation de molécules biologiques. Le principe de détection
dans ces applications se base sur la détection du champ magnétique créé a partir de micro
ou nanoparticules attachées sur des molécules biologiques. Ce principe de détection
simple, en plus des caractéristiques distinctives du capteur, rend la bio-détection utilisant
les capteurs a effet Hall planaires une acquisition flexible, facile et rapide. Le capteur Hall
planaire a été utilisé pour étudier la cinétique d'hybridation de I'ADN [6], et pour mesurer
la dénaturation de I'ADN sous l'effet de la température ou du sel [7]. En plus de ces
applications biologiques, le capteur a effet Hall planaire peut étre utiliser pour les
applications industrielles telles que l'inspection des oléoducs et gazoducs [8], les
applications automobiles et les applications spatiales notamment dans les nouvelle

génération des nano ou picosatellite



Dans le domaine de la magnétométrie, le groupe de recherche de I'INSERM
Montpellier, que jai joint pour mener ce travail, a mis au point un magnétometre
ultrasensible pour détecter pour la premiére fois I'hystérésis thermique d'une trés petite
quantité de matériaux de transition de spin a l'aide d'un capteur planaire Hall ultra-sensible
[9,10] en collaboration avec le laboratoire de chimie de coordination, LCC Toulouse
(France), et le laboratoire Nano Bio-Matériaux & Spintronique au DGIST (Daegu,
Corée). Cette realisation a ouvert la voie a l'utilisation de ce capteur magnétique comme
un dispositif ultrasensible pour la caractérisation de petites quantités de nanoparticules a
la température ambiante.

Dans cette these, je présente les détails d'investigation sur les capteurs a effet Hall
planaires trés sensibles pour pouvoir détecter et caractériser avec une haute précision de
petites quantités de nanoparticules dans un environnement instable. Les résultats issus de
cette these prouvent étre rapidement appliquées a d'autres applications telles que les
applications d’automobile, les applications ‘industrie, les applications spatiales et les
sciences de la vie.

Cette thése est divisée en cing chapitres:

Le chapitre 1 :

Je présente une étude complet des développements du capteur a effet Hall planaire,
de la définition des concepts et les principes de base théoriques aux développements de
la structure du capteur et des géométries du capteur. Ce chapitre fournit une connaissance
de base pour comprendre les principes de fonctionnement du capteur.

Le chapitre 2 :

Je présente les procédés expérimentaux de la microfabrication du capteur en
passant par la croissance du multicouche par pulvérisation cathodique a la conception et
la réalisation de formes de capteur par technique de photolithographie.

Le chapitre 3

Je présent le détail des simulations théoriques des interactions magnétiques entre
un capteur magnétique et des microparticules et nanoparticules magnétiques. La détection
de microparticules et nanoparticules magnétiques par un capteur a effet de Hall planaire
est essentiellement contrdler par la distribution du champ magnétique créé a partir de ces
microparticules ou nanoparticules magnétiques sur la surface active du capteur Par
conséquent, il est trés important de comprendre la distribution de ces champs

magnétiques.



Dans la premiére partie de ce chapitre, je présente une étude théorique de
I'interaction entre des micro ou nanoparticules magnétiques et la surface du capteur en
fonction de la taille des particules et de la taille du capteur. Je présente également I'étude
du champ magnétique distribué créé a partir de micro ou nanoparticules magnétiques sur
le capteur magnétique et la possibilité d'améliorer ce champ en optimisant la géométrie
du capteur.

Dans la deuxiéme section de ce chapitre, je présente une étude théorique du champ
magnétique traversant un capteur en forme de "ring" ainsi que la variation du moment
magnétique des particules magnétisées par ce champ.

Afin d'augmenter la magnétisation des particules sans affecter leur stabilité
thermique et celle du capteur, une nouvelle approche est proposée.

Le chapitre 4 :

Je focalise sur les comportements thermiques du capteur. En effet, la haute
résolution du capteur est fortement dépendante de sa stabilité thermique, notamment pour
la caractérisation des matériaux magnétiques, les applications biologiques et spatiales.

Dans la premiére section de ce chapitre, je présente une nouvelle méthode pour
stabiliser la sensibilité du capteur lorsque la température passe de 110 K a 360 K en
contrélant I'interaction entre I'énergie Zeeman, I'énergie d'échange et I'énergie anisotrope
du capteur. Cette méthode permet une stabilité thermique la plus élevée de la sensibilité
du capteur par rapport aux autres capteurs MR tel que le capteur a magnétorésistance
géante (GMR) ou le capteur a magnétoresistance a effet tunnel. De plus pour une
comprehension approfondie de l'origine de la stabilité thermique du capteur, j'étudie la
variation du champ d'échange, du champ de coercivité et de la résistivité anisotrope en
fonction de la température. De plus, j'ai mis en évidence un petit changement de l'axe de
facile aimantation de capteurs induit par le changement de température. La variation de
I'énergie d'anisotropie en fonction de la température il a également éte étudié

Dans la deuxieme partie de ce chapitre, j’étudie la stabilité des capteurs dans des
environnements thermiques tels que ceux imposés par les applications spatiales ou
industrielles. Jétudie la variation de la tension PHR, le décalage de la tension du capteur,
la sensibilité, la durabilité et le bruit thermique du capteur dans la plage de température
entre -80 ° C jusqu’a 140 ° C. Latransition de la magnétorésistance anisotrope de capteurs
de l'anisotropie magnétique uniaxiale a I'anisotropie magnétique biaxiale sera mise en
évidence dans cette section. La capacité du capteur a fonctionner tres efficacement dans

ces environnements thermiques difficiles a également été montrée.



Dans la derniére section de ce chapitre, j'étudie pour mettre en évidence que le
capteur magnétique peut fonctionner a des températures extrémement basses jusqu'a 5 K,
le fonctionnement a cette basse température permet au capteur d'étre utilisé dans des
applications spatiales. Le comportement électromagnétique du capteur et la variation de
sa sensibilité ont été étudiés.

Le chapitre 5 :

Je focalise sur la déetection du «champ magnétique surprenant» récemment
rapporté dans les nanoparticules d'or. Des quantités infinitésimales (2 microgrammes) de
nanoparticules Au ayant différentes tailles et états ont été caractérisées a la température
ambiant. Notamment, ces petites quantités de nanoparticules d'or ne peuvent pas étre
caractérisees a l'aide de dispositifs actuels de tels que SQUID, micro et nano SQUID. En
effet, la sensibilité de notre configuration est de quatre fois magnitudes supeérieures a celle
du SQUID, ce qui permet de détecter une tres faible aimantation c'est a dire (10™* emu)
la ou le SQUID conventionnel atteint (107 emu en usage courant) et 10°° emu donné par
le constructeur en théorie.

Un des résultats préliminaires révele clairement que le champ magnétique présent
sur la nanoparticule d'or est amplifié par la fonctionnalisation. Ces premiers résultats sur
des quantités aussi tres faibles (2 microgrammes) semblent concorder avec une
distribution de charges de surface due a la présence de fonctionnalisation polyéthylene
glycol qui induisait la plus forte susceptibilité observée des nanoparticules d'or. Des
mesures supplémentaires sur l'effet de taille et le type de fonctionnalisation doivent étre

réalisées pour progresser dans la compréhension du champ magnétique inattendu.

Mots de clé :

Nanomagnétisme, nanostructures, effet hall Planaire, anisotropie magnétique,
Magnetoresistance, Capteurs magnétiques, susceptibilité magnétique.



Abstract:

The decrease in magnetic materials’ size to the nanoscale leads to the emergence of new
properties. For example, gold nanoparticles exhibit unexpected magnetic properties that could
be manipulated by controlling the chemical state of gold nanoparticles’ surface. These novel
properties will open promising technologies, especially in industrial applications, biological
detections, and data storage technologies. However, achieving these goals requires a deep
understanding of the magnetic properties of small quantities of nanoparticles. Hitherto, the
detection and the characterization of small amounts of nanoparticles have been a major
challenge due to the limit of detection of the dedicated experimental magnetic conventional
setup such as the conventional SQUID magnetometer (107 emu) and the p-SQUID low

operating temperature (< 4K).

This thesis aims to develop a high sensitivity Planar Hall Effect sensor to be able to
detect a small amount of nanoparticles. To achieve this objective, we studied first the
interactions between the magnetic nano/microparticles and the sensor and the possibility of
improving these interactions by optimizing the geometry of the sensor. Second, we improve the
thermal stability of the sensor to be higher compared other magnetic sensors and allows
extremely accurate measurements in unstable thermal environments ranging from 5K to 410K.
Thirdly, we combine the theoretical studies on the interaction between the magnetic particles
and the sensor and the high thermal stability of the sensor to characterize small samples of gold
nanoparticles which cannot be detected by the current devices. These studies open the path for
the sensor to be used in new applications such as the next generation of biological sensors, the
nanosatellites’ applications, and the most significant as an ultra-sensitive magnetometer in a

wide temperature range 4K- 410K.

Keywords:

Nanomagnetism, nanostructures, Planar hall effect, magnetic anisotropy,
Magnetoresistance, Magnetic sensors, magnetic susceptibility.
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Motivation

Magnetoresistive (MR) sensors receive great interested in many applications including
biological detections, space applications, automotive applications, and magnetometry for
characterizations of magnetic nanomaterials. The important key of MR sensors in these
applications is the measurement of magnetic field environment and the local magnetic fields
created from magnetic objects or electrical currents. A MR sensor converted magnetic field into
an electrical output voltage in order to be measured by means of a voltage meter. To be
interested in these emerging applications, high-efficiency magnetic sensors with unique
properties are required such as a linear electrical response to the magnetic field, a high
sensitivity, excellent reproducibility, a low limit of detection, low noises, a high thermal
stability, and their compatibility with Integrated Circuit (IC) technology and lab-on-a-chip

devices.

In the past few decades, progress in manufacturing of low dimension magnetic materials
accompanied by a deep understanding of spintronic phenomena led to the invention of several
types of MR sensors including giant magnetoresistive (GMR) sensor and planar Hall resistance
(PHR) sensor. GMR sensor changes its resistance by the filtering of electrons employing the
relative orientation of the magnetization of the sensors’ layers. On the other hand, a PHR sensor
changes its resistance as a result of the change in its magnetization. Interestingly, these
magnetoresistive sensors owning required characteristics for the above-mentioned applications,
especially in next generation biochip, and in ultrasensitive micromagnetometry for

characterization of micro and nanoobjects.

Moreover, the use of magnetoresistive sensors for detection of magnetic nanoparticles
is a promising perspective for the development of innovative technological systems for both
fundamental and applied science, especially in the developments and discoveries of physical
insights of nanomaterials and molecules. For example, the unknown nanomagnetism properties
in gold nanoparticles makes it attractive for new applications. The possibility of activating and
controlling the magnetism originate from new reorganization of electrical charges on gold
nanoparticles through the interaction between their surfaces and biological particles or polymer
could lead to the emergence of Ultra-sensitive bio-magnetic sensors. The development of such
devices requires a deep understanding of chemical surface interactions tuning nanomagnetism
properties of gold nanoparticles by characterizing small sample volume. The conventional
devices such as the Superconducting quantum interference device magnetometer (SQUID) and

Vibrating sample magnetometer (VSM) can only be used to characterize magnetic properties
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of large sample volume of magnetic materials, whereas the micro-SQUIDs could characterize
magnetic properties at nanoscale of materials with the constraint of low temperature operation
(T <4K). Consequently, the development of novel ultrasensitive sensor devices devoted to the
detection of extremely small quantities of nanoparticles from room temperature to high
temperatures is an important topic to bring physical insights of nanomaterials into frontier of

science.

Planar Hall sensor is one of the most promising magnetoresistive sensors for
characterization and detection of small samples of magnetic nanoparticles. In the last two
decades, the improvements of planar Hall sensor's structures [1-3] and geometries [4, 5] allowed
improvement of its thermal stability, and its magnetic field sensitivity. In comparison with other
magnetoresistive sensors planar Hall sensor has a high signal-to-noise ratio, linear response at
low magnetic field, large active surfaces and a high thermal stability. With these advantages,
the PHR sensor has been used in many biological applications for the detection and the
manipulation of biological molecules. The principle of detection in these applications is based
on sensing the stray magnetic field created from micro or nanoparticles which are labelled onto
biological molecules. This simple detection principle, in addition to the distinctive
characteristics of the sensor makes the bio-detection using the planar Hall sensors flexible, easy
and fast acquisition. Planar Hall sensor was used to study the hybridization kinetics of DNA
[6], and to measure the DNA denaturation under the effect of temperature or salt [7]. In addition
to biological applications, planar Hall sensor is convinced for industrial applications such as

the inspection of oil and gas pipeline [8], automotive applications and the space applications.

In the magnetometer field, research group at PHYMEDEXP Montpellier, which | joint
to conduct this work, initiated an ultrasensitive magnetometer to detect for the first time the
thermal hysteresis of an ultra-small quantity of spin-crossover materials using an ultra-sensitive
planar Hall sensor [9, 10] in collaboration with coordination chemistry laboratory, LCC
Toulouse (France), and Nano Bio-Materials & Spintronics laboratory at DGIST (Daegu,
Korea). This achievement paved the way for using a planar Hall magnetic sensor as an
ultrasensitive device for characterization of small quantities of nanoparticles at room

temperature.

In this thesis, | present the investigation details on highly sensitive planar Hall sensors
to be able to detect and characterize accurately small quantities of nanoparticles in unstable
temperature environments. The study in this thesis could be swift applied to other applications

such as automotive, industrial, space applications and life science.
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This thesis is divided into five chapters:

Chapter 1 introduces a comprehensive review of the planar Hall sensor developments
from the definition of concepts and the theoretical fundamentals to the developments of the
sensor’s structure and the sensor’s geometries. This chapter provides a basis knowledge for

understanding the principles of the sensor’s operation.

Chapter 2 presents the experimental microfabrication processes of the sensor from the
growing of the multilayer by the sputtering to the design and realization of Planar Hall devices

shapes by photolithography technique.

Chapter 3 details theoretical simulations of the magnetic interactions between a
magnetic sensor and magnetic micro and nanoparticles. The detection of magnetic micro and
nanoparticles by a PHR sensor is basically governed by the distribution of the magnetic field

created from these magnetic particles on the sensor’s surface.

In the first section of this chapter, | present a theoretical study of the interaction between
magnetic particles and the sensor surface as a function of size of the particle and the size of the
sensor. | also present the study of the distributed magnetic field created from magnetic micro
or nanoparticles on the magnetic sensor and the possibility of improving this field by optimizing

the geometry of the sensor.

In the second section of this chapter, | present theoretical study of the magnetic field
created by the biased current and the magnetic moment of magnetic particles magnetized by
this field.

In addition, | propose a new approach to increase the magnetization of the magnetic

particles without affecting the thermal stability of both the sensor and particles.

Chapter 4 focuses on thermal behaviors of the sensor. Indeed, the high resolution of
the sensor is strongly dependent on its thermal stability, especially for the characterization of

magnetic materials, biological, and space applications.

In the first section of this chapter, | present a new method to stabilize the sensor
sensitivity when temperature changes from 110 K to 360 K by controlling the interaction
between Zeeman energy, exchange bias energy, and the anisotropic energy of the sensor. This
method allows a highest thermal stability of the sensor's sensitivity compared to other MR
sensors. Moreover for deep understanding of the origin of temperature stability of the sensor, |

study the variation of exchange bias field, coercivity field and the anisotropic resistivity as a
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function of the temperature. In addition, | evidenced a small change of the easy magnetization
axis of the sensor stack induced by the change of the temperature.

In the second part of this chapter, | study sensor’s stability in harsh thermal
environments such as those imposed by space or industrial applications. | study the variation of
PHR voltage, the offset, the sensitivity, the durability, and the thermal noise of the sensor in the
range of temperature from -80 °C to 140 °C. Importantly, the transition of the anisotropic
magnetoresistance of the sensor stack from uniaxial magnetic anisotropy to biaxial magnetic

anisotropy will be highlighted in this section.

In the last section of this chapter, | study to evident that the magnetic sensor can perform
at extreme low temperature down to 5 K, operation at this low temperature allows sensor for

the use in space applications.

Chapter 5 is devoted to the detection of “the surprising magnetic field” recently reported
in gold nanoparticles. Infinitesimal quantities (2 microgrammes) of Au nanoparticles having
different sizes and states were characterized. Notably, these small quantities of gold nanoparticles
cannot be characterized using current state-of-the-art devices such as SQUID, micro and nano
SQUID. Indeed, the sensitivity of our setup is 4 magnitude higher that the SQUID, which allows to
detect very low magnetization i.e (10* emu) where conventional SQUID reaches (107 emu in

current use) and 101° emu given by the constructor theoretically.

One important achievement from preliminary results clearly reveals that the magnetic field
present on gold nanoparticle is magnified by the functionalization. These first results on such very
low quantities (2 microgrammes) seems to agree with a surface charges distribution due to the
presence of Polyethylene Glycol functionalization which induced the observed highest
susceptibility of gold nanoparticles. Further measurements on size effect and type of
functionalization must be achieved to progress in the understanding of the unexpected magnetic
field.



Chapter 1: Over view on planar Hall sensor

1. Over view on planar Hall sensor

1.1  Introduction
From the smartphone [11] to the satellite [12] and throughout the electronic [13] and

bio-electronic devices [14], the magnetoresistive sensors today are a key parameter in different
technology applications due to their high efficiency, and low cost compared to other devices.
The development of these sensors was based on the deep understanding of physical phenomena
that emerging by the interaction between the charge of the electron and the magnetization of
the magnetic material (for example AMR, anisotropy magnetoresistance) or the interaction
between the charge and the spin of the electron (for example giant magnetoresistance). The
magnetoresistance sensors could be divided into two global families. First, the
magnetoresistance sensors where the sensing is based on the intrinsic magnetoresistance of the
ferromagnetic materials (such as anisotropic magnetoresistance AMR sensor or the planar Hall
Effect sensor). Second, the magnetoresistance sensor where the sensing is based on the filtrate
of electrons in the magnetic multilayers based on the quantum Pauli Exclusion Principle (such
as the GMR giant magnetoresistance or the TMR Tunneling magnetoresistance sensor). Both
families have a deep involvement in modern technologies. The AMR sensor, for example, was
largely used in the early nineties as a read head in the computers [15] and it’s used recently in
the biochips [16] and automotive applications [17] due to its ability to detect a low magnetic
field. The AMR was replaced by the GMR sensor in the read-head applications [18].

In this chapter, we will focus on the planar Hall magnetoresistive sensor which was
recently developed compared to other magnetoresistive sensors (AMR, GMR, and TMR). We
will draw the overall picture of the Planar Hall magnetoresistive sensor from the theoretical
background to the development of the structure and the architecture. This chapter divided into
four sections, the first section concerns the theoretical fundamentals of the planar Hall effect.
In the second section, the development of the sensor stacks will introduce. The different
structures of the sensor such as bilayer, spin valve, and the trilayer will be presented. The third
section is dedicated to present the development of the shape of the sensor from the cross
conventional shape to the elliptical shape. Other optimization of the sensor such as the increase
of the sensitivity by changing the angle between the external magnetic field and the direction

of the current will present in section four.
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1.2  Theoretical background of the magnetic anisotropy and Planar Hall effect
When the physical properties of a material depend on the direction, this property is

called anisotropy. In the same context, the anisotropic magnetoresistance is the dependence of
the resistance of a material on its direction of magnetization. The phenomenon of the anisotropy
magnetoresistance is discovered by William Thomson (Lord Kelvin later on) in 1857. In his
paper titled “Effects of Magnetization on the Electric Conductivity of Nickel and of Iron”[19],
William Thomson observes a change in the resistance of iron under the effect of an external
magnetic field. The physical explanation of this phenomenon was delayed for more than a
century as a result of the impossibility to explain it using classical physical concepts. Based on
Smith’s paper in 1951[20], the anisotropic magnetoresistance in ferromagnetic materials was
explained using the two current model of conduction in transition metals (1936) [21]. This
model was developed by Sir N.F Mott in order to explain the behavior of the resistivity of the
nickel at a lower temperature than the temperature of Curie (T < T¢). The model deals with the
electrons carrying the current in the transition metal materials as two electric currents. The first
current is the one created by the spin up, and the second current is the one created by the spin
down. Furthermore, the model supposes that the state of the electrons is conserved in the
scattering processes. Several works in the 1960s and 1970s were dealt with electrical transport
of the ferromagnetic materials based on Smith’s work. These works are summarized in the
famous review article published by McGuire and Potter in 1975 under the title “Anisotropic

magnetoresistance in ferromagnetic 3d alloys”[22].
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Figure 0.1 the density of states of the Nickel ferromagnetic determined by Langlinais and Callaway
(1972). [23]

In fact, the anisotropic magnetoresistance is related to different phenomena that appear
in magnetic materials and are absent in other materials (nonmagnetic materials). In the

ferromagnetic materials such as the Ni, the energy band of electrons split into two different sub-
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bands representing the two orientations of the spin up and down (see FIG. 1.1). Usually, in the
ferromagnetic materials, the density of states of the spin-up electrons is different from that of
the spin-down electrons.

Moreover, the 3d electronic band in some ferromagnetic materials, Ni for example, is
not fulfilled. This leads to the scattering of the conduction electron from the 4s states to the 3d
states. The scattering of the electrons to the 3d increases the resistivity of the ferromagnetic
materials due to the high effective mass of the 3d electrons (high effective mass induces low
conductivity of the electrons). In some ferromagnetic materials, the 3d* non-occupied density
of states of the spin up is bigger than the 3d" non-occupied density of states of the spin down.
Based on the Pauli Exclusion Principle “No two identical fermions may occupy the same
quantum state”, the probability of the 4s+ scattering to the 3d* states is higher than the 4s
scattering to the 3d(See FIG. 1.2)

Low probability of 4s* - 3d*
4s* $ scattering

Low scattering of 4s’ High probability

\ / of 4s™- 3d" scattering

Figure 1.2 The Two current model propose by Mott

The high probability of the scattering of the 4s™ induces a high resistivity of these
electrons due to the high effective mass in the 3d* states. Meanwhile, the low probability of the
scattering of the 4s™ electrons to the 3d" states induces a high conductivity of these electrons.
The resistivity of the material is the average of both the spin up and the spin down resistivities.
In addition, because the spin up electrons have a high density, the metal tends to take electrical
conductor behavior. Some other ferromagnetic materials have an inverse behavior where the
scattering of the 4s™ electrons to the 3d- states is more probable than the scattering of the 4s+ to
3d*. For the Ni (nickel) only scattering from the 4s” state to the 3d" state is probable, due to the

existence of the 3d+ sub-band below the Fermi level (See FIG.1.2).
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However, the behavior of the electrons in the transition metal changes totally under the
effect of an external magnetic field. The magnetic field induces the rotation of the
magnetization from the easy axis (the axis that the magnetization prefers to orientate in its
direction when the applied field is nil) to the direction of the external magnetic field. Smith
related the anisotropy magnetoresistance which appears when the magnetization direction
change to the mixing of the d* and d- states due to external magnetic field influence and the
spin-orbital interaction [20]. This mixing leads to increasing the s-d scattering probability of
the electrons traveling parallel to the magnetization. Consequently, the resistivity parallel to the
magnetization is larger than the resistivity perpendicular to the magnetization; therefore, the
anisotropy magnetoresistance appear. The FIG. 1.3 shows the variation of the resistivity of
NiCo alloy as a function of the magnetic field induction. The longitudinal resistivity of the
magnetic material is clearly larger than the transversal resistivity of the magnetic material. The

difference between these two resistivities (p,, — py, is an important parameter to show how

much a magnetic material has anisotropy, this parameter called the anisotropic resistivity.
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Figure0.3 The change of resistivity of NiCo alloy versus the external magnetic induction (McGuire and
Potter 1975) [22]

The anisotropic magnetoresistance induces the change in the resistivity of the
ferromagnetic material. The perpendicular variation of the resistivity to the easy axis is called
the Planar Hall Effect and the parallel variation of the resistivity to the easy axis is called the
anisotropic magnetoresistance. The Planar Hall Phenomenon was described by C. Goldberg
and E. Davis in 1954 [24]. The name Planar comes from the fact that this phenomenon is
induced from the change in the plan magnetization of the thin films. However, in the case of

Ordinary Hall Effect which due to the Lorentz force, the creation of a transverse voltage is
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induced by an external magnetic field applied perpendicularly (out plan) to the thin film, hence

we use the name “Planar”.

(a)

The direction of

the current
Easy axis

/(b) V amr (H) /
Vo & a

An external magnetic field applied in plan the sensor

Figure 1.4 The Planar Hall Effect and, the anisotropic magnetoresistance effect induced by the change
of the magnetization of a ferromagnetic material from the easy axis direction (which is parallel to the
direction of the current) to the direction of applied field

Using Ohm law, the relation between the electrical field and the resistivity in the case
of an anisotropic material give as:
E=p] (1.1)
Where E is the electrical field, p the resistivity of the material and f is the electrical density of
the current.

The resistivity of the material is given by:

pL(H) —pu(H) 0
pu(H)  pL(H) 0
0 0 py(H)

Where p, is the resistivity of the material perpendicular to the magnetization, p,, is the
resistivity of the material parallel to the magnetization and py (H) is the Hall resistivity.

When the magnetization makes an angle 6 with the current direction (the easy axis direction),
both Planar Hall voltage and the anisotropic magnetoresistance voltage are given by:
Ex=jp. +j(p,— pL)cos*(6) 1.2)

E,=j (p// — p. ) cos(8) sin(6) (1.3)
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The transversal voltage is called the Planar Hall Effect or pseudo Hall Effect and the
longitudinal compound is called the anisotropic magnetoresistance. From the expression above

the Planar Hall effect is basically an anisotropy magnetoresistance effect.

(a) (b)
PHE

AMR

20 40 60 -60 720 69 20“ 60

Figure 0.5 The variation of the planar Hall voltage and (b) the anisotropic magnetoresistance voltage
both versus the angle between the magnetization and the direction of the current (8).

The figure 1.5 shows the variation of the planar Hall voltage and the anisotropic
magnetoresistance voltage as a function of the angle 9 (The angle between the magnetization
and the current direction). The Planar Hall voltage shows a linear dependence on the angle 6
when the angle is small. This means that the electrical response of the planar Hall sensor is
linear when we applied a small external magnetic field which is an important feature in the
application of the sensor to detect ultra-low magnetic fields. Furthermore, from the equation
(1.1) of the planar Hall voltage, the voltage depends only on the difference between the parallel
and the perpendicular resistivity. This dependence makes the sensor more stable under the effect
of the temperature compared to the anisotropic magnetoresistance sensors. These features and
other features make the planar Hall sensor a promising device for detecting small magnetic

fields with high accuracy.

1.3  The Development of the Sensor’s Stack
The pioneering paper published by A. Schuhl et all opened the way to the use of the

Planar Hall effect as a magnetic field sensor [25]. In their research paper under the title “Low
Field Magnetic Sensors Based on the Planar Hall Effect”, A. Schuhl and his colleagues used an
ultra-thin layer of Permalloy (6 nm) coupled to a Fe ferromagnetic layer as a magnetoresistance
sensor able to detect an ultra-low magnetic field. The choice of the Permalloy is based on the
fact that its anisotropy resistivity is bigger than the transition metals such as Fe or Ni [22]. The
sensitive layer of this sensor shows a magnetoresistance ration of 2% and an ultra-high

sensitivity of 100V/TA. The second generation of the Planar Hall magnetoresistance sensor was
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fabricated using the conventional sputtering system, where the Permalloy layer growth directly
on silicon substrates [26]. The low-cost fabrications method (sputtering) proposed in this paper
promoted the use of the Planar Hall sensor in the academic field and facilitated the industrial
production processes of the sensor. Following these works, several optimizations of Planar Hall
sensors were proposed based on the development of the structure of the sensor. A Trilayer
structure based on two ferromagnetic layers exchanging with an antiferromagnetic layer was
fabricated by L. Ejsin et al to test the ability to use the Planar Hall sensor in biological detection
[27]. Using this structure, the authors proved the ability to detect two types of magnetic beads
the first is the micro-magnetic beads (2 pum) and the second is the nano-magnetic beads (250
nm). The authors demonstrated also the possibility of detecting a single micromagnetic bead (2
pum) by applying a current of 10 mA and under the effect an external magnetic field of 1.5 mT.
This achievement leading to the use of the planar Hall sensor as a biological sensor for the first
time. Compared to the other magnetoresistive sensor the planar Hall sensor has important
advantages in the field of biological detection such as the high signal-to-noise ration and the

large size of the active area uses for sensing.

1.3.1 The Bilayer Structure (Ferromagnetic/ Antiferromagnetic Layers)
In the middle of the last decade, the bilayer structure based on the ferromagnetic layer

coupled with an antiferromagnetic layer was an excellent choice for the manufacture of Planar
Hall sensors. In the FM structures the planar Hall voltage shows a non-reversal behavior. As
shows in the FIG. 1.6 (b) the magnetization angle of a single ferromagnetic layer change from
0° to 90° when the field increase and from 90° to 180° when the magnetic field decrease.
However, for the FM/AFM structure the magnetization angle of the ferromagnetic layer rotates
from 0° to 90° when the field increase and from 90° to 0° when the magnetic field decrease due
to unidirectional anisotropy. Also the hysteresis of the planar Hall voltage reduce due to the
coherent rotation of the magnetization in the FM/AFM structure. This coherent rotation
decreases also the Barkhausen noise and improves the thermal stability of the structure. The
most used bilayer structure is the NiFe/lrMn structure due to the high anisotropy
magnetoresistance of the NiFe, the high resistivity of the IrMn (which pushes the electrons to
pass through the sensitive layer of the sensor (NiFe) and resulting in an increment of the sensor

sensitivity and a decrement of shunt current), and the high Néel temperature of IrMn.
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Figure 1.6 The calculated planar Hall voltage for (a) single ferromagnetic layer and (b) for exchange
biased ferromagnetic/ antiferromagnetic layer.

To understand the effect of the ferromagnetic layer’s size on the sensitivity of the sensor,
a Planar Hall magnetoresistive sensor based on a bilayer structure was manufactured by the
group of Pr. Kim in Korea. [1]. By changing the thickness of the ferromagnetic layer from 3
nm to 20 nm, they found that the sensitivity of the sensor increases with the increase of the
ferromagnetic layer’s thickness. However, the difference between the resistivity parallel to the
magnetization and the resistivity perpendicular to the magnetization decreases when the
ferromagnetic thickness is bigger than 10 nm. In addition, by using the Stoner-Wohlfarth model,
the authors studied the dependence of the ferromagnetic thickness versus the exchange bias,
anisotropy field, and the anisotropic resistivity. The study does not only demonstrate the
possibility of an increased sensitivity of the sensor by increasing the thickness of the layer, but
also demonstrates the possibility of using the Planar Hall effect to study the magnetic properties
of a small magnetic stack which is difficult to study by using the conventional method. The
same group studied the effect of the permalloy’s (ferromagnetic layer which is also the sensitive
layer of the sensor) thickness in bilayer structure on the amplitude of the PHE and AMR
voltages. The study proves that the Ta and IrMn surface effect is dominated maximally by using
a 10 nm NiFe layer that reflects in the high amplitude of both PHE and AMR voltage [28].
Also, the effect of the thickness of the sensitive layer (Permalloy) on the sensitivity of the Planar
Hall sensor was studied by the group of Pr. Hansen [29]. The study proves that the high increase
of the sensitive layer induces an increase in the signal and decrease the noise. In the following
years, the use of trilayer and the spin valve structures dominated the use of the bilayer structure
in the fabrication of the planar Hall sensors due to the high sensitivity and the high thermal

stability of these layers.
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1.3.2 The Spin Valve Structure
Despite the absence of a clear relationship between the spin-valve effect and the Planar

Hall voltage, the spin valve structure which is based on two ferromagnetic layers separated by
the non-magnetic layer (normally Cu) was widely used at the end of the last decade as a planar
Hall sensor. The planar Hall voltage created in this spin valve structure is the result of the
average contribution of the two ferromagnetic layers. The Planar Hall sensor based on the spin-
valve structure was usually created on NiFe/Cu/NiFe/IrMn structure. Many papers were
published at the end of the last decade which studied the planar Hall sensors based on spin valve
structure among them. The work of S.J. Oh et al which focused on the effect of the size of the
junction on the sensitivity of the Planar Hall sensor based on NiFe (6 nm)/ Cu (1.5 nm) / NiFe
(4 nm) / IrMn (20 nm) [2]. This work proves that the sensitivity of the sensor decreases as its
size increases. The same group uses a spin valve structure based on NiFe (6 nm)/ Cu (3.5 nm)
/ NiFe (3nm) / IrMn (10 nm) to detect a micro-magnetic bead for biological detection [30]. On
the other hand, the effect of the size of the free ferromagnetic layer on the sensitivity of the
Planar Hall sensor was studied by Hung et al [31]. They found that the sensitivity of the sensor
increases as the thickness of the free layer increase. For a layer thickness of 16 nm, they
obtained a sensitivity of 95.5 mQ/(KA/m). Based on this optimization, Hung and his colleagues
succeeded in detecting of a single micro-magnetic bead using Planar Hall sensor with a spin
valve structure NiFe (16 nm)/ Cu (1.2 nm)/NiFe (2 nm)/IrMn (15 nm). [32]. Other layers were
studied based on different materials such as Co/Cu/Py [3], and NiFer/CoFe/Cu/CoFe/lrMn [33].
However, the sensitivity of these structures is lower than the spin valve structure based on
NiFe/Cu/NiFe/lrMn. Early this decade, the development of the spin valve structure for Planar
Hall sensor was dominated by the development of new ultra-high sensitive trilayer structure

which is the trilayer structure.

Figure 1.7 The SEM image of the planar Hall sensor in the presence of a single micro-magnetic bead

[32].
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1.3.3 Trilayer structure:

By using a very thin nonmagnetic layer placed between the ferromagnetic and the

antiferromagnetic layers, Hung et al optimized seven times the bilayer structure sensitivity.

Also, the sensitivity of this new structure which is known as the name of “the trilayer structure”

is two times bigger than the spin valve structure [34]. The thickness of the nonmagnetic layer

was optimized by studying the effect of different sizes of Cu layer on the sensitivity of the

sensor [35]. Currently, this structure is the cornerstone of the development of high sensitivity

Planar Hall sensors.
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Figure 0.8 The Planar Hall voltage created by bilayer, spin valve and trilayer structures. [35]

The influence of Cu interlayer in the NiFe/IrMn interface on the rotation of the magnetic

moments of the ferromagnetic layer was studied by Z-D. Zhao [36]. They prove in this paper

that the existence of the ultra-small Cu interlayer reduces the hysteresis of the Planar Hall

voltage which reflects the coherent rotation of the magnetic moments in the ferromagnetic layer

(see FIG. 1.9).
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Figure 1.9 The planar Hall voltage created by trilayer structure (bleu curve) and the bilayer structure

(red curve) [36]
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In the same year, X-J Li, et al enhanced the sensitivity of the trilayer structure and its
thermal stability using Au interlayer between the ferromagnetic and the antiferromagnetic
layers. By studying the effect of the thickness of the Au layer on the planar Hall voltage, they
proved that a trilayer of NiFe (10 nm) / Au (0.6 nm) / IrMn (10 nm) combines the high
sensitivity, the coherent rotation of magnetization and the high thermal stability of the sensor
[37]. Previous studies shows that the seed and the capped layer can affect the magnetic
properties of the permalloy [38, 39], A Talantsev et al studied the effect of the NiFeCr seed and
capping layers on both exchange bias and Planar Hall electrical response in NiFe/Au/lrMn
layers [40]. The study is based on the change of the conventional Ta seed and capping layer
which could format a dead magnetic layer by NiFeCr layers. The study proves that the NiFeCr
layers enhance the magnetoresistance response and reduce the noise of the sensor. Another,
recent work on the trilayer structure published by H. piskin and N. Akdogan based on the use
of Pt interfacial layer between the NiFe and IrMn layers proves that the sensitivity increases by
using the Pt layer. However, the hysteresis of the sensor is large [41]. Based on this optimization
and result, the trilayer Planar Hall sensor promises to be an important device for the ultra-high
sensitivity and ultra-high accurate applications such as the detection of the biological

molecules, the characterization of magnetic materials, and the automotive applications.
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Figure 1.10 The most important structure development of the Planar Hall magnetoresistance sensor in
the last thirteen years.
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1.4 Shape development of the Planar Hall sensor
The change in the micro-shape of the magnetic materials could modify its magnetic

proprieties or even induce the creation of new proprieties such as the anisotropic
magnetoresistance, the multi-domain behavior ...etc. Here we will present the different changes
that have occurred in the form of the Planar Hall magnetoresistance sensor to change its
sensitivity and enhance its properties. This section presents an important introduction to the
chapter 3 in which we will discuss a theoretical study on the effect of the sensor’s shape on the
interaction between magnetic particles and the sensor, and we will also propose new forms of
sensors that can enhance the detection of the nanoparticles that are difficult to detect using

traditional sensor shapes.

1.4.1 Cross sensor
Over the last two decades, most studies on the Planar Hall sensor have been done on a

cross-shaped sensor. The selection of this form was based on their easy manufacture not to
mention the many studies that dealt with different physical phenomena emerging in these forms.
Returning to the initial work of Schul and his colleagues [25], the study used a square junction
Planar Hall sensor with an active surface of 28 um x 28 pum. The authors mentioned in this
paper that the change in the sensor’s size does not have any effect on its performance. In the
years following this discovery, most studies focused on changing the structure of the sensor
with no attention to its shape. Ten years after this achievement, few studies focused on the effect
of the sensor’s size on its sensitivity. In 2007, the group of Pr. Kim studied the effect of the size
of the cross junction on the sensitivity of Planar Hall spin valve sensor [42]. By studying three
different sizes of the sensor, 50x50 pum?, 20x20 pum? and 5x5 um?, they proved that the
sensitivity increases with the decrease of the sensor’s size. However the Planar Hall voltage
decreases with the increase of the sensor’s size. Another study concerning the effect of the size
of the sensor was published by M. Donolato and his colleagues [43]. The study combines both
experimental characterization of the Planar Hall sensor and micromagnetic simulation to
understand the effect of different sizes of the sensor on its magnetic behavior. The work proves
that the decrease in the size of the sensor induces the creation of tow easy axis on the surface
of the sensor. Also, by studying different sizes of sensor’s arms from 3 um to 40 pum, M.
Donolato and his colleagues demonstrate the increase in the sensitivity when the size of the
sensor decreases. In addition, the theoretical work published by Hansen Group proves the
decrease in the sensor’s size induces the increase of the magnetic signal created by the magnetic
bead [44]. These previous studies suggest that the sensor’s size should be decreased in order to

increase its ability to detect small magnetic fields. However, the following works which focused
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on changing the shape of the sensor proved the possibility of increasing the sensitivity
significantly without the need to reduce the dimensions of the sensor.

1.4.2 Tilted Cross-sensor
To enhance the sensitivity and the linearity of the Planar Hall sensor, another form of

the magnetoresistance sensors was proposed by Hung and his collaborators based on tilted
cross-sensor [4]. By combining both Planar Hall effect and anisotropic magnetoresistance, the
sensitivity of this hybrid sensor is increased by about 30% for cross-junction tilted at an angle
of 45°,

1.4.3 Bridge sensor
The Planar Hall sensor was usually manufactured based on cross-shaped Hall geometry.

However, the famous paper of A. D. Henriksen highlighted the possibility to observe the Planar
Hall effect in Wheatstone bridge topology [5]. The Planar Hall sensor output of the bridge
geometry is a hundred times bigger than the conventional cross-shaped sensors. Furthermore,
the authors found that the sensitivity of the sensor could be increased by increasing the number
of the sensor’s arms. Based on this achievement, the development of an ultra-high sensitive

planar Hall sensor is introduced by changing its shape.

Figure 1.11 The cross junction Planar Hall magnetoresistance sensor. (b) The arm of the bridge Planar
Hall magnetoresistance sensor. (c) The bridge Planar Hall magnetoresistance sensor with a single
arm. (d) The bridge Planar Hall magnetoresistance sensor with three arms [5].

In the order to compare the performance of the new bridge sensor’s geometry to the
conventional cross’s geometry, the research group of Pr. Hansen used both bridge and cross
sensors to measure the Brownian relaxation of magnetic nano-beads [45]. They found that the

bridge sensor yields six times bigger signals compared to the cross sensor. The high signal of
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the bridge sensor makes it a promising device in the lab-on-a-chip applications. One year later,
the same group optimized the geometry of the bridge sensor for magnetic bead detection [46].
Three different bridge sensors are studied to obtain the influence of both the external magnetic
and the self-magnetic fields created by the sensor. The geometries include the conventional
bridge geometry and two new ones. The first is called the pPHEB sensor and the second called
the dPHEB sensor. Both latter sensors are insensitive to the external magnetic field and can

only detect the bead’s magnetic field created by the sensor’s self-magnetic field.

1.4.4 Ring sensor:
The ring Planar Hall sensor which is based on the spin valve structure

NiFe/Cu/NiFe/lrMn was fabricated by Sunjong Oh, et al in 2011[47]. The voltage profile
combines the sum of both anisotropic magnetoresistance and Planar Hall effects. They found
that the field sensitivity of the single ring sensor is 9.5 mQ/Oe, and it increased up to 102.6
mQ/Oe for 17 rings. B. Sinha and his teammates analyzed the role of PHR and AMR
contribution in the multi-ring sensor of 7 rings based on ultra-sensitive trilayer structure [48].
They found that the sensitivity of the sensor increases linearly with the radius/width ratio of the
sensor. In order to understand the magnetic behavior of the spin crossover materials at the nano
scale, Hung and his colleagues used the ring planar Hall sensor to characterize ultra-low
quantities of the spin crossover materials at room temperature [9]. Using this sensor they can
detected ultra-low volume of spin crossover materials (3x10 mm®). This ultra-low quantities
could not be detected before at room temperature due to the limited detection of SQUID
magnetometer and the high thermal noise of nano-SQUID magnetometer. The achievement
opened the way to the use of Planar Hall sensor in new applications of ultra-low detection.
Likewise, the ring planar Hall sensor contributed with the self-field detection method to
characterize an ultra-low magnetic moment of 104 emu [10]. All these optimization make the

ring sensor one of the important choices in magnetic field sensing applications.

Figure 1.12 The ring Planar Hall magnetoresistance sensor (a) one planar Hall ring, (b) mluti-ring planar

Hall [48]
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1.4.5 Elliptical sensor
The elliptical Planar Hall sensor was developed by Pr. Klein’s group based on the

monolayer of Permalloy [49]. Using this geometry, the anisotropic magnetoresistance of the
sensor could be induced without the need of the antiferromagnetic layer. To study the effect of
the elliptical shape and size of the sensor on the magnetic response, the variation of the magnetic
orientation, the linearity and the reversibility of the electrical response, the authors combined
experimental, simulative and analytical studies of the elliptical planar Hall sensor. Two
magnetoresistance sensors with minor and major axis of 0.65 pm/2.44 pm and 0.83 um/ 3.29
pm were created. They found in this study that the ratio between the two axes and the thickness
of the sensor strongly affected the response of the sensor. A high response of the sensor could
be induced by increasing the ratio between the elliptical size and the thickness of the sensor.
However, the increase of the minor axis could induce a hysteresis and the decrease of the

sensor’s thickness could reduce the Planar Hall signal.

Figure 1.13 A high resolution scanning electron microscope image of a Planar Hall magnetoresistance
elliptical sensor [49]

Two years after this study, the same group proved the existence of mono-domain
behavior in elliptical shape of Permalloy thin films with a long axis ranging from several
microns to several millimeters. The study proves the existence of monodomain behavior in the
sensor even when its size is large. These results advantage the sensor because a large elliptical
sensor have a small anisotropic field which induces the high sensitivity of the sensor [50]. After
these achievements, Pr. Klein’s group focused on improving the resolution of the Planar Hall
elliptical sensor to the order of 1 n'T/NHz [51] and 600 pT/NHz [52] at ultra-low frequency (0.1
Hz). So far, this sensor has not been used in biological applications, but the high resolution of
this sensor suggests that it will be one of the sensors required in various technological and

biological applications.
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15 Other optimizations of the planar Hall sensor
In addition to the works which dealt with changing the shape of the sensor or its

structure, other works dealt with the possibility of improving sensor sensitivity through the
development of new ideas for sensing. In this section, we present some scientific works which
dealt with the development of the sensing method such as the use of the self-field method or
changing the angle between the external magnetic field and the easy axis of the
magnetoresistance sensor.

The self-field detection is a new method of the biological detection by the Planar Hall
sensor based on the use of the intrinsic magnetic field created from the sensor to magnetize the
magnetic bead. The theoretical work published by the group of Pr. Hansen under the title
“Theoretical Study of In-plane Response of Magnetic Field Sensor to Magnetic Beads
Magnetized by the Sensor Self-field” [53] studied the interaction between the Planar Hall sensor
and the magnetic beads that are magnetized by the self-magnetic field of the sensor. The study
proves the advantages of this approach compared to the conventional method, where the
magnetic field created by magnetic beads has the same direction (sign) whatever the position
of the magnetic bead is. However, when we apply an external magnetic field, the magnetic field
created by beads outside the sensor has the inverse (direction) sign to the magnetic field created
from the beads inside the sensor. Therefore, the global magnetic field created on the sensor will
reduce. Based on this advantage, the self-field methods are largely used in the biological
detection to magnetize the magnetic beads [54-56]. On the other hand, the magnetic field
created from the bead is proportional to the square of the bias current. This means that the
increase of the bias current induces the increase of the magnetic field created from the bead.
However, the high current induces the joule effect which could break the sensor or affect its
accuracy or even change the state of magnetic particles or biological molecules during the
measurement. To understand the maximum bias current that can be used without breaking the
sensor, the group of Pr. Hansen presented a systematic study of the self-heating of planar Hall
magnetoresistance sensor based on bridge geometry [57]. The experiment results in this study
were supported by the finite element simulation and analytical thermal model. The study proves
that the use of the large width of the sensor induces a small change in the temperature under the
effect of the current. The same group optimized the sensor stack of the Planar Hall sensor for
biological detection using self-field method [58]. Another application of the Planar Hall sensor
appeared when Hung and his team characterized ultra-low quantities of spin-crossover
materials at room temperature [10] by combining both the high sensitivity of the ring geometry

of the sensor and the self-field method. This study opened the door to the possibility of using
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the magnetic sensor as a very effective tool in the magnetic characterization of magnetic
nanoparticles. Also to compare the trilayer structure and the bilayer structure, a trilayer structure
based NiFe/Cu/lrMn with different sizes of the ferromagnetic and the nonmagnetic layers was
studied by measuring the sensor’s response as a function of the external magnetic field and also
under the effect of the magnetic field created from the magnetic bead. The authors found that
the signal of the trilayer structure based on NiFe (20 nm or 30 nm)/ Cu (0.6 nm)/ IrMn (10 nm)
is higher than the bilayer structure which is usually used for the self-field applications [59].
Parallel to the works that use the self-field to increase the sensitivity of the sensor and improve
the bead sensor interaction, another work is done by the Pr. Ferial’s group and Pr. Kim's group
discussed the possibility of improving the sensitivity of the sensor by changing the angle
between the external magnetic field and the electric current. They found that the sensitivity of
the sensor increases 3.6 times when the angle between the external magnetic field and the
current direction equals 20°. By using this optimization, the authors proved the possibility of
detecting an ultra-low magnetic moment of 4x10*% emu [60]. The group of Pr. Kim proposes
the application of the external magnetic field in the z direction of the sensor. This method allows
the application of a high external magnetic field without saturating the magnetic sensor
(because the magnetization of the sensor is very strong in the direction of the easy axis of the
sensor) [61]. The magnetic moment resolution achieved by this method is in the order of 102

emu.
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16 Conclusion
In this first chapter, we present the theoretical background of the Planer Hall effect,

illustrating the various physical phenomena that give rise to this effect. This chapter also
provides a solid ground for an understanding of the various developments that have been made
on the planar Hall sensor, both those related to changing of the structure (bilayer, spin valve,
and trilayer) of the sensor or those aimed to improving the properties of the sensor by changing
its shape (bridge, ring, and elliptical sensor). Concerning sensor-shape studies, these studies
represent an important introduction to the chapter 3, in which we discuss the results of
numerical calculations that aim to improve sensor response by changing its shape. Also we
mentioned in this chapter several works that have contributed to improving the sensor response
by relying on new detection techniques such as the self-field technique. We have also presented
some of the most important researches on the use of these new techniques, whether to

characterize magnetic nanoparticles or to detect biological molecules.
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2. Experimental techniques

2.1 Introduction:
In this chapter, we will introduce the techniques used in the sensor manufacturing

process and that used to characterize its electromagnetic behavior. We will introduce the
magnetron sputtering system, the photolithography technique, the SQUID magnetometer, and

magnetomesurement techniques.

2.2 The manufacture of the sensor
In this section, we will present briefly the technical method for manufacturing the Planar

Hall magnetoresistance sensor. The sensor’s manufacture is divided into two basic stages: the
first stage is the sputtering of the magnetic layers, and the second stage is the inscription of the
sensor. In the first stage, a magnetron sputtering system is used to create the sensor stack and
in the second stage, a lithography technique is used to print the Planar Hall magnetoresistance

Sensor.

2.2.1  Magnetron sputtering system:
Except for some works which used MBE (molecular beam epitaxy) method to produce

the Planar Hall magnetoresistance sensor (such as the first work on the planar Hall sensor
published by Shul [25]), most Planar Hall magnetoresistance sensors were usually
manufactured based on a magnetron sputtering system. The magnetron sputtering system is
largely used for the deposition of metal and also for the deposition of some dielectric materials.
The first sputtering system was developed by Peter J. Clarke [62] which led to a quantum leap
in the semiconductor industry. There are two global magnetron sputtering systems. First, DC
magnetron sputtering system which is used for metals and, second, RF magnetron sputtering
system which is used for dielectric materials. The DC magnetron sputtering system consists of
a cathode (the target or the source) and an anode (the wafer or the substrate) in a vacuum room
containing an inert gas which is usually Argon due to its low reactivity. The principle of
operation of this device in its simple form is based on the application of a difference of voltage
between the anode and the cathode. This difference of voltage leads to the creation of plasma
in the vacuum room; consequently, the electrons travel from the cathode and collide with the
atoms of Ar which induce the ionization of Ar atoms positively. The ions of Ar+ attract to target
with a high velocity which induces the sputters of the target atoms due to the momentum of
collisions. Then, the atoms of the target are deposited on the substrate in the form of a thin film
of material. In order to increase the density of the plasma close to the target, a magnetic field

should be applied parallel to the target. This induces the spiral movement of the electrons

23



Chapter 2: Experimental techniques

around the magnetic field. The ionization of the sputtering gas enhances and the deposition rate
increases. The quality of the magnetic layers depends on the different parameters of the
sputtering system such as the vacuum of the room, the density of Ar gas, the amplitude of the
DC voltage...etc. For our thin films magnetoresistance sensor, we use the following conditions:

The base pressure in the main chamber was 2x10° Pa. Working pressure of the system
during the deposition is 0.4 Pa controlled by the automatic shuttle gate with Ar gas flow rate of
5 x 107 m¥/s. To acquire homogenous layers, the substrate holder was rotated at 10 round per
minute during the sputtering. In order to induce the easy axis of the sensor, a uniform DC
magnetic field of about 20 mT was applied in the plane of the thin film. Also, the deposition
rates of NiFe, Cu, IrMn, and Ta layers are 0.064 nm/s, 0.038 nm/s, 0.108 nm/s and 0.06 nm/s,

respectively with an error of 5% for all layers.

Cathode

Tonized Argon /! ® Target
Q O
o /7 o ©
9] I l l
Sputtered films
Substrate

Anode

Figure 2.1 the DC spurting magnetic system.

On the other hand, in the case of Radio Frequency (RF) magnetron sputtering, the DC
source power is replaced by an AC source power. This system is commonly used for the

deposition of insulating materials such as aluminum oxide, silicon oxide, and tantalum.

2.2.2 Photolithography:
The thin magnetic layers manufactured by the magneto sputtering system cannot be used

as a magnetic sensor. In order to manufacture the magnetoresistance sensor and the electrical
contact, the photolithography technic is used. The idea of optical printing is based on the
transfer of geometric shapes on a mask to a smooth surface. The name Photolithography is

divided into three words: Photo meaning light, litho meaning stone, and graphy meaning write.
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This technique is introduced for the first time by Alphonse Poitevin in 1855 [63]. In general,
this technique is divided into different steps that are summarized as follows:

1/ Wafer (substrate) cleaning: The first step in the photolithography technique is
removing the different particles located on the wafer such as metallic, organic or inorganic
impurities by chemical cleaning. This step is a very significant step because any existence of
small quantities of impurities could reduce the quality of the magnetic sensor.

2/ Barrier formation: The next step is the growth of the oxidation layer to the surface of
the wafer, normally, due to its high surface energy (2130 ergs /cm?) [64] the silicon surface will
be oxidized automatically when it is exposed to air. However, the normal oxidizing layer which
forms by the contact of the wafer with the atmosphere has a very thin thickness (between 1.5 to
2 nm). This silica layer cannot be used as a barrier layer, and this requires the growth of the SiO
layer on the wafer.

3/ Photo resist: The third step is the growth of the photo resist layer on the silica layer.
To grow the layer of photo resist, we use the spin coating process where the solution of polymer
spread evenly on the surface of the silica using the centripetal force. This method allows the
creation of relatively uniform thin photo resist films. The quality of these films depends on
several parameters such as the spin speed (RPLM) and the duration of spinning. There are two
major types of the photo resist, the positive photo resist and the negative photo resist. For the
first type, the application of a UV light induces the degradation of its proprieties and it becomes
more soluble than the unexposed photo resist. Then the exposed photo resist could be washed
away by a developer solution. For the second type, the application of UV light induces the
enhancement of its proprieties and thus becomes less soluble than the unexposed photo resist,
so the photo resist which is not exposed to the light could be washed away by a developer
solution. The figure below summarizes the difference between the negative and the positive

photo resist.
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Figure 2.2 (a) The Negative, and (b) the positive photo resists.

Mask: After the deposition of the photo resist, the photomask should be used to make
the shape of the sensor (or the electrical circuits). The photomask is an opaque plate with
transparent zones that allow the UV radiation to pass through. The zones where the photomask
does not cover the photo resist will be affected by the UV radiation, and because the photo resist
is a special class of the photosensitive polymer, the light will change the proprieties of the photo
resist. Consequently the proprieties of the photo resist in the zone covered by the mask and the
zone not covered by the mask are not the same.

Development: after the radiation of the photo resist by UV light, a chemical treatment
should be used to etch the unexposed zone of the photo resist (case of the positive photo resist).
After this step, the magnetic layers, the electrode or the passivation layer could be deposited
(by sputtering) on the wafer. This step will follow the cleaning process to resist the phot, and
only the part that is not covered by the photo resist is retained. Thus, the sensor is manufactured
in the desired form. The different steps of the photolithography are summarized in the figure

below:
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Figure 2.3 The different steps of the photolithography technique for the manufacture of the
electrodes ‘the same steps will be used for manufacturing the other components of the sensor such as
the sensor junction or the passivation layer).
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2.3  Characterization technigues:
In this section we present some technique used to characterize the behavior of the
planar Hall magnetoresistance sensor.

2.3.1 The magnetoresistance measurement:
The magnetoresistance measurement technique is a common unexpansive technique

used to characterize the properties of the thin films of magnetic materials. The advantage of this
characterization method is its ability to detect some behaviors that cannot be detected using
traditional techniques such as its ability to detect the dynamics of the magnetic moments in the
antiferromagnetic materials [65] or its ability to detect a small change of the easy axis of
magnetization of the ferromagnetic thin films under the effect of the temperatures (see chapter
V). To characterize the planar Hall sensor a current usually applied in the easy axis of the
sensor and a magnetic field applied in the hard axis of the sensor. The applied magnetic field
induce the change of the magnetization of the sensor from the easy axis to the hard axis which
induce the change of the electrical response of the sensor. This caharcterization gives
information about the anisotropic resistivity of the sensor. To characterize the change of the
easy axis, the exchange bias field, and the coercivity field as a function of the temperature the
external magnetic field should be applied in the easy axis of the sensor. The change of the easy
axis direction appease in the change of the shape of the electrical response of the sensor from
symmetrical response to unsymmetrical response, the change of the exchange bias field
reflected by the change of the shift of the planar Hall voltage loop, and the change of the

coercivity filed appease by the change of the width the planar Hall voltage loop.

2.3.2 Superconducting Quantum Interference Device (SQUID) Magnetometers:
The Superconducting Quantum Interference Device (SQUID) is one of the most used

devices for characterizing magnetic properties of materials. The operation of this device based
on two main phenomena, one is the superconductivity, and the second is the Josephson junction.
Superconductivity is a phenomenon observed more than a century ago by the physicist Heike
Kamerlingh Onnes. He observed that the electrical resistance of mercury disappears when it is
cooled at -269 °C. Another phenomenon associated with the superconductivity called the
Meissner effect were external magnetic fields which applied to the superconductivity material
will not penetrate the superconductor, but remain at its surface. On the other hand, the
Josephson effect is a phenomenon of supercurrent, a stream that flows indefinitely long without
any applied voltage, via a device known as the Josephson Junction, which consists of two or
more superconductors coupled with a weak conductor. The Josephson effect was named after

the British physicist Brian Josephson, who in 1962 predicted the phenomenon. The SQUID
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consists of a superconducting loop interrupted by two Josephson junction were a current passes
through them. When the magnetic flux change, the maximum super current will oscillate as a
function of the magnetic flux. In our work we use the SQUID to characterize the magnetic
proprieties of planar Hall cross sensor via its magnetization loop at room temperature as we

will present in chapter 4.
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3. The Thermal Behavior of the Planar Hall Magnetoresistance Sensor

3.1 Introduction
A wide range of applications of the magnetoresistance sensor requires the use of the

sensor in an unstable thermal environment. These applications include the bio-medical
applications where the magnetoresistance sensor is used to detect the effect of temperature on
some biological molecules such as DNA [7], protein [68], the position sensing which includes
some industrial applications and automotive applications [69], the characterization of the Nano-
magnetic particles [9, 10], the navigation and transportation systems [70] and the space
applications [12]. However, the change in temperature induces the change in the magnetic and
the electric states of the magnetoresistivee sensors which affect the sensitivity and the thermal
stability of the sensors and lead to inaccurate measurements. To overcome this problem,
compensation systems were proposed to correct the error of the measurement. These
compensation systems could be an electronic device [69] or a mathematic algorithm. In the case
of the Planar Hall magnetoresistance sensor, the group of Pr. Hansen used a reference sensor to
correct the error of the measurement for the biological applications. This study focused on the
behavior of the sensor from -10 °C (263 K) to 70 °C (343 K) [71]. However, the use of a second
sensor complicates the sensing processes and increases the cost of the sensing operation. This
leads to limiting the use of the sensor for other applications such as the space application where
the size of the electronic device is a critical parameter. Other works propose the change of the
Cu space layer in the trilayer structure of the sensor and the use of Au layer to increase the
thermal stability of the sensitivity of the magnetoresistance sensor [37]. However, the
dependence of the sensitivity on the temperature in this case is steel high (the temperature
coefficient of the sensitivity of the trilayer NiFe/Au/lrMn is 0.25 %/K) and the range
temperature of this study change from -20 °C to 60 °C. This range does not include the space
application or the characterization of some magnetic materials which have different properties

as a function of the temperature or even some automotive and industrial applications.

In this chapter, we will study the behavior of planar Hall sensors as a function of the
temperature. The chapter will be divided into three sections, in the first section, we will present
a new method to increase the thermal stability of the magnetoresistance sensor’s sensitivity in
a wide range of temperature from 110 K to 360 K (corresponding to -163 °C to 87 °C) without

the need to add other electronic devices or change the magnetic stack of the sensor. This method
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reduces the temperature coefficient of the sensor to 0.02%/K which is more than 12 times
smaller than a recent achievement in the Planar Hall sensors [37] and could reduce the limit of
the detection of the sensor to 10> emu. This high thermal stability is comparable to the stability
of the Tunnel magnetoresistance sensor sensitivity [72] and higher than the stability of the giant
magnetoresistance sensor sensitivity [73] and that of the anisotropic magnetoresistance sensor
sensitivity [74]. Note that for these previous studies, the range of the temperature is smaller
than our study. High thermal stability of sensitivity in a wide range of temperatures could open
the way to the use of the Planar Hall sensor in new areas of applications such as the automotive
and the space application, and reduce the complexity and the cost of biosensor devices. On the
other hand, the replacement of conventional devices (SQUID) currently used in the academic
field to study the magnetic properties of some materials is a major objective not only because
of the high sensitivity of the magnetic sensor but also for its low cost compared to conventional
devices (SQUID 1 million $, and Planar Hall magnetoresistance system 30 $). In addition to
this high thermal stability of sensitivity, we will present in this section the global picture of the
behavior of the Planar Hall magnetoresistance sensor as a function of temperature. The change
in the different magnetic parameters of the sensor such as the exchange bias field, the
anisotropic field and the difference between the resistivity parallel and perpendicular to the
magnetization will be studied as a function of temperatures. Also, we will prove the existence
of a small change in the angle of the easy axis when the temperature increases. In fact, this
change observed before in the bilayer (FM/AFM) structure and due to the limit of the sensitivity
of the measurement device was attributed to a fault in the external magnetic field orientation
[75].

In the second section of this chapter, we will study the behavior of the planar Hall bridge
sensor for a harsh thermal environment by studying the variation of the signal voltage, the
offset, the sensitivity, the durability, and the detectability of the sensor in the range of
temperature from -80 °C (193 K) to 140 °C (413 K). This study aims to investigate the behavior
of the sensor for space and industrial applications and its ability to withstand the harsh thermal
environment for long periods. We will also highlight the high thermal stability of the sensor in
this harsh thermal environment, which exceeds the thermal stability of other magnetoresistance
sensors (temperature coefficient of the sensor to 0.003%/K). This high stability of the sensitivity
was achieved by applying an electrical voltage to the sensor rather than applying an electric
current. Moreover, we show that the application of a high magnetic field at high temperatures
induces a transition of the anisotropic magnetoresistance from uniaxial magnetic anisotropy to

biaxial magnetic anisotropy. The other parameters of the sensor such as the exchange bias field
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and the coercivity field as well as the anisotropic resistivity was investigated as a function of
the temperature. Also, we study the variation of the offset voltage, the thermal noises, and the
durability of the sensor.

In the section three, we will study the behavior of planar Hall ring sensor for ultra-low
temperature. The variation of signal voltage, the offset, the sensitivity, and the detectability in
the range of temperature between -268 °C (5K) to 37 °C (310 K) will investigated. This study
aims to understand the behavior of magnetic sensor at a low temperature in order to apply it in
the detection of nanoparticles such as the gold nanoparticles at low temperature or the space
applications. We note here that the planar Hall ring sensor was used to characterize the gold
nanoparticles at room temperature and the results of these characterizations will present in the
chapter five. However, the behaviour of these nanoparticles as a function of the temperature it

could be the target of future applications.

3.2 High thermal stability of magnetoresistance sensor sensitivity
3.2.1 The sensor structure:
Below the Neel (Tn) temperature (generally Tc> Tn), the magnetoresistance anisotropy

of a ferromagnetic layer (FM) such as NiFe can be strengthened by contacting the FM layer
with an antiferromagnetic layer (AFM) such as IrMn. This phenomenon is the product of the
interaction between the magnetic moments in the two layers (FM and AFM), which is known
by the term “exchange bias interaction”. This phenomenon was discovered 63 years ago by
Meiklejohn and Bean [76]. The exchange bias appears clearly in a shift of the hysteresis cycle
of the magnetization M (H) from the zero when the FM layer is not coupled to AFM layer to
non-zero values for the FM/AFM coupled structure. The values of the magnetic field shift

known as the exchange bias field.
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Figure 3.1 The hysteresis loop for (a) a ferromagnetic layer and (b) a ferromagnetic /
antiferromagnetic bilayer. The shift of the hysteresis cycle M (H) is induced by the effect of the
exchange interaction between the two magnetic layers.

This exchange bias field induces the “unidirectional” anisotropy. This means that when
an external magnetic field is applied perpendicularly to the easy axis, the magnetization change
from 0 to 90 degrees as the magnetic field increases, and it goes back to a decrease from 90 to
0 degrees when the external field decreases. These are very important characteristics where the
Planar Hall signal show a reversal behavior. However, due to the exchange bias field, the
magnetic moments in the FM layer becomes more resistant to the external magnetic fields. The
rotation of the magnetic domain in the case of an FM / AFM bilayer requires a stronger external
magnetic field than that applied for the rotation of a single ferromagnetic layer. As a result, the
magnetic FM layer becomes less sensitive to the external magnetic field. The low sensitivity of
the FM layer is a negative point in the use of this type of structure (FM / AFM) as a magnetic
field sensor (the FM layer used as a sensitive layer of the sensor). However, N. J. Gokemeijer
[77] and his colleagues show the possibility of weakening the exchange field by the isolation
of the FM and AFM layer using a non-magnetic spacer layer (FIG.4.2.a). The interaction
between the FM and AFM layer, in this case, becomes an indirect interaction that is weak
compared to the direct interaction. Also, the increase of the thickness of the spacer layer induces
an exponential decrease in the value of the exchange field (FIG.4.2 b). The weak exchange
interaction between the two magnetic layers (FM and AFM) releases the magnetic moments of
the FM layer and therefore the tri-layer must be more sensitive to external magnetic fields

compared to the bilayer.
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Figure 3.2 Trilayer structure based on (FM/NM/AFM) layers. b) The variation of the exchange biased
as a function of the thickness of the non-magnetic layer.
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The optimization of the sensitivity of magnetic sensors by the use of a tri-layer structure
is reported the first time by Hung and his colleagues in 2009 [34] and the values of the thickness
of the non-magnetic layer were optimized by the same group in 2010 [35]. They show that the
magnetic tri-layer based on NiFe (10 nm) / Cu (0.12 nm) / IrMn (10 nm) structure has high
sensitivity compared to the bilayer or spin valve structures. The paper of Xu-jing Li showed the
possibility of increasing the sensitivity of the sensor by increasing the thickness of the non-
magnetic layer up to 1 nm [78]. The exchange field in this case must be zero. Other studies used
the Au layer to increase both sensitivity and the thermal stability of the sensor [37]. Also,
trilayer structure based on Pt non-magnetic layer shows a high sensitivity. However, this

structure also shows a high hysteresis [41].

In our study, we used a Planar Hall effect sensor composed by three layers: NiFe FM
layer (10 nm), a non-magnetic layer of copper (0.12 nm) and an AFM layer of IrMn (10 nm).
FIG.4. 3 (a) shows the SEM image of the cross junction of the Planar Hall sensor. The width of
this sensor is 50 pum with a 5 nm Ta capping layer and seed layer all deposited on Si/SiO>
(625/0.5 pum) and substrate using a DC sputtering system. FIG.4.3 (b) shows the variation of
the magnetization M (H) at room temperature. In the same figure, the trilayer structure is drawn
to clarify the non-homogeneity of the Cu non-magnetic layer. The trilayer structure was imaged
using a high-resolution transmission electron microscopy (HRTEM) system as shown in FIG.
3.3 (c) Ta layers have an amorphous structure while NiFe and IrMn are in polycrystalline
structure. Lattice fringes characteristic of IrMn (e.g., (101)-0.22nm) and NiFe (e.g., (111)-
0.19nm) can be clearly seen from the HRTEM image. In addition, the thicknesses of NiFe, IrMn
and Ta are determined by averaging 10 measurements at different areas along with the cross-
sectional view. Their respective values are 10 £ 0.5 nm, 10 £ 0.6 nm, and 5 + 0.25 nm. Despite
these precise guantifications, the nominal Cu atomic layer of 0.12 nm sandwiched between
NiFe and IrMn layers could not be visible due to the resolution limit of HRTEM imaging and

the close similarity between the atomic weight of Cu and NiFe.
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Figure 3.3 (a) A top view SEM image of a crossed junction of the sensor (the bar width is 50 Im; easy
axis, electrodes for applied current and measured voltage of the junction are indicated). (b) Cross-
sectional HRTEM image of the thin film stack Ta(5 nm)/NiFe(10 nm)/Cu(0.12 nm)/IrMn(10 nm)/Ta(5
nm). The TEM specimen was created using a focused ion beam (FIB, Hitachi NB 5000). The insets (1)
and (2) show zoomed areas from NiFe and IrMn layers where the electron beam went through (101)
and (111) zone axes of IrMn and NiFe nanocrystals, respectively. (c) Room temperature M-H hysteresis
loop of the thin film; the saturation magnetization Ms 0.4 MA/m.

3.2.2 Stoner-Wohlfarth model:
One of the methods for simulating the magnetic behavior of materials is the micro

magnetism model. The basic principle of micro magnetism model is that a magnet is a
continuous medium in which the atomic-scale structure can be ignored. Although complete
micro-magnetic models can better describe uniform and non-uniform magnetization processes,
their numerical efficiency is much lower which explains why phenomenological models are
still widely used in simulations. To find the physical parameters of our Planar Hall
magnetoresistance sensor such as the exchange bias field, the anisotropy field, the easy axis
angle and the anisotropic resistivity, we simulated the behavior of the sensor by the Stoner-
Wohlfarth model. The Stoner-Wohlfarth is a classical model proposed by Edmund Clifton
Stoner and Erich Peter Wohlfarth in a publication in 1948 under the name "A Magnetic

Hysteresis Mechanism in Heterogeneous Alloys" [79]. This model is designed to describe the

35



Chapter 3: The Thermal Behavior of the Planar Hall Magnetoresistance sensor

behavior of magnetization in a ferromagnetic material. In this model, the magnetic particle is
an ellipsoid uniformly magnetized with the existence of a uniaxial anisotropy. The uniform
inversion of the magnetization of this particle under the effect of an external magnetic field is
carried out by a coherent rotation, and the total energy of the particle in this case can be given
by the following relation:

E =K, t sin?(6) — Mt H cos(a — 6) (4.1)

With:

E: the total energy of the magnetic particle.

Ku: the constant of anisotropy.

t: the thickness of the FM layer.

6: the angle between the magnetization and the axis of easy magnetization.

Ms: magnetization.

H: the external magnetic field.

a: the angle between the applied magnetic field and the axis of easy magnetization.

The first term of energy, known as the anisotropy energy (the anisotropy energy can be
induced by the shape of the magnetic films, the crystalline symmetry of the magnetic materials,
the stress, and by the application of an external magnetic field on the ferromagnetic material
during the growth of the magnetic layers). The magnetic field associated with this energy is
called the anisotropy field and could be defined as the necessary field to saturate the

magnetization along the axis of difficult magnetization:

2Ky,
He=7" (4.2)

The value of the anisotropy constant (Ky) varies between 0.1 and 104 kJ / m. The second
term of energy is the Zeeman energy. The origin of this energy is the effect of the external
magnetic field on the magnetic material. Then the total energy of the system is the result of the
competition between the energy of Zeeman and the energy of anisotropy. The stable state of
the system is corresponding to the minimum energy of the system. There are several methods
to find the minimum of the system. One of these methods is to derive the equation of the energy
and solve the equation dE / d6 = 0 using a numerical method (because it is impossible to solve
these kinds of equations using analytical method) such as Newton method. However, the
disadvantage of the conventional numerical methods is the possibility of falling into a local
solution of the equation, that is to say, the solution of the equation converges to a local

minimum. The use of some modern mathematical methods such as the genetic algorithm which
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is based on the natural selection principle [80] or simulated annealing [81], or the most modern
technique which is called particles swarm [82] could be a good choice for this kind of problem.

M The minimum of

Easy axis @ 4 total energy

direction.

»
»

0
Figure 3.4 The ferromagnetic elliptical particle under the effect of the external magnetic field.

The figure 4. 4 shows the ferromagnetic elliptical particle with one easy axis under the
effect of the external magnetic field. The variation of the magnetization of the magnetic domain
could be simulated using the Stoner-Wohlfarth model where the expression of the magnetic
particle is done as:

M = M,cos(a — 0) (4.3)

The angle 6 obtained by the minimum of the equation of the energy.
By using the Stoner-Wohlfarth model we calculated the variation of the magnetization of a
ferromagnetic layer as a function of the external magnetic field as shows the FIG. 4.5 The angle

6 obtained from the minumu condition of the energy using the genetic algorithm method.
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Figure 3.5 The magnetization curves of the Stoner-Wohlfarth model for angle a = 0°.

The figure 4.5 represents the magnetization curves (represented by the equation of the
magnetization 4.3) as a function of the external magnetic field for a = 0°. The hysteresis appears
and the magnetization loop has a square shape. This hysteresis is due to the contribution of the

domain walls in the reversal of the magnetization.
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The assumption that all ferromagnetic materials consist of a single magnetic domain
oriented along the axis of easy magnetization lead to conclude that all ferromagnetic materials
act as a permanent magnet. Obviously, this does not happen in nature. In the case where the
ferromagnetic has a micrometric size, the magnetic domain discharges several magnetic
domains to minimize the total energy. The orientation of the magnetic domains is unordered,

and the magnetic domains are separated by regions that are called the domain walls.

In the case of the bilayer FM/AFM, the exchange interaction between the two layers
fixes the magnetic moments in the FM layer following the axis of easy magnetization. The
magnetic domain in this case can be considered as a single magnetic domain, and the total
energy of the FM layer can be given by:

E =K, tsin?(8) — Mt H cos(a — 8) — Mgt H,, cos(8) (4.4)
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Figure 3.6 multi-magnetic domains behavior Vs the mono-domain behavior

With Hex is the exchange field that is created between the ferromagnetic layer and the
antiferromagnetic layer. By minimizing the energy, we can find the minimum energy of the
system and then the corresponding magnetization angle . Using this description, it is possible
to simulate the behavior of the active layer of the sensor (FM layer) to find the different physical
parameters of the sensor such as the exchange field, the anisotropy field, the angle between the
axis of easy magnetization, the magnetization of the layer and the anisotropy resistivity.

3.2.3 Description of the experiment:
The objective of this experiment is to study the behavior of the sensor as a function of

the temperature. The first step of the experiment starts by fixating the sensor in a Linkam (LTS
420) device to isolate the sensor from all external effects (such as temperature, pressure...etc.).
This device allows to control the temperature of the sensor between 77 K and 693 K with

maximum heating rate of this device is 40 K/min.
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Figure 3.7 a) The Linkam device b) the Planar Hall magnetoresistance sensor placed on the Linkam
device.

After the fixation of the sensor in the Linkam, the temperature was reduced by the
injection of liquid nitrogen in the Linkam device (See FIG.4.7). Using the Linksys32 device,
the flow of nitrogen is controlled; consequently, the temperature of the sensor is controlled.
Therefore, using the nitrogen liquid, the temperature of the sensor is reduced to 110 K. In
addition, the Linkam is fixed in the middle of a magnetic coil in a way where the magnetic field
is applied perpendicularly (or parallel) to the easy axis of the sensor. Using the magnetic coil
(See the FIG.4.8), we applied an external magnetic field between -20 mT and 20 mT to study
the behavior of the sensor under the effect of this range of magnetic field.

Moreover, by using a wave function generator, we applied an electrical current of 20
mA along the easy axis of the sensor. The choice of applying the current instead of the
difference in voltage is due to the fact that the change in temperature leads to a change in the
resistance of the sensor which means that the current in the sensor changes with temperature
change. The electrical response of the sensor (Planar Hall voltage) under the effect of the

external magnetic field is measured by using a Lock-in electronic device.
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Figure 3.8 The Linkam placed in the middle of the magnetic coil.

The different devices of this experiment (the lock in and the BOP) are controlled using
Python language through GPIB. Furthermore, the flow of nitrogen is controlled using the
Linkam software. The temperature of the sensor is changed from 110 K to 360 K, and the rate
of the increase is 20 K. For each temperature, we studied the behavior of the sensor under the

effect of the external magnetic field parallel and perpendicularly to the easy axis of the sensor.

Lock In

Figure 3.9 the different devices used in this experiment.
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3.2.4 The results and dissection:

3.2.4.1 The thermal stabilization of the PHE sensor:
To understand the behavior of the Planar Hall magnetoresistance sensor under the effect

of temperature, we applied an external magnetic field in the direction of the hard axis
(perpendicular to the easy axis of the sensor). Most applications of the sensor rely on the
application of the magnetic field perpendicular to the sensor (except for some applications that
change the direction of the external magnetic field to increase the sensitivity of the sensor (see
reference [60] and [61]). We changed the magnetic field’s strength from -20 mT to 20 mT.
Under the effect of this magnetic field, the Planar Hall voltage changes with the change of the
external magnetic field with two different behaviors as shown in the figure 4.10. First, when
the absolute values of the magnetic field are smaller than the extremum field, the Planar Hall
voltage increases linearly with the increase of the applied magnetic field (the linearity of the
Planar Hall voltage at a small magnetic field is an important propriety in the applications aimed
to detect small magnetic fields). Second, when the absolute values of the magnetic field exceed
the values of the extremum field, the Planar Hall voltage decreases with the increase of the
magnetic field. This electrical response is due to a coherent rotation of the magnetic domain of
the ferromagnetic layer. The relation between the electrical response and the direction of the

magnetic domain is given by:

Vpyg = w cos(6) sin(6) (4.5)

Where:

| is the current applied to the sensor junction.
t is the thickness of the ferromagnetic layer.
piand p. are the longitudinal and transverse components of the thin film resistivity.

6 is the angle between the magnetization and the current direction which corresponds to the
easy axis of the sensor stack. 4 is a function of the direction and amplitude of the external
magnetic field.

The coherent rotation of the ferromagnetic layer is due to the exchange bias interaction
between the ferromagnetic layer and the antiferromagnetic. This coherent rotation of the

magnetic domain appears clearly in the small hysteresis of the Planar Hall Voltage (the
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hysteresis between the increased branch and the decreased branch of the Planar Hall voltage),
which is an important parameter of the sensor that reflects the high quality of the sensor used

in this study.
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Figure 3.10 The Planar Hall voltage created from the sensor under the effect of the external magnetic
field applied parallel to the hard axis of the sensor.

The calculated curve in the figure is obtained by using the Stoner-Wohlfarth model. The
angle @ is calculated by the minimization of the energy of the Stoner-Wohlfarth model (See Eq.
4.4) Using the Newton-Raphson numerical method [83] based on an iterative process and
replaced in the equation 4.5. As shown in the figure 4.10, the calculated curve is in good
agreement with the experimental results which reflected the mono-domain behavior of the

sensor when the magnetic field is applied perpendicularly to the easy axis of the sensor.
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Figure 3.11 the variation of the Planar Hall voltage as a function of the external magnetic field at
different temperatures from (110 K to 360 K).
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FIG.4.11 shows the Planar Hall voltage variation as a function of the external magnetic
field for different temperatures from 110 K (-163 °C) to 360 K (90°C). The temperature was
controlled by controlling the flow of the nitrogen in the Linkam device. The rate of the
temperature is 20 K (20°C). The variation of the temperature does not affect the shape of the
curve of Planar Hall voltage as a function of the magnetic field. However, the increase of
temperature induces a decrease of both the maximum value of the Planar Hall voltage and the
value of the extremum magnetic field. This behavior is due to the decrease in the anisotropic
properties of the sensor when temperature increases and the decrease of both exchange bias and
coercivity fields. In addition, by dividing the values of the Planar Hall voltage as a function of
the external magnetic field, we obtained the values of the sensitivity as a function of the external

magnetic field. The expression of the magnetic sensitivity of the sensor is done by:

I(p;; —p1) do
t

S(H) = cos(20) FTi (4.6)

Again:

| is the current applied to the sensor junction.

t is the thickness of the ferromagnetic layer.

piand p. are the longitudinal and transverse components of the thin film resistivity.

@ is the angle between the magnetization and the current direction.
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Figure 3.12 the field sensitivity of a Planar Hall sensor as a function of the external magnetic field in
the temperature range from 110 K to 360 K for a = 90°.

FIG.4.12 shows the variation of the Planar Hall sensor’s sensitivity as a function of the
external magnetic field. The theoretical curves are calculated by using the equation 4.5, and
angle @ is found by minimizing the equation of the energy.

FIG.4. 13 a) shows the calculation curves of the sensitivity of the magnetic sensor as a
function of the external magnetic field for different temperatures (110 K (-160 °C), 150 K (-
160 °C), 190 K (-160 °C), 270 K (-160 °C), 330 K (-160 °C), 360 K (-160 °C)). As a function
of the external magnetic field, the sensitivity shows a Gaussian behavior at low field where its
maximum values are obtained at H = 0 mT. Furthermore, as a function of temperature, the
sensitivity shows three different behaviors. First, the sensitivity increases when temperature
increases if the magnetic field is between — 2 mT and 2 mT. Second, the sensitivity decreases
with the increase of the magnetic field when the magnetic field is in the range [-20 to — 1.9 mT]
or [+2.1 mT to 20 mT]. Third, the sensitivity is stable as a function of temperature when the
magnetic field is in the range [-2.1 mT, -1.9 mT] or [1.9 mT, 2.1 mT] (which mean around -2
mT and 2 mT). FIG.4. (13) b) shows the variation of the difference between the sensitivity of
the Planar Hall sensor at 110 K and the sensitivity of the Planar Hall sensor at 360 K. Again,
we can see clearly that the difference between these two sensitivities is 0 when the magnetic
field is equal to -2 mT or + 2 mT. Consequently, sensitivity shows high thermal stability around
H=+2 mT.
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Figure 3.13 a) the variation of the sensitivity as a function of the applied magnetic field for different
temperatures. b) The variation of the difference between sensitivity at 360 K and 110 K.
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To compare the thermal stabilization of our method to the previous studies, we
calculated the temperature coefficient of our magnetoresistance sensor’s sensitivity when the

magnetic field is applied around 2 mT as follows:

E _ S360 — S110 _ 467 — 444 — 90 nV
dT y=2mr AT 250 mT K
Tc = d—S = 0.019%/K

TMAXdTH=2mT

This small value of the temperature coefficient reflected the high stability of sensitivity
around H = 2 mT. This thermal stability of the sensor is higher than that previously achieved in
the Planar Hall sensor [37], anisotropic magnetoresistance sensor [74], and giant
magnetoresistance sensor. Note that in all the aforementioned studies, the sensitivity behavior
was studied in smaller temperatures range compared to our study. Table 1 summarizes the

comparison of the temperature coefficient of this method to the other methods.

Sensor Our PHE [37] |AMR[74] [ GMR[73] [ TMR[72]
method

Therange | 110 K to|250 K to|250 K to|250 K to|250 K to

of the 360 K 350 K 350 K 350 K 350 K

temperature

Tc 0.02%/K 0.25%/K 0.15%/K 0.13%/K 0.01%/K

Table 3.1 The values of the temperature coefficient of the sensitivity for different magnetoresistance
Sensors.

3.2.4.2 The physical interpretation of the thermal stabilization of the PHE sensor
To understand the physics behind the high thermal stability of the sensor’s sensitivity

we divided the expression of the sensitivity into two parts. The first part is the anisotropic
resistivity which represents the electrical part of the sensitivity. The second part, is a function
we call f (). The function f (6) is related to both angel & and the derived of the angle 8 (d6/dH).
This latter is related to all the magnetic parameters of the sensor such as the exchange bias,
coercivity field, the external magnetic field and the angle between the easy axis and the external

magnetic field:
do
dH
(sin(a — 8))?

- [H,, cos(8) + H, (cos(8)? — sin(8)?) sin(a — 6) + cos(a — 0)[H,, sin(8) + H_ cos(8) sin(0)] 4.7
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FIG. 4.14 (a) shows the variation of the anisotropic resistivity as a function of the
temperature. The anisotropic resistivity decreases from 3 nQ2 m to 1.9 nQ2Q m when temperature
changes from 110 K to 360 K. The decrease of resistivity when temperature increases is
observed before in different magnetic materials such as the Permalloy, the NiMn, the NiCo,
and NiCr [84]. This decrease of resistivity is due to the decrease of the magnetic proprieties of
the sensor such as the exchange bias and the coercivity field when temperature increases. We
will study the behavior of these two parameters in the next section.
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Figure 3.14 The variation of a) the anisotropic resistivity, b) function f(8), and (c) the sensitivity as a
function of the temperature.

FIG.4.14 b) shows the variation of the function f (6) as a function of temperature for
three different magnetic fields (0 mT, 2 mT and, 6 mT). For both H = 2 and H = 0 mT, the
function f(#) increases with the increase of temperature and for H = 6 mT, the function f(0)
decreases with the increase of the temperature. By multiplying the function f (6) by 1/2t and the
anisotropic resistivity, we can reproduce the values of the sensitivity. FIG.4. 14 C) shows the
values of the sensitivity obtained from the calculation of both functions f(#), the anisotropic
resistivity and the values obtained from the experiment results for three different fields (H =0
mT, H=2mT and H = 6 mT). The calculation values are in good agreement with experiment
results. Consequently, the thermal stabilization of the sensitivity is a result of the competition
between the electrical proprieties of the sensor represented by the anisotropic resistivity
function and the magnetic proprieties of the sensor represented by the function f(#) at H =2
mT.

3.2.4.3 The magnetization reversal of the ferromagnetic layer:
After studying the stability of the sensitivity of the sensor as a function of temperature,

we study here the magnetization reversal of the ferromagnetic layer. For this purpose, we
applied the magnetic field along the easy axis’ direction of the sensor and we changed the values

of the magnetic field from -20 mT to 20 mT (increase branch) and from 20 mT to -20 mT
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(decrease branch). FIG. 4. 15 shows the variation of the Planar Hall voltage under the effect of
the external magnetic field applied parallel to the easy axis.
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Figure 3.15 the variation of the planar hall voltage as a function of the external magnetic field applied
parallel to the easy axis of the sensor.

When the external magnetic field is smaller than the exchange bias field, the exchange
interaction between the ferromagnetic layer and the antiferromagnetic layer pins the magnetic
moments of the ferromagnetic layer (the magnetic domain or the magnetization) in the direction
of the easy axis. This reflects the stabilization of the electrical response of the sensor. At an
external magnetic field around the exchange bias field, the magnetic domain is divided into
small irregular magnetic domains and have no preferred direction. This behavior induces a peak
in the electrical response of the sensor. Upon further increase in the magnetic field induce the
reversal of the magnetic domains to the direction of the external magnetic field. Consequently,
the electrical response returns to stability state. When the magnetic field decreases, the
magnetic domain has the same behavior. The hysteresis appears between the two peaks
(decrease branch and the increased branch of the Planar Hall voltage) is a characteristic of the
coercivity phenomenon which is induced by the contribution of domain wall motion in the
magnetization reversal. This hysteresis shifts along the magnetic field axis which is a
characteristic of the exchange bias phenomenon. Also, we observe that the increasing and

decreasing branch of the electrical response of the sensor are symmetric. This confirms that the
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magnetic field is applied carefully in the direction of the easy axis. We will discuss this point
further in the next sections. Using Stoner-Wohlfarth model, we can simulate the behavior of
the electrical response of the sensor as shown in FIG.4. 15. The calculation curve obtained using
the Stoner-Wohlfarth model is in good agreement to the experimental results.
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Figure 3.16 the variation of the planar hall voltage as a function of the external magnetic field for
different temperatures.

FIG.4. 16 shows the variation of the Planar Hall voltage as a function of the external
magnetic field for different temperatures. When temperature increases, the hysterics loop of the
Planar Hall voltage shifts along the field axis to zero value due to the decrease of the exchange
interaction between the ferromagnetic and the antiferromagnetic layers. The width of the
hysteresis decreases with the increase of temperature due to the decrease of the coercivity field
of the ferromagnetic layer. Furthermore, the decreasing and the increasing branch of the loop
are symmetric at low temperatures and asymmetric at high temperatures. This shift from the

symmetric behavior to the asymmetric behavior is due to a small change in the easy axis angle
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from its original direction. The slight change in the easy axis could affect the magnetization
reversal of the ferromagnetic materials. J. P. King and his colleagues observed a small change
in the behavior of the magnetization reversal in the-NiFe/IrMn structure when the temperature
changes [75]. Due to the limitation of the sensitivity of the measurement device, this change is
considered as an error of measurement. Here, we prove the existence of small change in the
easy axis’ directions when the temperature changes. This change which affects the
magnetization reversal of the ferromagnetic layer has a great importance in our understanding
of the magnetic behaviors of the exchange structures. On the other hand, the exchange structure
based on the NiFe interacts with IrMn is the cornerstone of many technological applications
such as hard disks, the ultra-sensitive magnetic sensors and digital memories.
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Figure 3.17 The variation of the planar Hall voltage as a function of the temperature for three different
angles a =-3°,0° and +3°, and at three different temperatures 7= 110 K, 290 K, and 360 K.

To prove the existence of a slight change in the easy axis’ direction when the
temperatures change, we studied the behavior of the Planar Hall voltage for three different
temperatures ( 110 K, 250 K and 360 K) and for three different angles o = 0°, o =+3° and o =

-3° as shown in FIG. 4.17 The behavior of the Planar Hall voltage change from symmetrical
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(See the increase and the decrease branch of the electrical response of the sensor in FIG.4.17)
to asymmetrical (See the increase and the decrease branch of the electrical response of the
sensor in FIG.4.17) when the easy axis angle changes from 0° to 3° or -3°. This behavior proves
the observation in the previous sections. The asymmetrical behavior of the Planar Hall voltage
at high temperatures is due to a change in the easy axis’ direction. Note here that the small
change in the easy axis’ direction cannot be detected using conventional devices such as
SQUID, or even the magneto-optical measurement which can detect the variation of the easy
axis without quantifying it.

Combining both our measurement device and the Stoner-Wohlfarth model, we can
quantify the change in the easy axis angle as a function of temperature. FIG.4.17 shows the
variation of the easy axis as a function of temperature. The values of the angle a are extracted
from the fitting of the experimental results. We chose two experimental conditions. In the first
condition, we align the easy axis with the external magnetic field at T = 110 K and we increase
the temperature. The study proves that the easy axis angle changes from 0° to 1.7 °. In the
second condition, we align the external magnetic field with the easy axis at T = 250 K. we
observed the same behavior in which the easy axis angle changes from -0.5° to + 1.25°. The
study quantified the slight change of the easy axis in the range temperature from 110 K to 360
K. However, the FM behavior of the NiFe exists in wide range of temperature from 0 K to more
than 800 K (Curie Temperature of NiFe) [85]. This means that the easy axis could be changed
from its original direction at 0 K to around 6° at 800 K which affects strongly the magnetic
behavior of the NiFe.
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Figure 3.18 the variation of the easy axis direction as a function of the external magnetic field.
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3.2.4.4 The effect of the change of easy axis direction on the dynamic of the magnetic
domain of the ferromagnetic layer:
When an external magnetic field is applied parallel to the easy axis, the magnetization

is reversed from the direction of the easy axis to the direction of the external magnetic field
through the domain wall motion. As we explained before, the magnetic domain of the
ferromagnetic layer is divided into different magnetic domains with different orientation when
the value of the external magnetic field approaches the value of the exchange field. The average
of the magnetic angles of the different magnetic domains is the angel 4. When the external
magnetic field exceeds the values of the exchange bias, the angle ¢ changes from 0° to 180°,
and when the magnetic field decreases, the angle & changes from 180° to 360°. The behavior is
reflected in the Planar Hall voltage (~ sin (20)) as shown in FIG.4.19. However, the small
change in the easy axis’ direction induces a change in the behavior of the magnetization reversal
of the ferromagnetic layer. The angle 0 changes from 0° to 180° when the external magnetic
field exceeds the values of the exchange bias field, and return from 180° to 0° when the external
magnetic field decreases. This behavior is reflected in the Planar Hall voltage (~ sin (26)) as
shown in FIG. 4.20. The high sensitivity of the electrical response of the sensor to the direction
of the easy axis allows the use of the Planar Hall measurement as a simple mechanism to study

the behavior of the magnetic reversal of the ferromagnetic materials.
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Figure 3.19 the magnetic domain behavior when the magnetic field applied parallel to the easy axis
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Figure 3.20 the magnetic domain behavior when the direction of the easy axis changed slightly.

Moreover, this behavior affected the magnetization reversal in the antiferromagnetic
layer due to the exchange spring phenomena. A full occurs reversal of the antiferromagnetic
layer from 0° to 360° when the external magnetic field aligns with the easy axis. However, the

non-fully reversal occurs when the external magnetic field is not aligned to the easy axis. As

shown in FIG 4.21
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Figure 3.21 The non-full rotation of the antiferromagnetic layer when the easy axis direction changes
under the effect of the temperature.
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Figure 3.22 the variation of the exchange bias filed and the coercivity tield as a function of the
temperature.

Also we studied the behavior of the both exchange bias and coercivity field as a function
of the temperature. As shown in FIG.4. 22 both the exchange bias and the coercivity field
decrease when the temperature increases. The exchange bias decreases from 11 mT at 110 K to
7 mT at 360 K and the coactivity field decreases from 2 mT at 110 Kto 0.2 mT at 360 K. The
decrease of the exchange bias and the coercivity field when temperature increases has been
observed in a wide range of FM/AFM exchange structures. At low temperatures, the high
exchange interaction between the ferromagnetic moment and the antiferromagnetic moments
pins the magnetic domain of the ferromagnetic layer in the direction of the easy axis which
induces high values of the exchange and the coercivity fields [86]. However, at high
temperatures, the high mobility of the antiferromagnetic moments allows the magnetic domain
of the ferromagnetic layer to rotate easily which is reflected in low values of the exchange bias

and the coercivity field [86].

FIG.4.23 shows the variation of the anisotropic energy’s density as a function of the
angle 6 at selected temperatures (T = 360K, 250K, and 110 K). Obviously, in all cases, the
anisotropy energy shows two energy minima corresponding to the two easy magnetization
directions of the sensor. In fact, the anisotropy energy decreases with the increase in
temperature due to the weak interaction between the FM and the AFM layers. The switch of the
magnetization between the two energy minima is easier at high temperature than the switch at

low temperature.
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Figure 3.23 The variation of the anisotropic field as a function of the magnetization angle for three
different temperatures (T = 110 K, 250 K, and 360 K).
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Conclusion and perspectives:

This thesis aims to develop a high sensitivity planar Hall magnetoresistive sensor for
the detection of low magnetic fields (pico-Tesla) with high accuracy. To achieve these
requirements | combine both theoretical and experimental investigations. In the theoretical
investigations, | first studied interactions between magnetic particles as a function of their
magnetic properties, their sizes, and the distance among particles. Then the interactions of
magnetic particles and a planar Hall sensor were investigated. The objective in this section is
to understand the effect of the position of particles, particles' size, and the size of the sensor on
the stray magnetic field of magnetic particles. | also studied the sensor’s geometries to improve
its particles detectivity. A rectangular geometry of sensor has been proposed to improve the
detection of the particles’ magnetic stray field. Effect of the presence of a monolayer and
multilayers of particles on the sensor's surface was also investigated to understand the effect of
ensemble particles on the sensor's surface, which reflects the reality of the particles' detection.
In the last part of the theoretical study, I investigated the self-magnetic field created by the
electric current passing through the sensor. In this case, both the distribution of the magnetic
field on the sensor and the magnetization of the magnetic nanoparticles by this field were
investigated. | determined the spatial region where the magnetic field created on the sensor has
the same sign, where ever the particle is located, which optimize the detection of nanoparticles

compared to the external applied magnetic field.

A new approach was proposed to increase the magnetization of nanoparticles without
affecting the thermal stability of both the sensor and the nanoparticles by using a low ring
conductor layer with low resistance under the planar Hall sensor' ring junction. This low
resistance layer can induces a high magnetic field for magnetizing the particles locally by its
high carrying current. Based on this method magnetic nanoparticles can be magnetized by a
higher field (high current passing through the low resistance conductive layer) than the self-
magnetic field generated by a small current passing through the active layer of sensor's junction

only.

For experimental verification of highly thermal stable planar Hall sensor, firstly, I
performed an experimental investigation in unstable thermal environments with two biasing
cases of constant current and constant voltage. For the case of constant current biasing having
high temperature dependent sensitivity, | introduced a new method to stabilize the sensor's

sensitivity by the introduction of Zeeman Energy taking into account deep understanding of
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physical parameters of the sensor such as the exchange bias field, the coercivity field, and the
anisotropic resistivity as functions of the temperature. In the second cases with constant voltage
biasing having high thermal stability of the sensitivity, | investigate the sensor's ability to
withstand harsh thermal environments such as those imposed by space or industrial
applications. In this part, 1 demonstrated the ability of the sensor to operate with high-
performance levels reflected by the thermal stability of its electrical response, its low noise and
also the high thermal stability of the sensitivity, which exceeds the thermal stability of other

magnetoresistive sensors.

In the third part of the experimental investigations, | studied sensor’s behavior at low
temperatures (from 5 K to 310 K). | proved that the sensor has a high performance levels to
operate in these thermal conditions. The previous studies have allowed a deep understanding of
sensor’s behavior in different thermal environments, which opened the way for wide
applications of this sensor beyond current applications. Based on the minimization of the
magnetic free energy, | evidenced the rotation of the easy axis of magnetization from uniaxial

to biaxial anisotropy.

In the final part of my experimental studies, | characterized small amounts of gold
nanoparticles by using ultra-sensitive planar Hall sensor. Based on its high sensitivity and
accuracy, this new technical approach enables to detect the magnetic susceptibility of 2 pg of
gold nanoparticles. The small quantities of gold nanoparticles which were characterized by this

sensor cannot be characterized at room temperature using other state-of-the-art devices.

From these theoretical and experimental studies, the aim of this work is to look forward
an improvement on the stability of the sensor’s sensitivity in combination with the development
of new geometries of a planar Hall sensor proposed theoretically to be able to characterize a
nano-objets of spin-crossover nanoparticle or gold nanoparticle. This achievement is very
important to reveal nanomagnetic properties governed by intermolecular interaction of a single
nanoparticle without the contribution of interparticles interaction. In addition, the ability of the
sensor to detect small amounts of gold nanoparticles may allow the development of ground-

breaking technologies for biodetection.

On the other hand, the tendencies in manufacturing nanosatellites is pushing the
development of small size magnetic sensor systems that have high thermal stability. The small
size, low cost and high thermal stability of a planar Hall sensor making it a perfect candidate

for nanosatellite applications. The sensor is desired to anticipate in the future for other
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applications that require high thermal stability of the magnetic sensor, such as automotive,
navigation, and industrial applications, especially in oil and gas sectors.
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Résumé

La diminution de la taille des matériaux magnétiques jusqu'a I'échelle nanométrique
conduit a I'émergence de nouvelles propriétés physique. Par exemple, les nanoparticules d'or
présentent des propriétés magnétiques inattendues qui peuvent étre influencées par le contréle
de l'état chimique de la surface des nanoparticules d'or. Ces propriétés prométent des
technologies trés intéressantes. Pour atteindre ces objectifs, une compréhension approfondie
des interactions intermoléculaires et interparticulaires grace a une caractérisation précise de
petites quantités de nanoparticules (micro / nanogrammes) est nécessaire. Cependant, cette
analyse a été un défi majeur en raison de la faible résolution de détection des appareils
conventionnels (10 emu). Cette thése vise ainsi a développer un micro-magnétomeétre de haute
sensibilité (10™* emu) permettant de mettre en évidence les propriétés nanomagnétiques de
petites quantités de nanoparticules isolées. Par conséquent, j'ai étudié comment optimiser la
stabilité thermique du capteur afin d’effectuer des mesures précises dans un environnement de
température instable de 5K a 410 K. Les interactions entre les nanoparticules magnétiques et le
magnétometre ont été simulées pour maximiser la détectivité du magnétometre en optimisant
les géométries mises en jeu. J’ai pu ainsi mettre en évidence expérimentalement 1’exaltation du
signal magnétique d’une trés faible quantité de nanoparticules d'or (2 microgrammes)
fonctionnalisées « magnétisme trés surprenant de 1’or a I’échelle nanomeétrique ».

Mots de clé :

Nanomagnétisme, nanostructures, effet hall Planaire, anisotropie magnétique,
Magnetoresistance, Capteurs magnétiques, susceptibilité magnétique.

Abstract

Decrement in size of magnetic materials down to nanoscale leads to the emergence of
new properties. For example, gold nanoparticles exhibit unexpected magnetic properties that
can be influenced by controlling the chemical state of gold nanoparticles’ surface. These
properties promise attractive technologies. To reach these goal, a deep understanding of
intermolecular and interparticle interactions through a precise characterization of small
amounts of nanoparticles (micro/nanogrammes) is required. However, this analysis has been a
major challenge due to low detection resolution of conventional devices (107 emu). This thesis
aims to develop a high sensitivity micro-magnetometer (10%% emu) enable to reveal
nanomagnetic properties of small amount of isolated nanoparticles. Therefore, | study how to
optimize the thermal stability of the sensor for accurate measurements in unstable temperature
environment from 5K to 410 K. Interactions between magnetic nanoparticles and the
magnetometer were investigated theoretically to maximize the magnetometer’s detectivity by
optimizing its geometries. With these improvements, | evidenced experimentally a
magnetization enhancement of micrograms of gold nanoparticles by chemical
functionalization.

Keywords:

Nanomagnetism, nanostructures, Planar hall effect, magnetic anisotropy,
Magnetoresistance, Magnetic sensors, magnetic susceptibility.
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